Summary:  
Since the late 80’s, the recommended pre-furnace wafer cleans at SNF have been comprised of the following chemical mixtures:  1.)   4:1 concentrated sulfuric acid/30% hydrogen peroxide (“75% Piranha”), 2.)  5:1:1 water/38% hydrochloric acid/30% hydrogen peroxide (“SC-2”), and 3.)  50:1 hydrofluoric acid (“HF Dip”).   
Starting Aug. 2, 2011, the recommended clean chemistry mixtures will be the conventional industry standard “RCA Clean” in which the 75% Piranha is replaced by 5:1:1 Water/38% ammonium hydroxide/30% hydrogen peroxide (“SC-1”) (1-3).
The reasons for this change are:  
1.  Safety:  Piranha is corrosive, oxidizing, water reactive, toxic and hot (120 C).  Safety features are built into the hardware and users are trained in safe operation, nonetheless, minimizing the amount of this chemical in the lab is always a good idea.  In comparison, SC-1 is more dilute.  Although a corrosive, it is not oxidizing, not water reactive and not considered to be in the “toxic” class of chemicals (see Stanford Chemtracker).  At SNF, the bath temperature will be 50 C.
2. Better quality clean:  Although the means and equipment have evolved in many variations over the past 40 years, the basic RCA clean chemistry remains the industry standard (1-2).  Likewise in universities; of the dozen microfab labs surveyed, only one did not use some version of RCA clean.  In fact, the RCA clean is being routinely used by some labmembers even now. 

3. Requirements of new research:  Although the Piranha sequence has served the lab well for many years, it may have negative impact on some new areas of research.  Sulfur from the Piranha sequence has long been known to be a contaminant in lab equipment, appearing even in furnaces (4).  With more researchers in nanowires, organic transistors, biodevices, and such where surface quality is essential, sulfur contamination is becoming a concern (5).
4. Reduced chemical costs and inventory:  Presuming the usage rates of 2009-10, we expect to save over $20K/year in chemical costs.  This also allows us to reduce our chemical inventory in preparation for the lab renovation.
No change is completely without risk, even as this is believed to be small.  As described in this document, the RCA team outlines the rationale for this change and has attempts to address potential concerns,  focusing not on the value of the clean which is well-proven, but on the implementation as is applies to current systems and procedures used at SNF.  

History:  

The classic RCA clean was documented in a series of papers published by Werner Kern and others starting in the mid 60’s while a researcher at the RCA Corporation.  Through the 70’s and most of the 80’s, the classic RCA clean remained:  SC-1 at 70-80C for 10’, HF dip at room temperature for 30”, SC-2 at 70-80C for 10’, with rinses in water in between. 

The rationale for the clean is as follows:
SC-1 (or “Standard Clean #1”) removes surface particles and trace organics.  This is functionally similar to Piranha and in fact, SC-1 is sometimes referred to as “Base Piranha.”  Although standard Piranha is more effective at removing bulk organics (i.e., resist), SC-1 is considered more effective for general particle removal for two reasons.  First, particles are undercut and removed by simultaneous mild oxidation and etching, a polishing action that removes several  angstroms  of surface silicon.  Second, particle removal is facilitated by their electrostatic repulsion to the wafer surface created by alkaline environment.  
SC-2 (or “Standard Clean #2”) removes trace metal contaminants.  Any surface metals which may be present are acidified and oxidized to a positive charge state.  The negatively-charged chloride ions associate with metal ions, solubilizing them for removal.  
HF-Dip removes the thin surface oxide resulting from the oxidizing conditions of SC-1 or SC-2.  This is to improve surface contact with films deposited on the silicon.

Before the late 80’s, the SNF-recommended standard pre-furnace clean consisted of the classic RCA process at 75 C.  Then Bruce Deal (of Deal-Grove fame) at Fairchild Semiconductor and Prof. Helms began extensive studies on the effect of clean sequence and chemistry on oxidation kinetics (6-7).  In short, they found that trace contaminants resulting from different clean chemistries had measurable effect on oxidation growth kinetics.  For example, with the HF Dip last, the surfaces were believed to become reactive and thus susceptible to carbon contamination; with SC-1 last, trace aluminum was found to decrease oxidation thicknesses.  From these studies, there was a better understanding of silicon interfaces and methods were developed to engineer around the lower quality of chemicals available at the time.  As a result, a variety of cleans incorporating Piranha and different chemical sequences became the practice at SNF, depending on the purpose.  Eventually, they converged to become the Piranha/SC-2/HF Dip that became SNF standard for the next twenty years.
Risks:  

Microroughening and even pitting of silicon substrates in SC-1 has been well documented in the literature (8-11).  In addition, microroughening is associated with poorer gate oxide quality.  Microroughening is not the source of gate oxide issues, but likely stems from the same cause:  trace metals in chemicals, particularly hydrogen peroxide (9-11).  Because of the alkaline condition of the solution, any metal ions present are reduced and plate onto substrate surfaces.  Moreover, the reaction depletes hydrogen peroxide.  In absence of peroxide which both slightly buffers the solution as well as maintains the thin surface oxide, the ammonium hydroxide becomes an effective etchant of bare silicon.
In practice, the risk of microroughening is reduced by running at lower temperature and replenishing H2O2 as needed. Moreover, this risk has also decreased significantly over the past couple of decades as the quality of electronics grade acids has improved to meet the demands of the technology.  There are additional precautions which may increase the margin of performance.  These not addressed in this change at present, but on the table for the future and include:  reducing chemical concentrations, incorporating chelating additives, and modifying the clean sequence (i.e., HF Dip first.) (14).
Data:  


We wanted to confirm that the SC-1 was no worse (if not better) in terms of particle performance than the existing Piranha, so comparison of particles added (0.2 microns and larger) were monitored on the Surfscan 4500.  New, prime wafers from the box were measured on the Surfscan, then run through the test bath/dump rinse/spin-rinse-dryer (SRD), and then measured again.  Wafers were placed in the “worst case” location – that is in each case, one single test wafer was loaded in the slot just in front of the H-bar (no dummy wafers in front).  The results are:  Piranha = 10 particles, SC-1 = -3 and 9 particles (two separate runs).  Controls of the dump rinse and SRD alone at the wbsilicide station were less than 10 particles added, much in keeping with baseline.
The Surfscan 4500 is calibrated for a 95% capture rate for particles 0.2 microns and larger against latex sphere standards; it is not considered valid for particle sizes less than this amount, but will report an apparent particle count for scattering that may be attributable to particles 0.05 microns in size.  In this apparent particle size range, the SC-1 samples were similar, if not better, than Piranha (14 versus 106.)
To address concerns about microroughening of silicon surfaces, particularly in an aged bath, surface roughness using AFM scans were done on silicon wafers processed in freshly poured SC-1 and after the bath had been aged for 4 hours.

New silicon wafer = roughness = 0.215 nm

Following processing in freshly poured SC-1 = 0.160 nm

Following processing in aged SC-1 = 0.247 nm

In addition to providing the above data, Chien-Yu Chen was also kind enough to share his results of silicon surface roughness on his Ge devices using SC-1 at 70 C:

SC-1 at 70 C, 10 minutes after pouring = 0.490 nm 


SC-1 at 70 C, 1 hour after pouring = 0.554 nm


SC-1 at 70 C, 2 hours after pouring = 0.754 nm
These tests appear to confirm what we can glean from the literature and what we have been told by industrial experts in this area.

Implementation:
At SNF, SC-1 will be run at 50 C.  One reason is safety; lower temperatures mean a less hazardous chemical bath.   Another reason is stability of the chemical composition.  A 25% solution of ammonium hydroxide boils at 38C; hydrogen peroxide at 150 C; water at 100 C.  At 80 C, the bath lifetime is considered to be about 45 minutes.  At 50 C, however, peroxide and ammonium hydroxide concentrations remain fairly constant over several hours (8,13).  For convenience, the temperature was selected to allow a bath lifetime of four hours, to match the current change frequency for SC-2.  
It is also recommended to spike the bath by adding some 30% hydrogen peroxide just before processing wafers, particularly when the bath has been recently used.  This will provide extra margin against H2O2 depletion.

Anyone interested in learning more about wafer cleaning technology should refer to references (2) and (3) below.  These are available on-line to members of the Stanford community through the Stanford Libraries.
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