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8 Claims. (Cl. 148-1.5) 

This invention relates to the manufacture of semi 
conductive bodies having adjoining zones of different 
conductivity properties, more particularly of opposite 
types of conductivity, which may be used in asymmetri 
cally conductive devices such as rectifiers, transistors, 
photo-electric cells and phototransistors. 

It is known to obtain such semi-conductive bodies by 
segregating semi-conductive material from a melt, if after 
segregation of part of the material having a determined 
conductivity, a substance is added to the melt to permit 
segregation of further material of different conductivity 
properties, more particularly of opposite conductivity 
type. The added substance may be an acceptor or donor 
impurity, an impurity decreasing the concentration of 
electrons or holes, or an impurity acting upon the life 
time of minority charge carriers. 

Thus, germanium which exhibits n-conductivity due 
to a content of arsenic may have a small amount of 
gallium added to it during segregation, whereupon p-type 
germanium deposits. If desired, a body having a plu 
rality of zones of different conductivity properties may 
be obtained by adding alternately donor and acceptor 
impurities during segregation. 

Furthermore, it is known that this result may be ob 
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tained by utilizing a semi-conductive body of determined . . . 
conductivity and alloying it locally with a substance 
which locally results in semi-conductive material of dif 
ferent conductivity properties, more particularly of op 
posite conductivity type. 

of antimony may be locally alloyed with indium so as 
to become in part p-conductive. 
The known methods may be used for obtaining semi 

conductive bodies, for example, consisting of germanium, 
silicon and also of compounds such as InSb, PbS and 
the like. The doping in the solid state with foreign atoms 
and in the case of compounds also of constituents of the 
lattice of the compounds, which are decisive for the con 
ductivity properties, is no simple task with the small 
concentrations entering into consideration therefor. 
According to the invention, the said disadvantage is 

obviated in that in the manufacture of semi-conductive 
bodies having adjoining zones of different conductivity 
properties, more particularly of opposite conductivity 
type by segregation from a melt, the concentrations of 
foreign atoms and/or constituents of the lattice are con 
trolled by doping in the melt via the vapour phase. 

It will be evident that in the invention, for acting 
upon the conductivity properties, use is made only of 
substances which can be present in vapour in a noticeable 
concentration at the temperature at which the semi-con 
ductive material is maintained in a molten state in carry 
ing out the method. 

Dosing small amounts of material in the melt via the 
vapour phase does not involve any particular difficulties. 

45 For example, a body of . 
germanium which is fully n-conductive due to a content 
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The amount taken up by the melt from the atmosphere 
or given off thereto may be influenced by means of the 
temperature of the melt and the vapour pressure of the 
substance prevailing above the melt. The temperature 
of the melt may readily be controlled accurately whereas. 
the vapour pressure may be controlled in different ways, 
as will be explained more fully hereinafter. 

In the method according to the invention, use may be 
made, for example, of material which as a result of its 
purity does not sufficiently exhibit the conductivity prop 
erties desired in one of the parts of the semi-conductive 
body to be manufactured. In this case the semi-conduc 
tive material is fused and brought into interaction with 
a vapour. After the melt has taken up so many foreign 
atoms and/or constituents of the compound from the 
vapour that, taking into consideration the distribution 
coefficient (defined as the ratio between the concentra 
tions in the segregated material and in the melt), the 
desired conductivity properties after segregation may be 
expected, part of the material is segregated. Subse 
quently, another vapour which may cause different con 
ductivity properties is brought above the material which 
is still in the molten state. After the required concen 
tration of foreign atoms and/or constituents of the com 
pound is attained, the material is allowed to segregate 
further, so as to obtain a semi-conductive body having 
two adjoining zones of different conductivity properties, 
more particularly of opposite conductivity types. The 
treatment may be repeated if more zones of different 
conductivity properties are desired in the semi-conduc 
tive body. 
According to the invention, it is alternatively possible 

to start from semi-conductive material which already con 
tains substances, due to which after segregation from a 
melt it exhibits a conductivity as is desired for part of 
the body to be formed. In this case part of the ma 
terial is caused to segregate from the melt. If the ma 
terial contains volatile foreign atoms and/or volatile con 
stituents, evaporation thereof may be counteracted by 
means of vapour above the melt. Subsequently, the 
melt is brought into interaction with vapour of an im 
purity and/or a volatile constituent which can cause a 
different conductivity or a conductivity of opposite type, 
the material being allowed to segregate further so as to 
obtain a body having zones of different conductivity 
properties. If more such zones are desired in juxtapo 
sition, this may be achieved by varying periodically the 
vapour pressure of the said volatile constituent above 
the melt during segregation. - 

instead of taking up substances from the vapour phase 
by a melt, it is alternatively possible to give part of 

55 

60 

65 

70 

the body the desired variation in conductivity by evapo 
rating a volatile impurity and/or constituent. It is then 
possible, for example, to utilize semi-conductive material 
containing several impurities which can cause conduc 
tivity of opposite type and of which one is predominant 
in concentration, at least the last-mentioned impurity 
and/or at least one of the constituents in a semi-con 
ductive compound being a volatile substance. In this case 
part of the material is allowed to segregate, the met 
being brought into interaction with an atmosphere in 
which the vapour pressure of the volatile substance or 
substances is so high that evaporation from the melt is 
counteracted. Subsequently, the melt is brought into 
interaction with an atmosphere in which the vapour pres 
sure of the substance or substances is so low that evapora 
tion from the melt takes place, with the result that upon 
further segregation material of different conductivity, 
more particularly of opposite conductivity type deposits. 
More zones of different conductivities may be obtained 
by alternately increasing and decreasing the vapour pres 
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sure of the volatile substance or substances during segre 
gation. 

In the foregoing, reference was always made to segre 
gation of the semi-conductive material from a melt. This 
may be effected in different ways. It is possible, for ex 
ample, to fuse the whole mass and to allow cooling of 
the melt from one side of the charge, or to draw up a 
crystal from the melt. As an alternative, the material 
may be locally melted and allowed to segregate, or zone 
melting may be used, in which event a molten zone is 
caused to traverse a charge of the semi-conductive mate 
rial and segregation is effected at one of the zone bound 
aIS. 
The vapour pressure of the impurities and/or constitu 

ents of a semi-conductive compound may be controlled 
in different ways. When use is made of an open melting 
vessel, the vapour pressure may be controlled by means 
of a flow of gas charged with vapour from the said sub 
stances or with a compound producing the said vapour. 

If the melting process is carried out in a closed vessel, 
the vapour pressure of the said substances may be con 
trolled by means of the temperature given to an amount of 
Such a substance or a compound which upon heating pro 
duces a corresponding vapour, which substance or com 
pound is introduced into the vessel separately from the 
charge of semi-conductive material to be treated. The 
substance or compound must in this case be heated to a 
temperature providing the desired vapour pressure at the 
most equal to, but preferably lower than that of the other 
parts of the vessel. The vessel may either be exhausted, 
or an inert filling of gas may be used to avoid evaporation 
of the semi-conductive material during melting. 

In carrying out the method, there is interaction between 
the molten semi-conductive material and the atmosphere 
prevailing above the melt. 

Since crystals split off from the melt having a com 
position which differs from that of the melt, the composi 
tion of the melt is continuously varied during segrega 
tion. It is possible that the variation in the composition 
of the melt as a result of segregation takes place more 
slowly than the adjustment of the equilibrium between 
the melt and the atmosphere. Consequently, there is 
always a condition of equilibrium and the conductivity 
properties may be exactly controlled and varied by means 
of the pressure of the vapour. However, the conditions 
may also be such that the variation in the composition of 
the melt as a result of segregation takes place more slowly 
than the adjustment of the equilibrium between the melt 
and the atmosphere, so that it is difficult to obtain this 
equilibrium. However, in such cases it is nevertheless 
possible to achieve a stationary condition and thus a 
reasonable reproducible action upon the composition of 
the melt and of the conductivity properties of semi-con 
ductive bodies obtained therefrom by segregation. It is 
dependent upon the duration of the interaction between 
the melt and the atmosphere as to whether equilibrium 
or a stationary condition is obtained. It is therefore de 
sirable to maintain the semi-conductive material in the 
molten state for a long period, to provide a large sur 
face area of the melt and to carry out the segregation 
process at a slow rate. 
An advantageous circumstance in the method is further 

more that the melt may take up vapour from, or give off 
vapour to the atmosphere at a considerably quicker rate 
than does the semi-conductive material in the solid state. 
Consequently, in so far as interaction between the at 
mosphere and segregated material takes place, the inter 
action will be limited to the surface. If necessary, this 
Surface may be removed, for example by etching. Other 
wise, the said interaction may be counteracted to a con 
siderable extent by maintaining the segregated solid sub 
Stance at a low temperature. 
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4. 
Example I 

For manufacturing semi-conductive bodies having p-n 
junctions from PbS by Zone melting, use may be made, 
for example, of an apparatus as shown diagrammatically 
in Fig. 1 of the accompanying drawing. 

Reference numeral 1 indicates a tubular container 
exhibiting a contraction 2, resulting in a space 3 in which 
a substance 4 which can supply vapour upon increase in 
temperature is provided separately from the charge of 
the compound 5 to be treated, which is contained in a 
vessel 6 of sintered aluminium oxide. The local heating 
for melting a zone of the charge of the compound 5 is 
effected with the use of a high-frequency coil 7. For 
heating the substance 4 use may be made of an electric 
oven 8 and for heating the remaining part of the vessel 

use may be made of a coal oven 9. 
The vessel 6 is filled with 50 gs. of pure PbS (impulrties 

less than 102 atm. percent) and the space 3 is filled 
with sulphur, the container 1 subsequently being ex 
hausted. The part of the container containing the vessel 
6 is heated to 500 C. The sulphur is heated to a tem 
perature of 444 C. and produces a sulphur pressure of 1 
atm. in the whole of the container. The temperature is 
locally increased to 1150° C. by means of coil 7, which 
is moved from the left to the right at a speed of 1 mm. 
per minute. The PbS segregating at the edge of the 
melting zone exhibits p-conductivity by including Sul 
phur in the lattice to a concentration higher than that cor 
responding to the composition PbS. That is, under these 
conditions, excess sulphur is taken up by the melt. 

After the molten zone has traversed about half of the 
charge, the coil is stopped and the oven 8 is cooled down 
to a temperature of 400° C., the vapour pressure of the 
sulphur thus being decreased to 0.4 atm. Subsequently, 
the coil is set into movement again. PbS of n-type con 
ductivity now segregates at the edge of the melting Zone 
due to the sulphur pressure of 0.4 atm. being in equilib 
rium with a melt containing a smaller amount of sulphur 
than corresponds to the composition PbS. That is, under 
these conditions, the melt gives off sulphur resulting in a 
deficiency thereof. After cooling, the rod is removed 
from the apparatus. 
The p-type PbS which first segregated has a specific 

resistance of 3x102 ohm cm. and the PbS of n-type 
conductivity which subsequently segregated has a spe 
cific resistance of 4x108 ohm cm. The p-n junction 
is very sharp and has rectifying properties. 

Example II 
Use is made of an apparatus as shown diagrammatically 

in Fig. 2, reference numeral 11 indicating a quartz con 
tainer closed by a ground joint 12 exhibiting an inlet 
tube 13 and an outlet tube 14 for the gas flow intended 
to act upon the conductivity properties of the substance 
to be treated. 
The quartz container 11 contains a vessel 15 of sin 

tered aluminium oxide filled with lead sulphide 16. For 
the local melting of a zone of the substance to be treated, 
use is made of a high-frequency coil 17 which comprises 
an inner graphite ring 18 for the thermal transmission. 

Lead sulphide is melted and segregated in a gas flow 
consisting of a mixture of H2 and H2S, by which a given 
sulphur pressure is adjusted dependent on the temperature. 
Since at the melting point of PbS (1114 C.) H.S provides 
a sulphur pressure of 0.1 atm., pure molten PbS in H.S 
would always provide n-type, material. In view thereof 
use was made of PbS containing 0.5% of Ag, viz. 125 
mgs. of AgaS for 50 gs. of PbS, which upon being melted 
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75 mixture HS; H2=2:1. 

and segregated in an HS flow provides p-type material 
and in a mixture of H2 and H2S provides n-type material. 
The zone in the charge of silver-containing lead sulphide, 
which zone is melted by means of coil 17, is exposed 
alternately to an H2S. flow and to a flow consisting of a 

The coil 17 is moved from the 
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left to the right at a speed of 2 mms. per minute. 
time the gas atmosphere is changed, which thus changes 
the sulphur vapor pressure, the coil is stopped until 
the atmosphere has sufficiently adapted itself. Three 
p-n junctions are thus produced in the charge. The p-n 
junctions are very sharp and the specific resistance in 
the parts having p-type and n-type conductivity is about 
6X 104 ohm. cm. 

Example III 
PbS containing 0.5% of Ag is treated in a device as 

shown in Fig. 2. A zone in the lead sulphide is melted 
by means of coil 17, this zone being moved through the 
charge from the left to the right at a rate of 2 mms. per 
minute. At first a gas-mixture HS:H2 is 75:5 and subse 
quently a mixture of the composition 

is lead through. When the composition of the gas flow 
is changed, the coil is stopped until the atmosphere in 
the vessel has adapted itself. The part segregated in the 
gas flow of the first-mentioned composition exhibits p 
type conductivity and a specific resistance of 1.2x 10' 
ohm. cm. The part deposited in the HCl-containing at 
mosphere is n-conducting and has a specific resistance of 
about 6X 10 ohm. cm. 

Example IV 
An amount of InSb is treated in a device as shown 

diagrammatically in Fig. 1. The vessel 6 of sintered 
aluminium oxide is filled with InSb and the space 3 is 
filled with an amount of mercury. After being exhausted, 
the vessel except the space 3 is heated to a temperature 
of 400° C. A zone is melted at 530 C. by means of the 
high-frequency coil which is moved from the left to the 
right at a speed of 2 mms. per minute as far as approxi 
mately the centre of the charge. Subsequently, the space 
3 is heated to 357 C. by means of the oven 8, resulting 
in an Hg-vapour pressure of 1 atm. above the melt. Sub 
sequently, the molten zone is caused to move further 
through the charge. The part segregated in vacuo ex 
hibits n-conductivity, the number of charge carriers being 
1.4x 107 per cm3 and the specific resistance being 2.9X 
10-3 ohm. cm. The part segregated under mercury 
vapour exhibits p-conductivity, the number of charge 
carriers being 1.45x1018 per cm3 and the specific resist 
ance being 6.7X 108 ohm cm. 

Example V 
CdTe is treated in a device as shown in Fig. 1. The 

CdTe is contained in a vessel 6 of graphite and the 
space 3 is filled with an amount of Cd. Indium is added 
to the left-hand side of the charge to an amount such that, 
when a zone of 2 cm. wide is provided by melting, an in 
concentration of 1019 atoms per cm. is obtained. After 
being exhausted, the vessel is heated to 900 C. with the 
use of the oven 9. The space 3 is heated to 750 C. by 
means of the oven 8, as a result of which a Cd-pressure 
of 1 atm. prevails in the whole vessel. Subsequently, a 
zone of the charge is melted at 1040 C. by means of the 
coil 7, which is moved from the left to the right at a rate 
of 5 mms. per minute. After approximately half of the 
charge has been traversed by the molten Zone, the tem 
perature of the Cd in the space 3 is decreased to 650 C., 
resulting in a decrease of the Cd-pressure to 0.3 atm. 
Subsequently, the residue of the charge is traversed by 
the molten Zone. 
The in-containing CdTe which has segregated at 1 

atm. Cd is n-conductive, the number of charge carriers 
being 2.8x1017 per cm.3 and the specific resistance being 
0.04 ohm cm. The part of the charge segregated at 0.3 
atm. Cd is p-conductive, the number of charge carriers 
being 5x 1016 per cm.3 and the specific resistance being 
1.5 ohm cm. 

Each 
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Example VI 

- The central portion 23 of a monocrystal rod of p 
conductive germanium contained in a suitable quartz ves 
sel 22, as shown in Fig. 3, is melted at 965 C., for ex 
ample by high-frequency heating, in a vacuum con 
tainer 21. The part 24 of the quartz vessel contains an 
amount of As 25. The As is heated to 400° C. and pro 
vides an As-pressure of 6 mms. mercury in the vessel 
21, which is heated to 500 C. After 20 minutes, by 
slowly decreasing the temperature, the crystal is allowed 
to grow again to the centre at a speed of about 1 mm. 
per minute. After this treatment, during which As 
atoms have been absorbed, the central portion 23 of the 
p-germanium having a specific resistance of 1.5 ohm cm. 
is converted into n-germanium having a specific resistance 
of 0.05 ohm cm. Very sharp p-n junctions are produced 
at the two limits of the zone which has been melted. 
The surface of the parts of the germanium crystal which 
have not been melted is covered during treatment with an 
n-conductive film, which may be removed by etching. 
What is claimed is: 
1. A method of producing a semi-conductive body con 

taining a p-n junction, which comprises providing a semi 
conductive body containing a volatile constituent which 
tends to evaporate out of the semi-conductive body when 
the latter is in a molten state, melting and freezing adjacent 
portions of said semi-conductive body in the presence of 
a vapor of said volatile constituent, and establishing a p-n 
junction in said body by varying the vapor pressure of said 
volatile constituent between two extremes while melting 
and freezing said adjacent portions of said semi-conductive 
body whereby at one extreme of said pressure one of said 
molten portions of the body takes up said volatile con 
stituent and upon subsequent freezing produces one type 
of conductivity material, and at the other extreme of said 
pressure the adjacent molten portion gives off said volatile 
constituent and upon subsequent freezing produces the op 
posite type of conductivity material, said frozen adjacent 
portions establishing a p-n junction within the body. 

2. A method of producing a semi-conductive body con 
taining a p-n junction, which comprises providing a semi 
conductive body constituted of a chemical compound con 
taining a volatile constituent and whose conductivity type 
depends on an excess or deficiency of said volatile con 
stituent in said body when frozen, melting and subse 
quently freezing one portion of said body in the presence 
of a vapor of said volatile constituent at a pressure at 
which the molten portion takes up an excess of said vola 
tile constituent to produce one conductivity-type material 
upon freezing, and establishing a p-n junction within the 
body by melting and subsequently freezing another por 
tion of said body in the presence of said vapor of said vola 
tile constituent but at a lower pressure at which said other 
molten portion gives off said volatile constituent yielding 
a deficiency therein and the opposite conductivity-type ma 
terial upon freezing, said frozen portions establishing a 
p-n junction within the body. 

3. A method as set forth in claim 2, wherein the melt 
ing and freezing steps are carried out by a zone-melting 
process. 

4. A method as set forth in claim 2, wherein the melting 
and freezing steps are carried out by first melting the body 
and drawing up a crystal from the melt to freeze successive 
portions thereof. 

5. A method as set forth in claim 2 wherein the melting 
and freezing steps are carried out in an open vessel, and 
the vapor of the volatile constituent is provided by flowing 
a gas containing said volatile constituent through said 
vessel. 

6. A method of producing a semi-conductive body con 
taining a p-n junction, which comprises providing a closed 
vessel having first and second portions, providing in said 
first vessel portion a semi-conductive body constituted of 
a chemical compound containing a volatile constituent and 
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whose conductivity type depends on an excess or deficiency 
of said volatile constituent in said body when frozen, pro 
viding in said second vessel portion a material which pro 
duces said volatile constituent upon being heated, heating 
Said material in said second vessel portion at a tempera 
ture producing in said first vessel portion a vapor of said 
volatile constituent, heating said semi-conductive body in 
Said first vessel portion at a higher temperature to melt a 
portion of said body and subsequently freezing said one 
body portion in the presence of the vapor of said volatile 
constituent at a pressure at which the molten portion takes 
up an excess of said volatile constituent to produce one 
conductivity-type material upon freezing, and establishing 
a p-n junction within the body by melting and subsequently 
freezing another portion of said semi-conductive body in 
the presence of said vapor of said volatile constituent but 
at a lower pressure at which said other molten portion 
gives off said volatile constituent yielding a deficiency 
therein and the opposite conductivity-type material upon 
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freezing, said frozen portions establishing a p-n junction 
within the body. 

7. A method as set forth in claim 6 wherein the vessel 
is first exhausted before the heating steps. 

8. A method asset forth in claim 6 wherein the vessel 
contains an inert gas. 
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