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Production of 99.9999% pure silicon from 98% pure metallurgical-grade sil- 
icon by a vapor-transport filtration process (VTF) is described. The VTF process 
is a cold-wall version of an HC1 chemical vapor transport technique using a 
Si:Cu3Si alloy as the silicon source. The concentration, origin, and behavior of 
the various impurities involved in the process were determined by chemically 
analyzing alloys of different purity, the slag formed during the alloying pro- 
cess, and the purified silicon. Atomic absorption, emission spectrometry, 
inductively coupled plasma, spark source mass spectrometry, and secondary ion 
mass spectrometry were used for these analyses. The influence of the C ~ / H  ratio 
and the deposition temperature on the transport rate was also investigated. 

INTRODUCTION 

A large fraction of the cost of a silicon solar cell can be attributed to 
the cost of the high-purity silicon feedstock or polysilicon. The silicon feed- 
stock problem is likely to persist in the near future since the price of poly- 
silicon appears to be driven by the supply and demand cycles of the electronics 
industry, the needs of which are not totally compatible with that of the 
photovoltaics industry. 

In 1981, Olson and Carleton (1) invented a process for purifying silicon 
that combined the silicon filtration properties of Cu3Si with a molten salt elec- 
trorefining process. This process produced a 99.9995 a/o pure silicon capable of 
yielding solar cells with an efficiency of 12.2% relative to a baseline of 11.9% 
(2). Later, Olson and Powell developed a vapor transport technique (3-4) that 
not only lacks the practical problems associated with the molten salt electrolyte 
but is more efficient and easier to implement on a production scale. The vapor- 
transport filtration (VTF) process for purifying metallurgical-grade silicon is 
based on the chemistry of the Si:Cl:H system and combines the filtration prop- 
erties of Cu3Si with the chemical selectivity of a closed-cycle HC1 vapor 
transport process to produce 99.9999% pure silicon. Vapor transport processes 
are covered in the monograph by ~chlfer (5) and hot filament processes for pur- 
ifying metals were first described by van Arkel and de Boer in 1925 ( 6 ) .  In 
equilibrium, the temperature and cl/H ratio determine the silicon solubility in 
the gas phase for the Si:Cl:H system (7-9). For a given C ~ / H  ratio, thermal con- 
ditions can be established such that silicon will be transported in a closed 
system in the direction of increasing temperature. Conversely, HC1 will 
transport copper (and certain other impurities) in the opposite direction, 
precluding the accumulation of copper at the filament (5). 



The overall purification is a result o f  at least f o u r  mechanisms: l) dif- 
fusional trapping of impurities in the Cu-Si alloy by slow, solid state 
diffusion; 2 )  segregation by the differential action of the WCL chemical vapor 
transport reactions for the various metal impurities; 3 )  gettering of impurities 
by a Cu26:SiBi slag during the Cu-Si alloying stage; and 4 )  condensation of metal 
impurity chlorides on the water-cooled baseplate of the reactor during the vapor- 
transport stage of the process. 

In the following we first briefly describe the apparatus and its oper- 
ation. The remainder of the paper is devoted to a discussion of the char- 
acteristics of the refined silicon including its purity, electronic properties, 
deposition rate, and morphology. Furthermore, we will attempt to quantify the 
relative importance of the various mechanisms responsible for the purification 
efficiency. 

MPERI 

A schematic of the experimental reactor is shown in Figure 1. The reactor 
consists of a hot silicon filament surrounded by a battery of Si:Cu Si composite 3 
alloys. The composite alloys are cast from a hypereutectic solution of metal- 
Lurgical-grade silicon (mg-Si) and copper to form a two-phase system consisting 
of a primary silicoy phase embedded in a Cu3Si matrix. The alloys are 
approximately 5x5~1 cm . 
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Figure  I ,  Schemt ic  d iag rm 06 the experimental arPP reactor, 
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Lnconel-sheathed thermocouples within embedded graphite wells support the 
alloys, Graphite fixtures, connected to copper power feedthroughs, support and 
conduct current to the filament. The filament, made of high-purity Poco@ DFP-1 
graphite sheet, is clamped between two graphite pieces with graphite screws. A 
1.5-liter quartz bell jar encloses the primary components and seals to a copper 
baseplate by means of a stainless steel flange and Viton O-rings. Both the 
stainless steel flange and the copper power feedthroughs are water-cooled. 
Before every run, the reactor is evacuated by means of a turbomolecular pump and 
outgassed until the pressure is -30 mtorr. After evacuation, the free space of 
the reactor is backfilled to atmospheric pressure with a mixture of HCl and H2. 
These initial proportions determine the C ~ / H  ratio. An optical pyrometer is used 
to measure the filament temperature. 

Radiation from the resistively heated filament passively heats the alloys. 
With the silicon filament at 1 1 0 0 ~ ~  and the composite alloy at 700°C, silicon is 
transported from the alloy to the filament by the following nominal transport 
react ion: 

70o0c 

where x = 2, 3, and/or 4. The HC1 reacts with the Si-Cu alloy to form a mixture 
of chlorosilanes and hydrogen. These reactants are then transported to the hot 
silicon filament by a combination of diffusion and convection where they back- 
react, depositing silicon on the filament and releasing HCl to continue the 
process. The general process is traditionally called chemical vapor transport 
(CVT) and is a well-known technique (5). 

The deposition of silicon causes the electrical conductance of the filament 
to change. Since it is very easy to monitor these changes continuously, we have 
a convenient way to indirectly monitor the filament growth (4,lO). If silicon is 
deposited uniformly on a filament of length L, width W, and thickness X, then the 
conductance is given by ' 

where o is the electrical conductivity of the deposited silicon. This con- 
ductivity depends on the doping, the temperature, and the grain structure of the 
deposited silicon. However, if these factors remain relatively constant, the 
increase in conductance with time is directly related to the increase in filament 
thickness and hence filament mass m. Thus, 

dC - a dm. ---- 
dt - 2  dt 

where p is the mass density of silicon. 

As silicon is removed from the surface of the alloy, it must be replenished 
by the outdiffusion of silicon from the bulk of the two-phase alloy. From the 
Phase Rule we can show that the outdiffusion silicon must result in a decrease in 
the concentration of primary silicon particles and the formation of a single- 
phase (Cu3Si) depletion layer that grows with time, The run is terminated after 
the composite alloy has been depleted of its primary silicon. 



For convenience, we use a graphite starter filament, which is much easier to 
ohically heat than silicon, Therefore, for chemical and electrical analysis, 
the silicon must be stripped from the graphite filament. Chemical analysis of 
the refined silicon is made by spark source mass spectrometry on bulk samples cut 
from lapped sections, The alloys during various stages of the process and the 
slag formed during the alloying step are analyzed by inductively coupled plasma 
atomic absorption ( I C P )  and standard emission spectroscopy. Resistivity measure- 
ments are made on lapped, polycrystalline samples and also on single-crystal 
samples grown by the Czochralski technique from the refined polycrystalline 
material. 

RESUETS A1UTT) DISCUSSIOW 

The alloying process plays an important role in the overall purification. 
Since the silicon and the copper are alloyed in an open-air furnace with a 
graphite crucible, a slag of Si02 and Cu20 is formed on the surface of the molten 
alloy. This slag getters many impurities associated with the metallurgical-grade 
silicon, resulting in an alloy substantially purer than the starting materials. 
Table 1 compares the purity of a series of alloys made under different alloying 
conditions of time t and temperature T. In all cases, the alloys were soaked for 
90 and 150 min at temperatures between 1060' and 1 3 0 0 ~ ~  for a Cu-Si alloy with an 
initial metallurgical-grade silicon concentration of 20 w/o. The data indicate 
that the purity of the alloy generally increases with soaking temperature and 
decreases with soaking time. The eutectic temperature of the Cu20:Si02 slag is 
1060°c, which explains the rather poor results observed at the 1 0 6 0 ~ ~  soaking 
temperature. At higher temperatures the slag is in the liquid state and at still 
higher temperatures it becomes less viscous, conditions necessary for efficient 
gettering. Also, the silicon cohtent of the alloy, compared with the initial 
proportion, is an inverse function of soaking temperature. 

Table 1, Effects of casting conditions on alloy purity 



To track the impurities throughout the process, we analyzed by spark source 
mass spectroscopy, emission spectrometry, and inductively coupled plasma 1) the 
metallurgical-grade silicon used to form the Cu-Si alloy source, 2) the Cu 0:Si02 
slag, 3 )  a Cu-Si alloy with -25 w/o Si and soaked at a temperature of !200'C, 
4 )  the Cu-Si alloy after the VTF process, and 5 )  the VTF-refined silicon, The 
results are shown in Table 2. The data indicate that a significant fraction of 
the impurities in the mg-Si are gettered by the Cu20:SiQ2 slag during the alloy- 
forming process. In particular, the slag is efficient at gettering A1 and Ca. 
At this point, any further segregation of the impurities must be associated with 
the VTF process, including the condensation, diffusional trapping, and vapor 
transport mechanisms. The purity of the alloy is essentially unchanged by the 
action of the VTF process. 

Table 2. Typical impurity concentrations (ppm) in mg-Si in the slag, the ~ u / m g - ~ i  
alloy before and after the VTF process, and the refined Si.* 

Impurity nng-Si Slag Alloy Alloy Refined Si 
before after 
VTF VTF 

*ag-Si - metallurgical-grade silicon 



Some segregation of impurities is likely to occur in most vapor transport 
systems of this type, This segregation is determined by the enthalpy change of 
the relevant transport reaction, Exothermic reactions, like those involving HCl 
and Si, transport the solid to the hot filament, Endothermic reactions and 
physical vapor transport tend to accumulate the deposit at the coolest point in 
the system (see Figure 2). For example, the HCl transport reaction for copper is 
probably the following endothermic reaction ( 5 ) :  

The net effect is to transport copper from the "hot" filament to the "cold" alloy 
source, essentially precluding the accumulation of copper at the filament. But 
for impurities like B and Al, the segregation (due to the CVT process) should be 
negligible ( 4 ) .  If these impurities exist at the surface of the alloy, the HCl 
should transport them to the hot silicon filament. 

Figure 2. Calculated equilibrium constants for various HCl 
transport reactions possible as a functibn of 
inverse temperature, Exothermic reactions have a 
positive slope and are expected to transport up 
the temperature gradient, 



The use of a composite Si:Cu3Si source, however, greatly enhances the segre- 
gation of these impurities by limiting the rate at which they can be extracted 
from the bulk of the source, As a result of the rapid cooling during casting, 
the impurities originating from either the metallurgical silicon, the copper 
source, or the alloying crucible are presumably distributed more or less 
uniformly throughout the alloy (although there may be some enrichment of impur- 
ities in the interior). The effective diffusion of silicon in Cu3Si at 700'~ is 
rapid (DS. > cm2/s), while the diffusion of other metal impurities like B, 
P, Al, ani Ti is much slower (2,4,12). Hence, the transport gas HCL, capable of 
acting only on the surface of the alloy, can extract or transport only silicon at 
any reasonable rate, leaving behind impurities that otherwise might have been 
transported to the hot filament, The net effect is that all impurities, 
independent of their thermochemical properties, are efficiently segregated. The 
copper concentration in the refined silicon is never larger than 0.1 ppma, 
illustrating the purification efficiency of the HC1 vapor transport process for 
elements that react endothermically with HCl. Boron is typically less than 0.2 
ppma. Boron, aluminum, titanium and phosphorus should be diffusionally trapped 
within the bulk of the Q-CujSi matrix. These, plus other elements such as Fe, 
Ti, and Mn, are also segregated during the casting step by slagging processes. 
Compared with the results for the other elements, the residual phosphorus con- 
centration is anomalously high. This residual P concentration could be intrinsic 
to the process or could be a function of the purity of the rea~tor/~rocess 
environment. Finally, the carbon concentration varies from <10 ppma to 
>lo0 ppma. This again seems to be a function of reactor purity, since C should 
not be transported by HCl. 

The serendipitous purification mechanism is the condensation of impurity 
chlorides on the cooled baseplate. Although it is not possible to quantitatively 
determine the fraction of impurities removed by this mechanism, Al, K, and Mn 
have been chemically identified. Furthermore, it is not clear whether or not 
much of this condensate accumulate's during cooling of the reactor. In addition, 
a powdered residue originating on the surface of the alloys accumulates on the 
baseplate. This residue contains Fe, Al, Ca, Mg, Ti, V, Ni, Mn, and B (4). 

To determine the background or baseline for the overall process, a number of 
different silicon sources were substituted for the mg-Si:Cu alloy source. Alloys 
made from electronic-grade Si (eg-Si) were considerably purer than alloys made 
from mg-Si; almost every impurity was below the 10-ppm level. However, the 
purity of the Si derived from these alloys was essentially the same as that 
derived from those alloys made with mg-Si. Moreover, deposits made using a pure 
eg-Si or a mg-Si source were also of similar purity. 

Semiconductor Characteristics 

The refined silicon material is typically n-type with a resistivity of 0.1-1 
ohm-cm. After recrystallization, this material is still n-type with a 
resistivity of 0.08 ohm-cm. This correlates well with the relative concentration 
of P and B usuallr measured by chemical analysis in this material The Hall. 
mobility is 520 cm /VS with a carrier concentration of 1.5 x 1017cm-'. 

To determine the photovoltaic quality of the VTF-refined silicon, a single 
crystal with (11%) orientation was grown from 75 g .of the VTF material using the 
Czochralski crystal-growth technique. This 75 g was the product of four separate 
purification runs, Wafers from the middle of the boule along with 8 - 2  ohm-crn 



wafers from fiionsanto and wafers from a g r o w  control boule were simultaneously 
processed into solar cells, The junctions were formed from a boron spin-on dif- 
fusion source with a 30-min drive-in at 906'~- The front and back contacts were 
of the TiFdAg type with no antireflection coating. The average, total area (0.1 

2 cm ) efficiency for four cells was 9.6%, with a high of 9.8%- The 9.8% cell had 
an open-circuit voltage (Voc) of 622 mV, a short-circuit current density (Jsc) of 
19.6 m ~ / c m ~ ,  and a fill factor (FF) of 0.81. The control cells had an average 
efficiency of 9.6%; no cell had a V greater than 604 mV. These results are a 
good indication that this ~ ~ ~ - r e f i n e 8  silicon is of solar-grade quality. 

The morphological stability of the silicon filament is an important process 
parameter. If the growth morphology of the silicon filament becomes dendritic, 
the purification efficiency and yield of the process can decrease. This growth 
morphology is affected by several parameters including temperature, pressure, 
reactor purity, and growth rate. At filament temperatures much less than 900°c, 
the growth morphology becomes dendritic. (At temperatures much greater than 
1300°tZ, the growth rate approaches zero,) Good product morphology is favored by 
initial gas pressures (pH + PH greater than 400-500 torr. Furthermore, oxygen 
andlor water vapor appear to a$versely affect the product morphology. 

Deposits on graphite are polycrystalline with a semicolumnar grain structure 
and a [I101 fiber texture. Near the silicon-graphite interface, the grain size 
is typically on the order of 1-10 pm, and increases with distance from the 
graphite-silicon interface. 

Purification Rate 

The purification rate is an important economic parameter. In principle, it 
is a function of several variables including temperature, pressure, cl/H, alloy 
composition and the surface areas of the filament and alloy sources. Under 
normal operating conditions, however, the purification rate is limited by the 
rate of diffusion of silicon from the bulk to the surface of the alloy and is 
therefore most affected by the alloy temperature and surface area. 

To study the transport rate, we carried out a series of runs at deposition 
temperatures of 1050' to 1 3 0 0 ~ ~  and with C ~ / H  ratios between 0.3 and 1.0 at 
atmospheric pressure. The transport rate was measured using both a time-average 
method and the real-time, in situ method described previously. The time-average 
transport rate was obtained by dividing the mass deposited by the total run 
time. Under optimum growth conditions using the Cu-Si alloy, the conductance 

1~ t-lI2. In Figure 3, increases as t1I2. Thus, the deposition rate decreases 
the filament conductance is plotted as a function of t for a series of runs 
carried out at four different C ~ / H  ratios and a filament temperature of 1 1 6 0 ~ ~ .  
We observe a linear behavior in all cases in which good deposits are made at 
times that extend over -20 hours. This time dependence suggests a diffusional 
limitation that cannot be attributed to gas-phase diffusion. Therefore, the pur- 
ification rate must be limited by the diffusion rate of silicon from the bulk to 
the surface of the alloy. Although the transport rate values plotted were deter- 
mined by the time-average method, they agree with the real-time measures since 
the total run time was held constant, 



Figure 3. Real-time plot of the Figure 4. Average-time transport 
filament condu ance as a rate as a function of the 
function of t17' for four filament temperature for 
different C ~ / H  ratios. C ~ / H  = 0.3 to 1.0. 

For any given Cl/H ratio, we observe that the transport rate exhibits an 
asymmetric maximum around 1 1 6 0 ~ ~  '(see Figure 4). Since the alloy temperature 
scales with the filament temperature, the increase in rate with increasing fil- 
ament temperature below the maximum is attributed to the increased diffusivity of 
Si within the alloy. However, the gas-phase solubility of Si near the alloy 
decreases with increasing temperature (7). This tends to decrease the rate since 
the surface concentration of Si in the alloy presumably is an inverse function of 
the local gas-phase solubility. Furthermore, the gas-phase solubility passes 
through a minimum with increasing temperature. Thus, the difference in gas-phase 
solubility between the alloy and the filament, which drives the gas-phase 
transport, passes through a maximum and then decreases to zero with increasing 
temperature for a given temperature difference between alloy and filament. This 
is observed experimentally at very high temperatures where no deposition 
occurs. Thus, at low temperatures the rate is controlled by Si diffusion in the 
alloy and is fairly insensitive to ~ 1 1 ~ .  At higher temperatures the rate passes 
through a maximum due to the competing effects of larger diffusivity within the 
alloy but lower driving forces for both diffusion through the alloy depletion 
layer and for gas-phase transport. At very high temperatures, gas-phase 
transport controls the rate. In fact, the driving force for gas-phase diffusion, 
which is sensitive to c ~ / H ,  inverts and no deposition occurs. 

The optimum CI/H ratio appears to be near 0.3. At lower values the deposits 
can become dendritie, and of course as Cl/H approaches zero so does the rate. At 
higher values of cL/H, the relative concentration of SiC12 increases. Since the 
formation reaction of WCl with Si to form SiC12 is endothermic, this reaction 



tends to transport S i  from the filament to the alloy, Thus, at higher C ~ / H  we 
expect the transport rate to diminish. A growth rate as high as 2-3 g/h has been 
achieved for C ~ / H  - Q , 4  and deposition temperatures of l160'~, 

The vapor-transport filtration (VTF) process permits the production of 
99.9999% pure silicon from metallurgical-grade silicon, which is suitable for 
solar cells. The purification efficiency is attributed to four mechanisms: 
gettering of impurities during casting of the alloy, the chemical selectivity of 
the HCl vapor-transport process, the unusual filtration properties of Cu3Si, and 
the condensation of impurities in the form of chlorides on the cold walls and 
baseplate of the reactor. Optimum growth rates occur at deposition temperatures 
around 1 1 6 0 ~ ~  and a cL/H ratio of 0.3. 

The VTF technique is a closed-cycle process that is adapatable to small- or 
Large-scale operations requiring only a small volume of HCl and H2 and Si:Cu3Si 
composite alloys as inputs. There are no large volumes of waste gas to recycle 
or dispose of, and the spent copper alloy can easily be recycled by means of 
common metallurgical processes. 
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