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This simple technique, in which a solid is refined by passing 
a liquid zone through it, has been of profound value in those 
technologies that call for materials of extremely high purity 

by William G. Pfann 

t a third of the elements and 
undreds of organic and inorganic 

compounds have been poduced 
their purest form by a simple tech- 

que called zone refining. If two of 
e elements, germanium and silicon, 
not been available in the desired 

In zone refining, which is probably the 
most important zone melting technique, 
a number of molten zones are passed 
through the charge in one direction. 
Each moving zone carries a fraction of 
the impurities to the end or, in some 
cases, to the beginning of the charge, 

y, the whole development of solid- thereby the- remainder aTld 
electronics would have been crip- concentrating impurities at one or both 

. Other elements, when highly puri- ends. In the 15 years since my original 
r- paper on the subject I have been asked 

over and over: "How could such a sim- 
of research. All of this has hap- ple idea have been missed all these dec- 
since the basic paper on zone ades? How did you think of it?" 

I really cannot answer eitl~er question. 
one of a Several years after my papel. had ap- 
nown as peared I learned that Peter Kapitza, 
s can be the Russian physicist, had actually per- 
itions or fo~med a one-pass zone melting opera- 
le melt- tion and had described it in a papel. pub- 
e trav- lished in 1928. He was concerned \\lit11 
-ge (or crystal growth, however, and apparently 
ortion did not recognize the pote~ltial of a 

molten zone as a distributor of solutes, 
es, or and it would seem that neither did ally 

ponents, depends on the size, num- of the hundreds of physicists who must 
and direction of travel of the zones, have read his paper. 

n the My own conception of the process 

prop- dates back to 1939, when the late Earle 
istri- E. Schumacher, head of the metallurgy 

laboratory of the Bell Telephone Labora- 

otes diffusion in the liquid region. The cylinder travels to the left at the rate of about 
entimeters an hour, thus sweeping the molten zones to the right. In addition the cyl- 
has a ratchet motion resembling that of a typewriter carriage: after traveling slowly 
left one heater spacing it jumps quickly to the right the same distance. Thus the 

tories, told me I could spend half my 
time on fundamental research of my own 
choosing. I chose to study "slip bands" 
producid by deforming single ~; .~stals  of 
lead containing a fraction of a percent of 
antimony. I recognized that if I used a 
standard freezing technique to grow the 
crystals, the antimony would tend to seg- 
regate, thus producing a crystal wit11 n 
nonuniform distribution of the solute. 
To remedy this I thought to grow the 
crystal by passing a short melted zone 
along the ingot in the hope of leveling 
out the distribution of antimonv. This 
procedure, now called zone leveling, 
did not strike me as particularly remark- 
able and nothing came of it at the time. 
I assumed that such a s i m ~ l e  idea must 
be common knowledge. Also, about that 
time Bell Laboratories became heavily 
engaged in technical problems of World 
\Val- 11. It was not until years later, 
when the need arose for ge~manium 
of uniform purity for transistors, that I 
again thought of zone leveling. Sudden- 
ly the lightning of zone refining struck: a 
molten zone moving through an ingot 
could do more than level out im~urities- 
it could remove them. 

With the help of colleagues at Bell 
Laboratories zone- refinink was quickly 
developed into a successf;~ manufactur- 
ing procedure. The purity achieved was 
spectacular. The harmful impurities- 
those affecting transistor properties- 
were reduced to less than one i t o m  of 
impurity in 10 billion atoms of g e r m a x  

' 

um. This ratio is eq-to a grain 
o T 3 Z F K  a freight-car load ot sugar. 
Sfnce then zone refinine has been a ~ - '  

u 

plied successfully to many other semi- 
conductors and metals, as well as to 
organic and inorganic compounds. 

In order to understand zone refining, 
and zone melting in general, one must 
understand what is meant by the distri- 



. ' buson coefficient. A solution of salt in 
; water provides a familiar example. When 

the temperature of such a solution is 
lowered to the freezing point, the first 
i p  crystals to form do not contain the 
same concentration of salt as the original 
solution does. In fact, the ice crystals 
contain a significantly lower concentra- 
tion because the salt redistributes itself 
between the solid phase and the liquid 
phase while the crystal is being formed. 

- The distribution coefficient is defined as 
the concentration of the solute in the 

'- solid divided by its concentration in the 
liquid; thus the coefficient is less than 
one. Indeed, for ordinary table salt in 

\ 
. freezing water, the distribution coeffi- 

cient is close to zero, meaning that salt 
is almost totally excluded from ice crys- 

- . . tals as they form. As a consequence the 
.. .. concentration of solute in the remaining 

solution tends to rise steadily until all 
the liquid is frozen. When the solute is 
not table salt but a more typical sub- 
stance, the crystals become progressive- 
ly richer in the solute as they freeze 
from a more and more concentrated solu- 
tion. Concomitantly the freezing point 
of the solution drops steadily as the sol- 
ute concentration of the remaining solu- 
tion rises. 

All of this can be summed up in a 
phase diagram that shows how the com- 
position of the liquid phase (bounded by 
the "liquidus" curve) is related under 
equilibrium conditions to the composi- 
tion of the solid (bounded by the "soli- 
dus" curve) for all concentrations of the 
solute in the solvent, together with the 
freezing point for each concentration 
[see illustration below]. 

There is an equilibrium, or ideal, dis- 

a binary system of two conipoaents, A and B, clarifies the relations 
is based. The diagram shows &at 'adding solute B to solvent A low- 

olution. Conversely,-adding A to B raises the freezing 
ning works because the composition of the solid that 
differs from the composition of the solution. Thus if a 
to its freezing point, 2, the solid that forms, 3, contains 

ina1liquid:The exclusioqof some B from the solid raises the con- 
aining liquid, 4, which.now ha&,a~ower freezing point, 5. Again 

excludes B and raises the concentration of B in the liquid. 7, and so 
n isrthe equilihrium distriht&Gc>c&tficien< k,,, defined as the ratio 

.... - , , .  
tion to "liquidus" ton&trati.on \at a given .temperature. Here that 

effective distribution coefficient, k, is usually higher than k,,. 
. . 

tribution coefficient, designated k 
an effective value, designated k. 
whole success of zone refining d 
on the fact that under ordinary fre 
conditions equilibrium is far from 
achieved. If freezing of, say, a solution 
or an alloy took place so slowly that the 
entire solid at all times had the composi. 
tion of the solidus curve in the phase di.' 
agram, the last clystals to form 
have the same composition as the 
solid. This implies, in turn, that 
frozen solid would have preci 
same solute concentration as t 
nal solution. Paradoxically eq 
freezing consists in two simultaneous 
and opposed processes: the re 
the solute by the advancing s 
interface and the diffusion of the solute 
back into the solid that has frozen. 

In practice equilibrium fre 
most impossible to achieve if 
ing with substantial volumes of material. 
Diffusion rates in solids are almost al- , 
ways too low to permit back 
the solute. For practical pur 
fore, the solute-rejection p 
only one that counts. In 

normally contain a much h 
tration of the solute than 
original solution. 

In normal freezing, ba 
effectively prevented if t 
interface advances at a 
to 20 centimeters per 
is also usually slow e 
concentration of solu 
equalized by diffusi 
Under these conditi 
tribution along an in 
piedicted by a norm 
some constant valu 

solute concentratio 
constant k is reasonable. 

mixing is rapid eno 
tribution coe5cien 
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form concentration of solute B in solvent 
e illustrations at right]. Let the 
concentration of B in A be repre- 
by Co. I t  is not necessary that the 

n ordinary rapidly frozen cast- 
be a mixture of sintered pow- 

en two long rods side by side 
se cross section at any point corre- 

to concentration C,. 
lten zone, say a tenth of the 

length of the ingot, is formed by a heat- 
ing coil placed at one end of the charge. 

.-'The heating coil is then moved slowly 
charge. As it advances, tlie first 
eeze behind it has a concentra- 

.: tion of solute B equal to C,,  times the dis- 
tribution coefficient k, or kc,,. Since k is 
less than one, the newly formed solid 
contains less of solute B tha~i  the original - 

es. This means that some of 8 

ncentratioil C,,  is 
ted into tlie zone at its leading 

molten zone and also in the solid that 
at the trailing interface. 
e continues until the solute 
ion in the n~olten zone reach- 
e C , / k .  At that point the con- 
of solid entering and leaving 

?':now remain constant for several zone 
lengtlls, producing a region of zone lev- 

vas common knowledge in 
eveling continues until the 
olten zone reaches the end 
i.nm there on the volume 
ses as in normal freezing 
concentration follows a 

ct of passing n molten 
ngot just once is to 

e an ingot with three regions: a 
of purification in which the solute 

rather steeply from 
e-leveled" region of 

ncentration C ,  and a short teimiiial 
concentration great- 

s actually less effec- 
one normal freezing step and 

ling step it leaves much to be 

one refining, which 
r obvious, is to pass 

ons to purify substances is actually 
old. The impure substance was dis- 
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1 ZONE MELTING m .,-a- 
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RING HEATER- A 

ORDINARY FREEZING AND ZONE MELTING both alter the distribution of a solute in 
a solvent. Oddly enough, one-pass zone melting (bottom) is actually less effective as a re- 
fining method than normal freezing ( t o p ) .  Thia can be inferred from the illustration below. 

IMPURITY DISTRIBUTION produced by norrnal freezing and that produced by one-pass 
zone melting are quite different. The curves are plotted for sample charges of the same ini- 
tial concentration of solute (C,) and the same distribution coefficient (.5). The amount o f  
solute, or impurity, in the ne\c.ly formed solid rises much more steeply in zone melting than 
in normal freezing. The virtues of zone melting emerge, however, when a molten zone is 
passed through an ingot many times ( s e e  iliristrrctions on next page). Moreover, the flat re- 
gion between n and b in the zone melting curve ran be exploited to produce an ingot whose 
content of a desired impurity is extremely uniform. This process is termed zone leveling. 

solved in a solvent (itself a source of 
contamination); the solutio~l was cooled 
to freeze out a fraction of crystals (by 
noimal freezing), then the partly purified 
crystal fraction was separated from the 
"mother liquor" and redissolved. The 
operation was repeated many times on 
both the crystals and the liquors, wit11 
recombination of various fractions in ac- 
cord with a complicated procedure. fie- 
cause it was tedious and time-consum- 
ing, repeated fractional crystallization 
was never widely adopted as a purifica- 
tion procedure. 

By means of zone refining, the old 
idea of repeated fractional crystallizatioil 

is converted from a cumbersome process 
into an extremely simple one. With little 
difficulty several molten zotles can be 
passeed through an ingot, one behind the 
other, with each zone-pass comprising a 
step of crystallization. Moreover, the in- 
got can be subjected to as many zone- 
passes as desired, increasing its purity 
each time, without the troublesome han- 
dling of fractions. This is the main ad- 
vantage of zone refining. The charge 
does not have to be touched, or even 
moved, until the process is finished. 

The effect of multizone passes can 
readily be appreciated. Suppose the orig- 
inal ingot contains 1 percent of some 



The ultimate distribution repres 
the maximtun purification attainab 
is something like piling sand agal 
wall. There is a maximum height 
given amount of sand. In zone re 
the ultimate distribution is the st 
state reached by two opposing fl 
The &st is the ability of the freezi~ 
terface to reject solute, roughly pr 
tional to the absolute value of 1 - k. 
second is the rapid mixing effect, 
portional to the square of the len 
the zone, which causes freshly dissol 
solute to migrate backward from 
melting interface to the freezing inte 
face of the zone. The purification repr 
sented by the ultimate distribution 

I mentioned earlier that im 

the  front of the charge. How is t 
sible? This happens when k for a 
ticular solute is greater than unity. 1 
case of an ordinary solute, which 

jor component IB) is regarde 
solvent and the minor compon 
the solute (whereas at the left of the 
gram the roles are reversed). In 
region of the diagrarn'the concentra 
of the solute (A) in the freezin 
is greater than in the liquid; 
greater than unity. Sucli a solute a 
raises the freezing point of the solve 



hat a slight and virtually uniform 
nf solute is left behind in the sol-' 

;-= 
p the zone travels through the ingot. 
Germanium was the first element to 
[&apurified by zone refining. Except 
iIthe addition of automatic controls, 

commercial process [see 
" illustration on next page] hardly dif- 
$ from the original laboratory one. An 
z ~ t  of germanium is placed in a "boat" 
.high-purity graphite and subjected to e 
peated zone meltings in an inert at- 
Osphere of nitrogen. 

A Zone That Floats 

When the same technique was tried 
b t h  silicon, however, problems devel- 
t;;ped. The silicon became coiltami~lated 
$because no boat could be found that was 

wetted by the molten silicon. The 
was solved, and a wide area of 

vestigation was opened, when my col- 
Henry C. Theuerer invented the 
zone technique. The technique 
sequently discovered by others: 
late Paul H. Keck and h4arcel 

E. Golay of the U.S. Almy Signal 
ps Laboratories in Fort h4onmoutl1, 

(who published first and gave the 
nique its name), and by R. Emeis of 

emens and Halske. 
In this refining method a rod of sili- 
n is clamped in a vertical position, 

eld only at the ends. An unsupported, 
oating, molten zone extending 
gh the cross section is produced by 
ter-cooled induction heating coil. 
ing is accomplished by moving the 

hng zone repeatedly from one end of 
e rod to the other. Today industry rou- 

&ely turns out float-zoned single crys- 
h of silicon about four centimeters in 

mameter and about 30 centimeters long 
i?e hottom illustration on next page]. 
$ce a transistor today uses less than a 
illigram of silicon, such a crystal repre- 
bts many tens of thousands of devices. 
&t is perhaps obvious that only one 
olten zone can be passed through an 

at a time in the float-zone tech- 
Lf two zones were introduced, the 

region between the two-being un- 
orted-would simply collapse the 
r zone. It may be surprising, never- 
,ss, that surface tension is quite ade- 

to 
led 

support a sin 
that a certain 

lgle 
I hei 

m 
igl 

~olten zone, 
ht is not ex- 

led. In this regard nature has been 
. The highest-melting metals, being 
:m$y reactive when molten, are 
t-&*need of the float-zone technique 
.e&ing. Fortunately surface tension 
%&esiyith' melting temperature and 
!&l66s a large molten zone. Certain 

I ' -- - I i - _ L - _ F - . . . i  
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DISTANCE ALONG INGOT (ZONE LENGTHS) 

ULTIMATE DISTRIBUTION CURVES are critically dependent on the effective distribu- 
tion coe5cient. k, and on tbe length of the ingot, measured in zone lengths. Here for 
an ingot of 10 zone lengths are the ultimate distribution curves when k is -1 and when k is .5. 

very stable inorganic compounds also 
lend themselves to float-zone treatment. 
Water, because of its anomalously high 
surface tension and its low density, could 
also be purified by the float-zone meth- 
od if one wished. 

At very high temperatures, say above 
1,500 degrees centigrade, float-zone pu- 
rification occurs partly by volatilization 
of impurities and partly by zone refin- 
ing. An effective way to create a floating 
molten zone in a high-melting metal is 
to place a ring-shaped cathode around 
the rod to be refined. which serves as 
the anode. Electrons from the cathode 
bombard the rod and melt it. An elec- 
tron-beam refiner of this kind, built by 
the Materials Research Corporation, ap- 
pears on the cover of this issue of Sci- 
entific American. The ingot in the pho- 
tograph is titanium. 

Mechanical, chemical, electrical and 
magnetic properties of a metal often 
change strikingly when it is made really 
pure. For example, Raymond L. Smith 
and John L. Rutherford, then at the 
Franklin Institute. showed that float- 
zone-rebed iron remained ductile even 
when cooled to the temperature of liquid 
helium (4.2 degrees C. above absolute 
zero). In the laboratory of Georges 
Chaudron at Vitry-sur-Seine in France it 
has been found that in zone-refined iron 
the solubility of oxygen and hydrogen 
falls below the limits of detection and 
that resistance to oxidation increases. 

Ductility in general increases remark- 
ably when metals are made very pure. 
Beryllium is ordinarily an extremely 
hard and brittle metal at room tempera- 
ture. _Yet a crystal rod of beryllium 1.5 

centhneters in diametei, purified by 
float-zoning in a high vacuum, turned 
out to be so ductile that it could be bent 
by hand into a complete circle. The pu- 
rification was done at the Nuclear En- 
ergy Research Institute at Grenoble by 
B. Schaub. 

Not many years ago the phenomenon 
of superconductivity-the ability of a 
metal to cany an electric current without 
resistance at very low temperatures- 
was thought to be restricted to a modest 
group of metals and not particularly sen- 
sitive to the metal's purity. But recently 
molybdenum and tungsten were shown 
to be superconductors when the mag- 
netic impurity iron was reduced to a 
very low level. Highly purified beryl- 
lium has similarly proved to be a su- 
perconductor; the critical impurity re- 
mains to be established. 

The actual velocity of grain-boundary 
migration in zone-refined lead of ex- 
treme purity was measured by J. W. 
Rutter and K.. T. Aust of the General 
Electric Research Laboratory. They 
found that as little as three parts per mil- 
lion of silver reduced the velocity of 
migration by a factor of a thousand. 

The General Electric Company has ' 

recently described how it employs zone ,'j 
refining to produce copper of exceptional . 
purity for use in vacuum circuit break- ;' 

ers. For heavy-duty service these devices 
require electrode faces that are extreme- 
ly free of gas, otherwise undesirable ar& 

' 

ing occurs when the circuit is broken. - - - .  
Zone r e b i n g  enables General Electric to -, 7 

I *  

produce copper with the necessary low . ;I, 
gas content: less than one atom of gas- '"'':? 
per 10 million atoms of cbpper. Too low :- !'", 

I - 1 %  





use analytically, the gas content 
inferred by building a circuit 

er and testing it under operating 

'-Some Special Zone Refiners 

one refining operation, time 
zones are short and close 

rtening the zone length, 
sults in greater purity in a 
of ingot. The problem of 

short zone length and short 
spacing is particularly difficult 
ic compounds. On the whole 

their thermal conductivity is very lo\v, 
&out a thousandth that of metals, so 

,&at it is difficult to remove the heat of 
fusion liberated at the rear, or freezing, 
interface of the zone. If the heat of fu- 
don is not removed efficiently, the zone 
'gets longer. 
> !  Ideally the zone refiner should have 
closely spaced, alternate arrays of heat 

at sinks. A beautiful ex- 
pparatus is a microscale 

refiner developed by Hermann 

in a distance of six centimeters 
lower illustration at right]. Schild- 

less than 100 micrograms of ma- 

s become the leader in 
f organic compounds. 
ldknecht's group de- 
st time the true melt- 
omologous series of 

alcohols (CnH2,+ ,OH) from C19 
h C,, using samples that had re- 
as many as 200 zone passes. The 

removed an anomaly in the rela- 
t to number of car- 

otoriously impure. I think small- 
zone refining will make a major 

':odor always associated with ska- 
'constituent of feces) was due to 

ZONELEVELING APPARATUS is used to distribute a uniform amount of a desirable 
impurity throughout a previously purified ingot of germanium. The concentration of such 
impurities is typically about one part in 107. The distribution is accomplished by one 
slow traverse of the heating element. This photograph was also made at Western Electric. 

MICROSCALE ZONE REFINER for purifying milligram quantities of organic compounds 
was built by Hermann Schildknecht and H. Vetter at Erlangen University. It compresses 
some 40 molten and solid zones in a length of about six rentimeters. The heaters and cool- 
ers are copper coils connected to an insulated heat source ( top)  and a heat sink (bottom). 

knecht and a few others, have shown sur- 
prisingly little imagination in the design 
of zone refining apparatus. Most of their 
zone refiners, as described in the litera- 
ture, have long zone lengths and long 
interzone spacings. Recently Charles E. 
Miller, J. D. Hunt and I developed a 
zone refiner for chemical compounds 
that goes a long way toward eliminating 
these deficiencies. We call it a rotation- 
convection refiner [see i~ustration on 
page 621. The zones are about .6 centi- 
meter long, 2.5 centimeters in diameter 
and about two centimeters apart. The 
close spacing is achieved by having cool- 
ing water pass between a series of loose- 
fitting brass rings and the surface of tlie 
glass tube containing the sample. Sur- 
face tension confines the water to the 
space between r h g  and tube. The re- 

gions between the rings are heated by 
single loops of resistance wire. Slow 
rotation of the sample tube produces 
alternate molten and solid zones whose 
interfaces are practically flat and per- 
pendicular to the surface of the tube. 

Thus far I have discussed .zone re- 
fining as a batch process. For purifying 
commercial quantities of organic com- 
pounds I believe large-scale batch and . :r . . ; 
also continuous zone refiners will become 
commercial. Three different -continuous 
methods have been conceived a n d ,  .+..., 
worked on experimentally. 1 i  a continu- - .; : ... 
ous zone refiner impure f&d-liquid- 
enters somewhere near the middle of.the 
apparatus, while purified product leaves. 
at one end and concentrated-.w+te 
leaves at the other end. These flows.of 
feed, product and waste have to be su-. 



perimposed on the movements of 
molten zones that provide the pur 
tion. 

The final variation of zone me1 
that I shall describe in detail is fasci 
ing, to my mind, because it must 
happening all the time in nature 
conceivably, over aeons, could lea 
profound geologc segregation eff 
Because it depends simply on the 
ence of a temperature gradient, it 
known as temperature-gradient 
melting. As practiced in the labora 
differs from other zone melting me 
in the relatively small size of the mo 

zones are madeto move not 

These features have led to unus 

of dissolution and freezing 
understanding of temper 
zorie melting has made te 
aware that it is a widesp 

ments, whenever a temperature g 
is present. 

The phenomenon is m 
stood by examining a simple c 
agine a system in which a thin 
solid B, regarded as th 

left]. The sandwich is now pl 
temperature gradient so that 
perature of B falls so 
the two extremes. The temperature 
be high enough to form a liquid sol 
of B containing A but not so high 
melt the blocks of A. 

centration of A in the 
enough to cause the 
the interface nearest the cooler 



it is possible to US 

=lid-vapor zoning and li 

W e  of lithium sulfate and silve 

often show a tendency to se 
diEerent proportions 
peratures. The drawback to 
is that. diffusion in solids tends t 
slow. 

purify arsenic. In this tech 
ingot is vaporized and soli 

erator can produce a 
useful distributions of solute in th 
dium. Among the tools at his dispos 
the arrangement of the starting ch 
and the size, number, and directio 
travel of the molten zones." 


