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(54) AN APPARATUS AND PROCESS FOR FORMING P-N JUNCTION 
SEMICONDUCTOR UNITS 

(71) W e , ATOMIC ENERGY RESEARCH 
INSTITUTE, a National Institute of Korean 
Government of 170-2 Kong Nyung Dong, 
Sungbulc-lcu, Seoul, Korea, do hereby de-

5 clare the invention, for which we pray that 
a patent may be granted to us, and the 
method by which it is to be performed, 
to be particularly described in and by the 
following statement:— 

10 This invention relates to an apparatus 
for manufacturing semi-conductive units and 
to a manufacturing process utilising this 
apparatus. 

The technique of forming a controlled 
15 P-N junction by energetic heavy ion bom-

bardment into a semiconductor target, the 
so called method of ion implantation, has 
been studied by numerous investigators for 
several years. In the case of hot implanta-

20 tion radiation enhanced diffusion, the semi-
conductor target in an ion implantor is 
preheated during the implantation of ions. 

Though numerous methods of ion im-
plantation have been developed so far, it 

25 seems that the method of hot implantation 
is still in its infancy. 

As an example of a recent method of hot 
implantation, Professor James Gibbons of 
Stanford University has developed the fol-

30 lowing method (The Electronic Engineer, 
Aug. 1970, Western Column). A boron-
coated silicon substrate is heated in vacuum 
to about 600° C and is bombarded by a pro-
ton beam having a minimum accelerating 

35 energy of 100 eV. The protons produce 
voids in the silicon lattice at the end of 
their paths, forming a thin layer. The voids 
diffuse away from the layer in both direc-
tiins. Those that reach the surface meet 

40 the boron dopant, which substitutes itself 
in the voids and begins to diffuse into the 
substrate. 

According to one aspect of the present 
invention there is provided an apparatus 

45 for forming P-N junction semiconductor 
units comprising: 

(a) a bell jar evacuated to a pressure 
[Price 33p] 

of less than 10-3 Torr and containing four 
electrodes arranged in two pairs, one elec-
trode of the first pair being in the form of 50 
a mesh; 

(b) a source of high pulsating direct volt-
age connected to the first pair of electrodes 
with the mesh electrode negatively poled, 
to ionise the ratified air in the ball jar and 55 
accelerate the resulting positive ions of 
nitrogen and oxygen; 

(c) a source of RF voltage connected 
to the other pair of electrodes to facilitate 
the ionisation; and 60 

(d) a dopant coated semiconductor body 
heated by a wire wound heater and placed 
underneath the mesh electrode so that the 
accelerated ions bombard the dopant layer 
through the mesh electrode to implant dop- 65 
ant atoms in the semiconductor body. 

According to another aspect of the pre-
sent invention there is provided a process 
of forming P-N junction semiconductor 
units when using the apparatus set forth in 70 
the preceding paragraph. 

Positive ions of nitrogen and oxygen can 
be produced by radio frequency (rf) voltage 
and DC high voltage (1,000 to 3,000 volts) 
vacuum discharges in the bell jar having 75 
two pairs of electrodes in it. This resembles 
a radio frequency sputtering unit in which 
ions are produced between each pair of 
electrodes. 

The discharge produces a plasma whose 80 
density can be varied by factors such as 
vacuum degree, d.c. voltage and its repeti-
tion frequency, rf voltage and its frequency. 

If on the one hand a dopant-coated semi-
conductive body were to be placed on the 85 
negative electrode having the temperature 
of about 400°C, the dopant atoms would 
be sputtered away by the bombarding due 
to the energetic positive ions without being 
implanted into the semiconductive body. 90 

On the other hand, when according to the 
invention the same sample having the same 
temperature is placed on the opposite side 
of the negative electrode of mesh form the 
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implanting effect of the dopant atoms be-
comes more dominant than their sputtering 
effect. And moreover, as the size of the 
mesh becomes smaller, the implanting effect 

5 becomes proportionately more dominant at 
the same temperature and the same ac-
celerating voltage. 

Such an implanting effect can be explained 
as follows. 

10 While some of the positive ions lose their 
charges in glancing collisions with the mat-
rix wires when they pass through the small 
nets of the mesh, some of them lose their 
whole kinetic energy in head-on collisions 

15 with the mesh electrode. 
After passing through the mesh elec-

trode, neutralised heavy ions collide first 
with the dopant layer coated on the semi-
conductive body, and break the metallic 

20 bonds of the layer by the energies due to 
the bombarding and the preheating. 

Prior to their collisions with the dopant 
layer, neutralised ions can lose a part of 
their kinetic energy by the glancing colli-

25 sions with the matrix wires whereas the 
charged positive ions passing through the 
electrode are decelerated considerably by 
the attractive force due to the negative elec-
trode of mesh type. 

30 In proportion as the size of the mesh be-
comes smaller, many more neutralized ions 
are generated when the charged ions pass 
through the mesh electrode, and moreover, 
smaller distortion in the uniformity of the 

35 lines of electric force can provide straighter 
trajectories for the ions. 

After their collisions with the dopant 
layer these ions also collide with and im-
pinge upon the surface of the semiconduc-

40 live" body. In the case of low energies, 
the collisions may take place as a cascade 
of independent two-body collisions between 
knock-on ions and stationary atoms in the 
surface layer, and the energy of a knock-

45 on ion can be propagated along a chain of 
atoms to a discontinuity, thus each atom on 
the chain is displaced from its equilibrium 
position, hence many vacancy-interstitial 
pairs (Frenkel defects) can be produced. 

50 This is known as the focusing effect (See 
R. H. Silsbee, J. Appl. Phys. 28, 1249 (1957). 

On the other hand, dopant atoms (broken 
bonds) on the semiconductive body have 
also in many cases collided with the incident 

55 ions. As the crystal lattice of the semi-
conductive body is varied greatly by the 
thermal energy due to the preheating, dop-
ant atoms which are subjected to collisions 
with the incident ions can be pushed into 

60 the crystal lattice of the surface layer inter-
stitially (probably, to the depth of several 
monoatomic layers at such low energies). 

By the thermal energy due to the pre-
heating, these interstitial atoms will be sub-

65 stituted in the nearest voids, and the sub-

stituted atoms will be diffused in the deeper 
voids. The successively implanted inter-
stitial atoms will follow the precedingly 
diffused atoms, so that the concentration of 
the dopant atoms may depend greatly upon 70 
the density of ions, implanting time, and 
the temperature of the diffusion, but the 
deepest diffusion of the atoms should be 
limited to the average depth of the layer 
of voids produced by the bombarding with 75 
the accelerated ions. 

During these processes, neutralized ions 
may be more effective than the charged ions 
in the generation of vacancies and the inter-
stitial implantation of the dopant atoms. 80 
Charged ions lose their energies rapidly in 
entering the crystal lattice on account of 
electronic stopping and nuclear stopping and 
at such low energies of the bombarding 
ions, the effect of nuclear stopping should 85 
be more predominant than that of elec-
tronic stopping. 

When the mesh size of the electrode is 
large, the charged ions rather than the 
neutralised ions, are responsible for most 90 
of the collisions, hence in this case, the 
sputtering effect predominates over the im-
planting effect. 

The difference of kinetic energy between 
a charged ion and a neutralized ion is small 95 
in comparison with that between nitrogen 
and oxygen atoms in a similar state of 
charge, but it seems that even this latter 
difference is a negligible factor though the 
beam of ions due to the rarefied air plasma 100 
is not monoenergetic. 

It can be considered that the positive ions 
in the plasma which are directly engaging 
in the bombardment of the negative elec-
trode are composed of N" and O^ ions. 105 

The slight difference between the atomic 
weight of nitrogen (7) and oxygen (8) may 
only exercise a negligible influence upon 
the junction depth. According to J. R. 
Ligenza and M. Kuhr in their" Solid State 110 
Technology, 13, 33 (1970), in a certain re-
gion of gas discharge in oxygen, the plasma 
in the vicinity of the anode is composed of 
neutral molecular and diatomic oxygen, 0 + 

ions. O - ions, and electrons, so that plasma 115 
oxidation takes place on the anode surface 
by O" ions. It is obvious that only 0 + 

ions are accelerated towards the negative 
electrode in such a gas discharge. Likewise 
in a discharge in nitrogen, nitrogen mole- 120 
cules are dissociated into the form of ion-
ized nitrogen atoms by the impact due to 
the electrons having energies less than 30 
eV (See R. H. Prince and J. B. French, 
Rev. Sci. Instrum. 44, 923, (1970). 125 

The depth of the junction can be easily 
adjusted by varying the accelerating volt-
age of the ions and the temperature of the 
heated semiconductor body. In order to 
achieve a better implanting effect, rf voltage 130 
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(r.m.s. value) should be maintained to be 
lower than the d.c. voltage (the r.m.s. value 
as it is pulsating). If this voltage is lower 
than the accelerating d.c. voltage, the den-

5 sity of the ion beam will be increased, but 
if it is higher than the d.c. voltage, the bom-
barding power of the ions will be greatly 
decreased, hence this is one of the factors 
which enables the concentration of dopant 

10 atoms and the junction depth to be con-
trolled. 

The temperature of about 400° C of the 
semiconductive body is not only suitable 
for facilitating the implantation of dopant 

15 atoms but also for annealing the semicon-
ductive body-like silicon wafer after the 
bombarding. Though this temperature is 
not strictly limited the merit of this process 
is in enabling a lower temperature implanta-

20 tion, for example, up to a maximum of 
500° C. 

As the apparatus resembles a high fre-
quency sputtering equipment, sputtering-
resistant metal like stainless steel or molyb-

25 denum is chosen as the material of the 
negative electrode, and also the electrode is 
cooled by a heat sink having a circulation 
of water coolant. 

Sputtering from the negative electrode 
30 and the dopant layer could be suppressed 

by suitably adjusting the temperature of the 
electrode and its mesh size. Generally, the 
sputtering rate is inversely proportional to 
the temperature of the negative electrode. 

35 The donor impurity antimony may be 
implanted in a P-type silicon wafer by bom-
barding a thin antimony film, coated on 
the wafer to form a P-N junction. After the 
bombarding and annealing, the remaining 

40 antimony film was easily removed by con-
centrated H2S04. This type of P-N junc-
tion having a shallow depth was fairly effi-
cient as a solar cell. 

An embodiment of the invention will now 
45 be described by way of example only, with 

reference to the accompanying drawings, in 
which: — 

Figure 1 shows schematically an arrange-
ment for bombarding a semiconductive body 

50 with a beam of rarefied air ions for effect-
ing a change in the conductivity type of an 
interior layer of the body in accordance 
with the invention. 

Figures 1A, IB and 1C show sectional 
55 views of various types of P-N junctions 

which are formed without a mask and with 
different mask geometries. 

Figure 2 shows a sectional view of a 
P-N-P semiconductive unit formed in ac-

60 cordance with the invention. 
In Figure 1, a metal bell jar 10 placed 

on a metal mount 11 is evacuated through 
a tube 12 by a vacuum pump. A radio 
frequency vacuum discharge takes place be-

65 tween two electrodes 27 and 28, and both 

electrodes are connected to the respective 
lead-in conductors 271 and 281; DC high 
voltage is applied between positive and 
negative electrodes 13 and 14 facilitating 
the vacuum discharge and accelerating the 70 
ions, and these electrodes are connected to 
respective lead-in conductors 131 and 141: 
A ceramic plate 15 wound with Nichrome 
(Registered Trade Mark) wire 151, is intei-
polated between two ceramic plates 16 and 7) 
17 and is mechanically held by two ceramic 
supports 18 and 19: A thermocouple 20 
made of thin Alumel (Registered Trade 
Mark) and chromel wires is inserted in the 
upper side of ceramic plate 16 and a coated 80 
silicon wafer 21 is placed on the upper 
side of the ceramic plate 16 so that the dis-
tance between the negative electrode 14 and 
the ceramic plate 16 is about 5 mm. 

At the outside of the bell jar, the thermo- 85 
electric e.m.f. of the thermocouple 20 is read 
by a millivoltmeter 22 to indicate the tem-
perature of the semiconductive body 21; 
Nichrome (Registered Trade Mark) wire 151 

wound on a ceramic plate 15 is heated by 90 
a low voltage power supply 23 which con-
sists of a well-insulated heater transformer 
and a rotary autotransformer. The lead-in 
conductor 141 of the negative electrode 14 
is cooled by a heat sink 24 in which a water 95 
coolant is circulated through the inlet 25 
and the outlet 26. Lead-in conductors 271 

and 281 are connected to the rf generator, 
lead-in conductors 131 and 141 are connec-
ted to an adjustable high voltage d.c., power 100 
supply (pulsating voltage), and the negative 
side is connected to the earth. 

In Figure 1A, a P type silicon wafer 
21A coated by a N type dopant 21C like 
antimony is placed underneath the nega- 105 
tive electrode 14A of squared mesh type. 
When the wafer, having a temperature of 
about 400°C, is bombarded by the ion beam 
in the bell jar, a thin N type layer 21B is 
produced in the wafer. If the wafer is N 110 
type and the dopant is P type, a thin P 
type layer is produced in the wafer. 

In Figure IB a metal mask M of preselec-
ted pattern is tightly attached on a donor 
dopant layer 21C which is coated on a P 115 
type silicon wafer 21A. When the wafer 
having a temperature of about 400°C, is 
bombarded by the ion beam in the bell jar 
through the mesh type cathode 14B, two 
spots of N type thin layer 21B are produced 120 
in the wafer 21A beneath apertures in the 
metal mask. The dopant is coated on the 
wafer before attaching it to the mask, but 
it can be coated after the mask is attached 
on the wafer. 125 

In Figure 1C, a P-type silicon wafer hav-
ing a mask, on which a donor dopant is 
coated, is placed underneath the negative 
electrode 14C of mesh type. The mask S 
is made of Si02 film which is apertured 130 
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by the technique of photoetching. When the 
dopant 21C is coated on the mask S and 
the wafer 21A is bombarded by the ion beam 
through the mesh type cathode 14C at the 

5 wafer temperature of approximately 400°C, 
the dopant atoms are implanted in the wafer 
through the apertures in the mask, and a 
donor doped layer 21B is produced in the 
P-type wafer 21A. Some of the dopant 

10 atoms are implanted a little in the amorph-
ous Si02 mask but they cannot easily diffuse 
therefrom into the wafer at the temperature 
of approximately 400° C. 

In Figure 2, P^-type and N-type layers 
15 are produced on a P-type silicon wafer in 

accordance with the process of this inven-
tion. The N-type layer 21B can first be 
produced on the P-type silicon wafer 21 A, 
and then the P^-type layer 21B1 can be 

20 produced in the N-type layer 21B. 
In Figure 2 layer 21B should be suffi-

ciently thin to meet the requirements for 
the base layer of the very high frequency 
type of junction transistors. 

25 The advantages of this invention are as 
follows: 

(i) The forming time of a P-N junction 
is about ten minutes at a suitable accelerat-
ing voltage (1,000—3,000 volts) though the 

30 time and the voltage can be varied depend-
ing on the required depth of junction and 
concentration of impurity, and as the radia-
tion damage is slight, subsequent annealing 
time at 4003C can be less than 20 minutes. 

35 (ii) No filling gas is necessary for the 
discharge, and the mechanism of the appa-
ratus is very simple, so that the production 
process can be easily automated. 

(iii) Deeper implanting is possible by far 
40 less bombarding voltage in comparison with 

an ion implantor of accelerator type. 
(iv) Junction depth and concentration 

of impurity can be adjusted by the variable 
factors such as bombarding voltage, thick-

45 ness of coated dopant layer (0.1/x max.), 
substrate temperature, implanting time and 
annealing time. 

(v) Many wafers can be treated at the 
same time by enlarging each faced area of 

50 the two accelerating electrodes and by dis-
tributing the rf electrodes suitably. 

(vi) Selective implanting is possible by 
means of a SiO, film mask patterned by 
photoetching. 

55 fvii) This process is very simple and 
fast in comparison with the process of dif-
fusion in a furnace, and low concentration 
implanting is also possible by this process 
whereas it is difficult by the diffusion pro-

60 cess. 
(viii) The process of manufacturing 

semiconductive devices by means of an ion 
implantor of the accelerator type is not 
suited for mass production at the present 

stage, and it is far more complicated and 65 
expensive than the process according to the 
present invention. 

WHAT WE CLAIM IS: — 
1. An apparatus for forming P-N junc- 70 

tion semiconductor units comprising: 
(a) a bell jar evacuated to a pressure of 

less than 10" Torr and containing four 
electrodes arranged in two pairs, one elec-
trode of the first pair being in the form of 75 
a mesh; 

(b) a source of high pulsating direct volt-
age connected to the first pair of electrodes, 
with the mesh electrode negatively poled 
to ionise the ratified air in the bell jar and 80 
accelerate the resulting positive ions of 
nitrogen and oxygen; 

(c) a source of RF voltage connected 
to the other pair of electrodes to facilitate 
the ionisation; and 85 

(d) a dopant coated semiconductor body 
heated by a wire wound heater and placed 
underneath the mesh electrode so that the 
accelerated ions bombard the dopant layer 
through the mesh electrode to implant dop- 90 
ant atoms in the semiconductor body. 

2. An apparatus according to Claim 1, 
in which the distance between the mesh 
electrode and the surface of the dopant-
coated semiconductive body is about 5 mm, 95 
the mesh electrode is of a sputtering-resistant 
refractory metal, and which further in-
cludes a cooling system for the mesh elec-
trode. 

3. An apparatus according to Claim 1 100 
or 2 in which the dopant-coated semicon-
ductive body is placed on a ceramic plate 
in the bell jar and the power supply line of 
the heater is insulated from the voltage 
applied to the negative electrode, which is 105 
earthed, by using an insulated heater trans-
former combined with an autotransformer, 
the ceramic plate being attached to a plate 
on which the heater is wound, the tempera-
ture of the heating being variable in a tem- 110 
perature range between 400 and 500°C. 

4. A process of forming P-N junction 
semiconductor units when using the appa-
ratus of Claim 1. 

5. An apparatus as claimed in Claim 1 115 
substantially as herein described with refer-
ence to the accompanying drawings. 

6. A process of forming P-N junction 
semiconductor units, substantially as herein 
described v/ith reference to the accompany- 120 
ing drawings. 

For the Applicants: 
LLOYD WISE, BOULY & HAIG, 

Chartered Patent Agents, 
Norman House, 
105—109 Strand, 

London, WC2R 0AE. 
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