
 

RADIO FREQUENCY (RF) MICRO-LEVITATION MELTING USING 

THE SILVER BOAT PROCESS 

 

 In the 1950s at STL Enfield, Henley Sterling and Reg Warren 

developed a process for melting electrically conducting materials 

without contamination by its container (normally a crucible). 

 The material to be melted was contained in a ‘silver boat’ consisting of 

a number of parallel silver-plated copper tubes through which water 

passed at a high flow rate.  

 The material was heated by RF induction using a coil surrounding the 

silver boat, and when that section became molten, it was micro-

levitated above the silver boat. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 By passing the silver boat through the RF coil, the material could be zone-refined, 

i.e. impurities were swept in front of the solidifying material.   

 

IV. INDUCTIVELY-COUPLED PLASMA MASS SPECTROSCOPY  

Iso Guide 34 NIST traceable ICP-MS standards were used 

to prepare working standards in the appropriate concentration 

range, per SEMI PV049-00-0613.  The samples were 

analyzed utilizing a PerkinElmer NexIon 300 system and 

standard conditions.  The small samples were surface cleaned 

with 1% nitric acid produced from concentrated 

semiconductor grade nitric acid, prior to sample digestion.  

Silicon samples were digested utilizing a small amount of 

concentrated high-purity HF and HNO3 acids.  Typically, 0.1 

g of sample material is weighed into a clean, dry PTFE bottle, 

followed by the addition of 1 mL of HF and 0.5 mL of HNO3. 

The addition of HNO3 was performed utilizing small, 

successive aliquots because of the high reactivity involved. 

No heating is necessary; the addition of HF and HNO3 

dissolves the silicon.  Samples were subsequently evaporated 

utilizing high concentrations of HF to reduce the silicon 

background.  The residue was re-suspended in a 2% 

HF/H2O2/HNO3 solution for introduction into the plasma.  

V. RESULTS 

We worked with randomly selected pieces of chip and 

chunk polysilicon material from a single lot provided by a 

commercial vendor.  Seven (7) different chips in the ~0.1g 

weight range were selected from the as-received material for 

ICP-MS analysis of 32 impurity species.  Fifteen (15) of these 

32 impurities were present at or below the 0.1 ppb detection 

limit by at least one of the 7 measurements and were the focus 

of further study by the cold boat enhancement procedure 

described above.  For the other 17 impurities, the average 

standard deviation of the 7 measurements was 81% of their 

average concentration value, and the range was 40% to 117% 

of their average concentration value.  The rather large 

standard deviations may have contributions from material 

variations within the lot and from measurement 

reproducibility. 

Four cold-boat runs of ~30g each were made with 

polysilicon pieces from this lot.  Last-to-freeze tip pieces 

~0.1g in weight were removed from the grown ingots and 

analyzed by ICP-MS.  The value obtained was multiplied by 

the ratio of analyzed tip weight to initial silicon charge weight  

and by the expected fraction of impurities concentrated into  

the tip sample (from (4) and Fig. 3) to get the new (and 

generally lower) levels for concentrations of those impurities. 

The first column of Table 1 lists the 15 impurities that 

showed a concentration at or below the 0.1 ppb detection limit 

in at least one of the 7 determinations made on the as-received 

polysilicon chips.  The following four columns show the ICP-

MS results on the last-to-freeze tips from the four cold-boat 

zone solidification runs to concentrate impurities into the tips.  

The last two columns are the average calculated 

concentrations Co of each impurity and their standard 

deviations obtained as 

           Co = Conc. in tip x (tip weight/ingot weight) x q.      (6) 

The averages are presented as lower limits because there are a 

number of factors that can lead to less impurities being 

concentrated into the tip than the idealize calculations take 

into consideration.  These will be discussed below.   

VI. DISCUSSION AND CONCLUSIONS 

We’ve described a technique for enhancing the detection 

limit for low-level impurities in silicon by a factor of about 

300.  It involves concentrating impurities into a last-to-freeze 

region and using calculations describing impurity segregation 

behavior to relate ICP-MS analysis of last-to-freeze tips back 

to the concentrations in the silicon source material.  While this 

has been done previously by FZ growth using feed rods core-

drilled from the source material or bead feedstock, our method 

using cold-containers allows more flexibility in the geometry 

of the source material to be analyzed.  In particular, chips and 

chunks of source material can be used – common forms 

supplied for crystal growth.  The boat zoning process is easier 

to carry out than float zoning.  An advantage over 

concentrating impurities by directional solidification in a hot 

crucible is that impurity introduction from the quartz crucible 

and graphite hot-zone is avoided.  On the other hand, copper 

is incorporated from the cold container at a level of about 0.07 

to 0.5 ppm.  To refine the method, high-purity copper, gold-

plated copper, or high purity silver should be explored as cold 

container materials.  The cold boat used in this work was 

made from commercial-grade copper. 

 

Fig. 7 Copper cold boat with typical 30g polysilicon chip and chunk charge 
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1.1  Silicon  processing  

  Decades later, in 1957 and 1961, H.F. Sterling and R.W. Warren, UK, reported on the 

induction heated zone refining process of silicon, using a horizontal water-cooled silver boat 

(Fig.2) [2]. In the same year, 1961, A. Berghezan and E. Bull Simonsen, Belgium, reported on 

the horizontal induction zone melting of refractory metals and semiconductor materials in a 

water-cooled metallic boat as well [3]. Two years later, in 1963, H.F. Sterling and R.W. War-

ren again informed about the growth of high purity silicon crystals from a water-cooled cold 

crucible [4]. They used the Czochralski method, well introduced into the silicon industry 

worldwide. In this particular case the cold metallic crucible prevented any contamination from 

the container (Fig.3), in contrast to the conventional technique. In the end, all those experi-

ments did not succeed, although these technologies had been applied and tested around the 

globe for the melting and zone-refining of semiconductor silicon in a horizontal boat under 

high purity conditions, as well as for the growth of Czochralski crystals from a water-cooled 

metallic crucible. Therefore, these technologies were never used for production purposes in 

the related industry. 

  In the years after, many other experts have investigated this technology. In 1969, one 

of the pioneers in the field, J. Reboux, France, obtained the US patent 3,461,215 for the appli-

cation of inductive cold crucible processing of massive 

multi-crystalline silicon blocks as a base-material for 

the production of solar cells [5]. Many years later, in 

1985, T.F. Ciszek, USA, was the first who proposed to 

apply the cold crucible technique for the silicon re-

melting and casting by using an open-bottom type of 

the crucible for the vertical continuous casting of solar-

grade silicon for solar cells [6]. He performed the 

casting of a 25x25 mm
2 

 cross sectional ingot with 170 

mm length. Since the 1990s the MADYLAM- group 

under M. Garnier in Grenoble, France, has adopted this 

innovative technique successfully [7]. Several 

modifications have been introduced to take into 

account the physical characteristics of silicon, 

particularly its electrical conductivity, strongly 

dependent on temperature, and the volume expansion 

when solidifying. The crucible is segmented at the 

bottom part and not at the top (Fig.4), a graphite susceptor above the crucible is used to heat 

Fig. 2. Induction heated horizontal 

zone refining of silicon, using a wa-

ter-cooled silver boat 

Fig. 3. Water-cooled silver crucible and pulled 

silicon crystal (left), cage crucible and induction 

coil (right) 

  

Fig. 4: Continuous casting of solar-

grade silicon, using a cold crucible  



 Silicon was zone-refined and single crystals grown using a modified silver boat 

shaped like a basket.  

 At STL Harlow, the process was developed 

further by Sterling and Warren to melt and 

grow single crystals of: titanium, molybdenum 

and tungsten <see chart>. 

 Wilbert George used the silver boat process 

to melt and grow single crystals of titanium 

nitride, titanium diboride and zirconium 

diboride. 

 The various complex structures of the silver 

boats in the 1960s were designed and made 

by Ian Jackson in the STL Model Shop. 

 

 

 

 

 

 

 



 

 

 Stanelco, a subsidiary of STC based in Borehamwood, Herts, which made RF 

equipment, exploited the silver boat process commercially. 

 Work using the silver boat ceased in the mid 1960s, and some of the RF generators 

and associated equipment were donated to the Dept. of Physical Metallurgy at the 

University of Birmingham. 
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