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FOREWORD

This report is the result of an IAEA Consultans1 Meeting on
Silicon Transmutation Doping Techniques and Practices, held at the
Institute of Atomic Energy, Otwock-Swierk, Poland, during 20-22
November 1985. Twenty-two participants from seven countries attended
the meeting.

The countries represented were: France, Federal Republic of
Germany, German Democratic Republic, Denmark, United Kingdom,
Yugslavia and Poland. The institutes represented operate research
reactors that range in thermal power from 250kW to 30MW (see Appendix
I for the list of participants).

In the early 1970's, manufacturers of power thyristors and
research reactor operators considered using research reactor thermal
neutrons to dope silicon with phosphorus. The then conventional
method of doping added phosphorus atoms during the crystal growth and
could result in a product where the homogeneity fluctuated by a
factor of about two across the crystal. In contrast, doping with
thermal neutrons can result in a product with an inhomogeneity of 5%
or less. In addition, the electrical resistivity of the product can
be very closely controlled in thermal neutron irradiation. The
greaty improved method of doping has resulted in a growing number of
research reactor facilities engaged in commercial production of goped
silicon. Some of these facilities produce doped silicon in the order
of 20-30 tons per year. Even a small 250 kW reactor with an average
flux of 2 x 1012 n/cm2/S can be used to produce useful quantities of
doped silicon. The irradiation time is long, about 350 hours for a
resistivity of 50 ohm-cm. Therefore, silicon irradiation must be a
part of a larger utilization programme of the reactor. Otherwise the
procedure would be too costly.

During this meeting, the various techniques, procedures, riggs
and quality control practices were discussed. The papers presented
at the meeting are included in this report. It is hoped that the
information contained in these papers would be useful to research
reactor operations considering programmes of neutron transmutation
doping of silicon either for research purposes or commercial
ventures.
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GENERAL RECOMMENDATIONS AND SUMMARY

When a silicon sample is irradiated, the objective is to increase
the number of phosphorus atoms in the target sample in order to obtain a
given resistivity (p) after the treatment. The resistivity of the
sample is decreased by the transmutation of the silicon, by neutrons, to
phosphorus.

Irradiation is carried out by thermal neutrons. The basic reaction
of the process (T = 2.62 h) is:

Si 30 (n.y) Si 31 -» P 31 + ß~

The side reaction which tends to cause the number of doped nuclei
obtained by the first reaction to disappear (T = 14.3 days) is:

P 31 (n,y) P 32 •* S 32 + ß~

Since the intention is to change the number of doped nuclei, the
initial state of the target material must be precisely known (p final =
P initial + op irradiation). It is generally assumed that accuracy
will be acceptable if the ratio of the initial resistivity to the final
resistivity is at least 10:

10P final

The number of doping nuclei contained in the initial target sample
is calculated, and then an estimate is made of the neutron dose to be
supplied to this sample to obtain the desired number of P 31 atoms after
irradiation.

This is done by talcing account of the following basic elements:

- the thermal flux of the location in which irradiation takes place,
the absorption cross-section of the irradiated material, and



the inherent characteristics of the irradiated material: density
3 o2.33 g/cm at 25 C for silicon, isotopic abundance of Si 30

in natural silicon: 3.1%.

The reaction is written:

d N51 3Q - r! ... .. ... ,„ * - /U ».dt - Jo "Si 30 "Si 30 ^ Jo v "Si 30

where a = J °° a (E) 4> (E) d E

J °° <t> (E) d E

in which a Si 30 is determined experimentally, taking account of the
neutron spectrum in which irradiation takes place.

In fact, the neutron capture cross-section of natural silicon is not
a threshold reaction. Thus, to accurately estimate the production of
Si 31 formed, it is necessary to know the average value of the capture
cross-section of the neutron spectrum associated with the irradiation
location. A value between 0.11 and 0.13 barn is obtained, depending on
whether the spectrum is highly thermal, or whether it is a neutron
spectrum exhibiting a significant proportion of neutrons in the process
of slowing down.

An important factor is to use the ratio of the thermal to fast flux
for a given location. In English-speaking countries, the fast flux is
considered to be the part of the spectrum above 0.18 MeV, whereas in
France it is the spectrum above 1 MeV.

The French denomination includes:

(t> th = 10 -> light water pool-type reactor: part of the
spectrum corresponds to neutrons in the process of
slowing down,

<t> th = 1000 -» heavy water reactor: highly thermalized4> r . spectrum.



It is desirable to have as highly thermalized a spectrum as possible in
order to reduce the radiation damage in the crystal lattice by the fast
neutrons. The irradiation result may be influenced by the heat treatment
carried out to 'cure' the defects in the crystal lattice. It is
obviously important that the final result should not be altered by the
presence of impurities in the crystal, hence the need to operate in a
very meticulous manner and in an inert atmosphere (high temperature
treatment).

Note that the irradiator (reactor operator) can only guarantee the
neutron fluence received, and can only determine whether the resistivity
obtained after irradiation is consistent with the fluence. The silicon
manufacturer can only influence the quality of the treatment imposed on
the silicon after irradiation. He can only observe the resistivity
obtained. These two separate elements can only be reconciled by the
statistical results.

While the theoretical approach to the NTD process is possible, it is
generally confirmed that it is preferable to determine a characteristic
product (p <|>) for each irradiation location and for each reactor
rather than to evaluate, for each test, the pure thermal flux or the
thermal absorption cross-section by accurate dosimetry.

General Recommendations for New NTD Facilities

The following recommendations are presented for reactor facilities
planning NTD programmes.

1. It has been proven that even the reactor with the power of 250 kW
12 2and an average flux of about 2.10 n/cm s can be used for

irradiation of Si ingots. In this limiting case the irradiation
time is large (about 350 hours). With this fluence it is possible
to achieve resistivities of about 50 OHM-CM. Therefore, irradiation
of Si must be connected to other utilizations of the reactor:
isotope production, neutron activation analysis, beam experiments,
etc., otherwise the NTD method is too expensive a procedure for
silicon doping.



2. For irradiation of Si in the reactor, the following possibilities
could be used: radial beam ports, channels in the reflector, or a
position on the reflector where a lot of space is usually
available. The thermal to fast flux ratio should be about 7:1. A
special irradiation facility should be constructed only in the case
when a large programme of irradiation is foreseen. The temperature

oat the irradiation position should be lower than 180 C. At the
irradiation position exact flux measurements have to be performed in
order to compare the specific resistance of axial and radial
profiles for different points or slices in the silicon ingot with
the neutron flux or to find any inhomogeneity in neutron transmuta-
tion doping due to the neutron flux gradient. Cobalt wires and
different self-powered detectors are usually used for flux mapping.

3. The ingots have to be treated very carefully to avoid mechanical
damage and to avoid introduction of chemical impurities which can be
activated during the irradiation.

Procedures for Irradiation of Silicon

The following procedure used at the Swiss reactor SAPHIR is
described in the form of a check-list:

1. Clean the silicon ingot with alcohol in order to reduce possible
contamination.

2. Wrap up the ingot in aluminum foil in order to protect it against
gross contamination.

3. Fix the aluminum foil with aluminum wire which can also serve as a
manipulation device.

4. Measure the neutron flux at the irradiation position. The best way
to do this is either to use a SPND placed in a silicon or aluminum
block of comparable dimension as the silicon ingot or to use fixed
placed SPND in the irradiation tube.
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5. Calculate the needed irradiation time. The following formula gives
a good estimation:

where:
A = Irradiation constant (for SAPHIR: 7.3 x 10 Q'cm 'n)

-2 -1* = Neutron flux measured with Rh-Detector (n x cm x s )
P = Demanded resistivity (ß x cm)

c*

p = resistivity before irradiation (fi x cm)A

t = Irradiation time (h)

These calculations should be checked with the resistivity results
measured by the silicon manufacturer mainly to update the constant
A, which depends last but not least upon the calibration procedure
of the SPND.

6. Irradiate the ingot.

7. Place the irradiated ingot in a storage facility in the pool and
wait about 7 to 14 days, depending on irradiation time and flux.

8. Discharge the ingot from the pool, clean the sample with water and a
solvent and measure the activity and contamination.

9. Clean the sample with an acid solution if still contaminated. A
composition of 32% HCL + 45 HF, mixed 1:100 has been found
appropriate to clean most of the silicon ingots.

10. Prepare the delivery paper, including the radiation protection
clearance papers.

11



Summary of Presentations

Irradiation Rigs

1. General Remarks

The irradiation of silicon can be made in very different ways,
depending on the reactor facility and quantity of silicon processed, so
the variety of irradiation rigs is broad.

For the large production of NTD-Silicon, in the order of tens of
tons per year, sophisticated irradiation rigs seem to be needed, whereas
for small quantities, simple devices or even no special facilities are
needed.

2. Existing Irradiation Facility

2.1 Large producers of NTD-Silicon

The report of Harwell describes two irradiation facilities in
the heavy water reactors DIDO and PLUTO. Irradiation is performed
in vertical tubes in the graphite reflector. Boron doped aluminum
is used in order to flatten the vertical flux profile to + 5%, and
by rotating the device, the radial flux gradient will be smoothed
out.

The second irradiation facility consists of a water tank
connected to a tangential beam tube which contains a storage rack
for the silicon crystals encapsuled in a graphite container. A
computer controlled travelling system automatically moves the
samples in and out to the irradiation position and changes the
samples. Crystals with a length of 600mm and diameter of up to
127mm can be irradiated and the capacity of this facility is about
20 tonnes/year.

In the Danish D 0-Reactor DR-3 at Riso, an automated
irradiation rig for vertical experimental holes has been developed.
It consists of a loading/unloading machine, a crystal container made

12



of aluminum for silicon crystals of 400mm length and a diameter of
107mm maximum, a rotating irradiation rig, an automatic control
system and storage racks. A heavy water circuit is used for
transport and indication of containers in the rig. The neutron
fluence is controlled by self-powered neutron detectors (SPND) of
the vanadium type placed in the guide tube in the irradiation zone
of the rig. The predetermined fluence starts the main pumps and the
container is lifted away from the irradiation zone.

Fully automized irradiation rigs will also be used in different
French research reactors. Some examples are given in Figs. 1 and 2.

1. SWoon bo» r md3"
2. InaiMban bmcM 4"
3. kudtoflrjn baM 3"
4. Alumnum Up
5. S«oonlngol
6. Flu» saMn«
7 SPND (ooMctrora) Hux control

1 Conractan to computer
IL Congru

Ml SundM IrraduHan ba>
11. Typlcrf bndnon
12 Connu rods

I» FlMl

FIG.l. Swimming pool silicon irradiation
locations (Melusine).
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VERTICAL SECTION SCHEMATIC AXIAL SECTION
Of THE IRRADIATED PART

FIG.2. Typical swimming pool irradiation
module Diodon-Osiris.

Another example is the water controlled irradiation rig at the
Polish reactor Maria. An aluminum container with helicoid grooves
at the outside is moved vertically by a water-driven hydraulic
system. The helicoid grooves at the container exterior rotates the
container during vertical movement. Thus a good flattening of the
vertical and radial flux gradients is achieved. The irradiation
time is controlled by SPND placed in the irradiation zone of the
facility. The principle of the rig is shown in Fig. 3.

2.2 Simple irradiation rigs

For relatively small NTD silicon production, e.g. around IT/y
or smaller quantities, there exists several simple irradiation
facilities which can be built at very low cost.

14



lower position
- upper position
- reloading position
NTD-S i channel
Signal coil
SPND
Cd - shield
Handling flask
Pulse tube

FIG.3. Schematic diagram of NTD-Si irradiation facility on MARIA reactor.
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In the open pool type MTR reactors a simple can, with an
elongated tube connected to a rotating gear device, can be used to
irradiate the silicon ingots. An example of such a device is given
in Figs. 4 and 5 by the papers of GKSS and EIR. For the determina-
tion of the required irradiation time, pre-irradiation flux measure-
ments with SPND or fixed SPND, which integrates the neutron flux, is
used. In each case the achieved irradiation accuracy is in the
order of + 5% or better. In general no vertical flux shaping method
is used. Instead of these the length of the ingots is limited to
about 200 to 250mm, the diameter can be as large as 4 inches as in
other cases.

For special reactors like TRIGA MARK II 250kW no special
irradiation device is needed as is described in the paper of the
Jozef Stefan Institut.

The silicon samples can be placed directly on the top of the
graphite or aluminum reflector. By turning the sample from time to
time, a homogeneous doping can be achieved. The main disadvantage
is the high irradiation time which is around 500h for a resistivity
in the 10 OHM-CM range.

3. Final Conclusions

For large NTD-silicon production there will be needed in general
sophisticated irradiation rigs, whereas for smaller production very
simple and low-cost devices can be used. The doping precision will not
be influenced by the irradiation rig, if some limiting conditions, for
example probe length, are taken into account.

For a newcomer in this field it is recommended to start with small
production quantities and simple rig construction.
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NEUTRON TRANSMUTATION DOPING OF SILICON
AT RIS0 NATIONAL LABORATORY

K. HEYDORN, K. ANDRESEN
Isotope Division,
Ris0 National Laboratory,
Roskilde, Denmark

Abstract

Irradiation of silicon single crystals with both thermal and fast
neutrons began at the Ris$ National Laboratory in 1960. The first
industrial irradiations were performed in the thermal column of the
DR-2. The present facility is installed in the heavy water research
reactor DR-3 and is capable of irradiating 4 inch diameter crystals. The
paper describes three generations of neutron transmutation doping
facilities at the laboratory.

INTRODUCTION

For many research reactors the irradiation of silicon has become an
important source of income, and in all likelihood this business is going to
develop further in the years to come.

This paper describes the development of facilities at Ris^ for neutron
transmutation doping of silicon during the last ten years.

Irradiation of silicon single crystals with both thermal and fast
neutrons for scientific research began at Ris^ National Laboratory in I960
immediately after start-up of the Danish reactor DR 2. DR 2 was a light-
water moderated and cooled tank-type reactor operating at 5 MW. It had a
graphite thermal column, and this is where the first industrial production
of 2" diameter T-silicon* began in 197** in co-operation with the Danish
company Tops il of Frederikssund.

In 1975 the DR 2 reactor was closed down, and a novel facility for the
Danish reactor DR 3 was designed specifically for the irradiation of 3"
diameter silicon crystals. DR 3 is a heavy-water reactor operating at 10 MW,
and when commercial production gained momentum during 1976, additional irra-
diation facilities were constructed in 1977 and installed in the graphite
reflector, surrounding the heavy-water tank.

"Registered trade mark.
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The rapidly growing market for NTD-silicon made it desirable to con-
struct a new facility to be placed in the heavy-water tank of DR 3 for irra-
diation of silicon crystals up to 4" in diameter. The high cost of heavy
water used for cooling and transportation purposes made it necessary to
install systems designed for recovery of this material.

Irradiations in the thermal column of PR 2
The first commercial transmutation doping of silicon took place at

Ris^> in the DR 2 reactor 197^ April 22 on behalf of the Danish Company
TOPSIL of Frederikssund. At that time DR 2 was operating for 7 hours 5 days
a week. Irradiations of 2" silicon were performed in aluminium cans of
53 mm'5 in a horizontal graphite stringer in the thermal column, as shown in
Fig. 1.

545

Fig. 1. Graphite stringer for irradiation of 2" diameter silicon crystals
in Danish reactor DR 2.

Over a length of graphite of approximately 520 mm 6 cylindrical holes
of 58 mm*' were drilled in such positions that all received the same total
neutron fluence when reversed after the expiration of half the irradiation
time.

Only crystals of 80 mm length could be irradiated in a single posi-
tion, corresponding to a volume of 0.18 dm3 or 1.08 dm3 per stringer. This
facility was supplemented in 1975 with another stringer with only 4 holes,
which permitted irradiation of crystals up to 71.5 mm^ and a total volume
of 1.33 dm3 per stringer.
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Until the final shut-down of DR 2 by November 1, 1975, a total of
100 kg silicon had been irradiated in these facilities.

Irradiation of 3" diameter silicon in PR 3
When the decision to close down the reactor DR 2 was realized, the

demand for NTD-silicon was rapidly growing, and design and construction of a
silicon irradiation facility in reactor DR 3 seemed necessary.

Experimental holes m

luel element —————

7V ———————————

4V ———————————

4VGR-

7T ——

Graphite reflector •

Coarse control arms -

Heavy water moderator

T / /

n
o

E

Fig. 2. Vertical section of the Danish reactor DR 3, showing various
irradiation facilities and the reactor core. The diameter of the heavy
water tank is 200 cm.

The Danish reactor DR 3 is a PLUTO-type materials-testing reactor,
cooled and moderated with heavy water and fueled with 93? enriched uranium.
The normal reactor operating schedule is based on a 4-week cycle with 23
days of continuous operation followed by a 5 days of shut-down.

A vertical section of the reactor is shown in Fig. 2 illustrating the
position of the vertical irradiation tubes in the graphite reflector rela-
tive to the reactor core. The 4VGR tubes have a diameter of 100 mm, and the
maximum thermal neutron flux density is approximately 4 x 1016 n/(m2s) at a
power level of 10 MW.
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The temperature of the graphite reflector is about 185 °C, and the
maximum heat generation from T-radiation is approximately 20 W/kg of alumi-
nium.

A schematic drawing of the irradiation rig designed for the neutron
transmutation doping of silicon crystals with a diameter up to 78 mm or 3
inches is shown in Fig. 3- Crystals with a total length up to 590 mm can be
irradiated in aluminium cans of wall thickness 0.5 mm, corresponding to a
volume of 2.82 dm3.

2550 r mm

800
500

2562
29133001

Motor-

-Shield plug
-Handling flask
-Crystal container
-Reactor topfloor
^Stieel shield

Topvoid

opshield
iation rig

-Rotating tube

-Crystal container

Fig. 3- Rig for the irradiation of 3" silicon crystals in a 100-mma vertical
irradiation tube in the DR 3 graphite reflector.

The spatial variation in neutron flux density within the irradiation
volume of almost 3 liters exceeds 50$ and is asymetrical. The effect of the
radial flux gradient is, however, practically eliminated by rotating the
irradiation container at approximately 2 revolutions per minute during the
entire irradiation period.

The vertical flux variation along the axis of rotation is depicted in
Fig. U, and its effect is reduced by the installation of graded absorbers of
stainless steel around the position of maximum flux. By reducing the peak
neutron flux to approximately 3 x 1016 n/(m2s), the variation is reduced by
a factor of almost 2 over the 500-mm length of the absorber, as can be seen
in the figure. The vertical flux profile, however, changes in the course of
the reactor period within the shaded area between the first and last flux
distribution.

20



height above
detector

i i i i i
-20 -15 -10 -5

-200- •

Fig. 4. Axial variation of neutron flux density before and after installa-
tion of stainless steel absorbers. During an operating period the flux dis-
tribution varies within the shaded area.

A shielded handling flask is used for loading operations in the rig
and the storage facility and for transfer operations between the rig and the
storage facility. The flask is moved by a small wagon driven by a geared
electric motor, and the shield is formed as a cylindrical jacket with a
thickness of 12 cm lead.

The reactor top plug and the irradiation can are lifted by means of a
pneumatically activated grab during loading operations. The grab receives
compressed air through a reinforced rubber hose, which is used also as a
rope, when the grab is lifted by a winch placed on the top of the flask.

Reactor power level is usually kept constant to within 1? during the
entire 23 days of operation. However, this does not mean that the neutron
flux density in a particular irradiation position remains constant. Changes
in fuel element configuration, burn-up, control rod position, as well as the
presence of other experiments in the reactor, results in changes not only
from one operating period to the next, but also during the course of a sin-
gle period.

This temporal variation necessitates continuous flux monitoring in
order to control the neutron transmutation doping with sufficient accuracy.
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This is achieved with a detector [1] based on the measurement of heat pro-
duced by the reaction 10B(n,a)7Li, and shown in Fig. 5.

Thermocouple

B oral

Stainless
steel

Fig. 5. Calorimetric thermal neutron flux detector. A Boral disc 15 mm13 is
mounted in a 26 mm*5 stainless-steel capsule of total length 30 mm.

A small Boral disc is mounted in a stainless steel capsule in a way
such that the heat generated by neutron absorption is conducted to the sur-
roundings via a 5-mmJ steel rod. The temperature difference between the
ends of the rod is measured by chromel/alumel thermocouples and is propor-
tional to the neutron flux density. The thermocouple signal is converted to
a frequency of pulses, and the number of pulses recorded is a measure of the
thermal neutron fluence. The detector is located in the bottom of the rotat-
ing tube close to the irradiation can, as indicated in Fig. 3-

The calorimetric dosimeter has to be calibrated in a known neutron
flux density, and its calibration should be checked under different, pre-
vailing reactor conditions. This calibration is performed by means of neu-
tron fluence monitors of cobalt wire.

In 1977 ̂ additional facilities were installed in the graphite reflec-
tor in DR 3, and it became necessary to construct a special storage facility
with heavy lead shielding.

A considerable effort had been made in the design of these facilities
to establish an accurate control of neutron dose, so that NTD silicon semi-
conductors could be produced to close tolerances [2], Results from more than
ten years of continual operation indicate that deviations from the nominal
value on a routine basis have a standard deviation of less than 5%.
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Irradiation of 4" diameter silicon
In 1980 the demand for more NTD-silicon with larger diameters prompted

the design of a new irradiation facility [S.'O to be placed in a 180-mm dia-
meter vertical tube near the fuel elements in the heavy water tank of DR 3,
shown in Fig. 2 and Fig. 6. As seen from Table 1 the thermal to fast ratio
is lower than in the other facilities, but improvements in annealing methods
make this difference inconsequential.

Coarse control arms

Storage holes

Fig. 6. Horizontal cross section of the Danish reactor DR 3 showing position
of experimental facilities relative to the reactor core. The distance of the

facility from the centre of the core is 700 mm.

Table 1

NEUTRON TRANSMUTATION DOPING FACILITIES AT RIS., NATIONAL LABORATORY

Generation Reactor Position of facility Neutron flux thermal
n/cm2s /fast

1 DR 2
2 DR 3
3 DR 3

Thermal Column
Graphite reflector
Heavy water

3 * 1012

3 * 1012

3 x 1013

> 103
1000
200
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The rig is designed for irradiation of silicon crystals of up to
107 mm diameter and length up to 400 mm. The thermal neutron flux, smoothed
by an absorber screen, is about 2 x 1017 n/(m2s) and the Y-heating in the
irradiation zone is about 250 W/kg. With crystals weighing 5 kg or more, it
is necessary to cool the silicon crystals during irradiation.

Filling the tube with light water depresses the thermal neutron flux
by a factor of approximately 5, while heavy water causes a slight increase
of about 25?. In spite of the high cost it was decided to fill the 7V4 tube
with heavy water, and the temperature of the crystals during irradiation is
only about 50 °C.

In the irradiation zone of 7V facility the variation of the incident
thermal neutron flux is about 20% in axial and about 25$ in the radial di-
rections .

The unirradiated crystals are loaded in a 0.5-mm thin-walled irradia-
tion can made from A1-2S. The inside diameter of the container is 110 mm and
the length is 405 mm, corresponding to a volume of 3-59 dmj. During irradia-
tion the container is placed at the bottom of the rotating aluminium tube,
which is supported by a ball bearing at the top and a graphite bearing at
the middle.

The tube is rotated at a constant speed of 2 rpm by means of a geared
electric motor placed at the top of the rig. The rotating tube is surrounded
by a rig thimble, which acts as containment for the heavy water in the rig.
The rig has a stainless-steel top shield with channels for the heavy-water
flow used to transport the container up from the rig. A lead-filled stain-
less-steel plug is placed in the top of the rotating tube. During loading
operations the plug is removed and stored inside the handling flask.

A stainless-steel absorber is mounted on the outside of the rig thim-
ble in order to equalize the vertical flux variation, and the optimum shape
of the absorber is found from a combination of actual experiments and calcu-
lation on a theoretical model of the reactor [5j.

When the irradiation of the crystal is finished one of the main pumps
is started by a signal from one of the three flux integrators in the instru-
mentation. The heavy water flows up through the rotating tube and forces the
container up to the top of the rig. The water flow is about 4.5 mj/h and the
gap between the container and the tube is 1.5 mm.

The container is stopped by the shield plug at the top of the rig. The
transport time from bottom to top is 1-1.5 minutes. The container is then
left for about 30 minutes at the top of the rig for the 28A1 to decay. The
main pump is stopped when the irradiated container is transferred to the
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handling flask, and an unirradiated container is placed in the top of the
rig.

When the main pump is stopped, the container will sink down in the
rotating tube and reach the bottom after 0.5-3 minutes depending on the
crystal weight.

The shielded handling flasK is used for loading operations in the rig
and in the storage facility and for transfer operations between the rig and
the storage facility.

The flask is moved by d small wagon operated by means of a geared
electric motor. The shield is formed as a cylindrical jacket with a thick-
ness of 12 cm lead. A drum with a loading hole and positions for the rig
plug, an irradiated container and an unirradiated container is placed inside
the jacket.

The reactor top plug ctnd the irradiation containers art lifted by a
pneumatically activated grab during loading operations. The grab is supplied
with compressed air through a reinforced rubber hose, which also is used as
rope when the grab is lifted by a winch placed on tne top of the flask.

By means of an indication valve it is possible to control the correct
placing of the plug or a container in the grab. The order of the individual
operations are controlled by a special guide disc plaoea on the containers.

After irradiation it is necessary to place the containers in a
shielded storage facility 3~5 days before they can be handled without
shielding. The duration is determined by the 72Ga impurity in the aluminium
of the containers.

The storage facility consists of 85 stainless steel tubes arranged in
five rows and shielded by cast lead walls.

The top of the storage facility is in level with the reactor top.
Loading operations are made by means of the handling flask, whicn can be
moved on the reactor top between the rig and the storage positiono.

The wet containers are dried in the storage facility by means of
heated air circulated through the tubes. The evaporated heavy water is re-
covered in a condenser.

The caloric dosimeter would burn up too rapidly in this facility, and
the thermal neutron flux is therefore measured by three self-powered neutron
detectors of vanadium type placed in guide tubes in the irradiation zone of
the rig.

The signal from one of the neutron detectors is connected to an ana-
log-to-digital converter, which integrates the signal over time by means of
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a frequency proportional to the signal from the neutron detector. Before
irradiation the integrator is set at a predetermined value.

In 1983 an additional facility was installed, and both facilities are
now in continuous operation.

Quality control
Quality control is in all cases based on cobalt wires placed in each

irradiation can, and it serves to verify that every batch gets the proper
average neutron fluence, and that the axial variation over a 400 mm length
of the crystal does not exceed ± 8%.

Measurement of the 60Co activity induced in these fluence monitors is
carried out in accordance with the latest ASTM Standard Methods [6].

Conclusions
Facilities for neutron transmutation doping of silicon at Ris^ have

developed from small quantities of 2" crystals to large quantities of 4"
crystals over a period of less than a decade, as shown in Table 2.

Table 2
DEVELOPMENT OF NEUTRON TRANSMUTATION DOPING AT RIS. NATIONAL LABORATORY

Generation Facility

1 Thermal
2 Graphite

Irradiation
volume dm3

Column 1.08
reflector 2.82

3 Heavy water 3-59

Useful diameterti

2"
3"
UM

Date of
installation

April 1974
October 1975
September 1981

The irradiated silicon is delivered to Danish, German and Japanese
customers, and the increase in the volume of production is illustrated in
Fig. 7.

Experimental quantities of 5" silicon crystals are now being produced,
and new irradiation facilities may have to be constructed in the near fu-
ture.
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Fig. 7. A decade of NTD-silicon production at Ris/} National Laboratory
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SILICON IRRADIATION AT SAPHIR

H. WINKLER
Swiss Federal Institute for

Reactor Research,
Wiirenlingen, Switzerland

Abstract

In the Swiss Research Reactor SAPHIR Silicon irradiation for Neutron
Transmutation Doping (NTD) has been under way since 1975. The main
purpose is the final resistivity adjustment of the basic material for the
fabrication of high power thyristors.

Presently only about 200 kg of silicon is irradiated per year,
whereas the actual irradiation capacity is in the order of 1000 kg/y.
The paper describes the irradiation rig and irradiation procedure. The
homogeneity of the irradiated specimen is between ±5% for rods shorter
than 250 mm.

1.) Introduction
In the Swiss Research Reactor SAPHIR Silicon irradiation for
Neutron Transmutation Doping (NTD) is under way since 1975.
The main purpose is the final resistivity adjustment of the
ground material for the fabrication of high power thyristors.
In the past only about 200kg Silicon was irradiated per year,
whereas the actual irradiation capacity would be in the order
of 1000kg/y. The total capacitiy depends of course on the
irradiation time per specimen.

2.) Reactor Description
SAPHIR is light water moderated open pool reactor which
operates at a thermal power of 10MW. The thermal neutron flux
is 8-101 3n-cm~2 «s"1 at the core surface, up to 1.2'IQ1 ""n-cm"2-s"
in the central irradiation positions and l*101<ln*cm"2 -s"1 at
the beam hole nose behind a Beryllium reflector.
The Reactor building contains the Reactor- and Experimental
Hall. Control room and all rooms for the necessary auxiliary
equipment such as works shops, water purification, electricity
distribution and offices. A cross section view of the Reactor
building is given in Fig. 1 and 2.
The core is assembled of standard 23 fuel plate MTR fuel ele-
ments. At present there are two types of element in use;
a high enriched (93%) with 280g U-235 and a medium enriched
(45%) with 320g U-235 for the standard element.
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A standard core configuration consists of 30 to 32 elements
and 15 Berryllium Reclector elements (2V2 side) in a 7 x 8
arrangement. (See Fig. 6)
The mean burn up of such a core is about 30% (maximum burn up
for the elements up to 65%) at beginning of cycle. Two irra-
diation positions serve for Isotope production and other high
flux irradiations.
Four fork type control rods (Ag-In-Cd) serves as shim and
safety rods and a stainless steel rod of the old central type
as regulating rod.
The pool (Fig. 3) is 2.9m wide, 9m long and 8-4m deep and
contains about 210m3 demineralized water. The reactor bridge
is movable along the pool. The reactor can operate at any
position up to lOOkW but only in the zero-position at full
power. This feature has mainly been used in the past for
shielding experiments and maintenance on the beam hole.

Cooling

FIG.3. Reactor pool (vertical cross-section)

Five radial- and one tangential beam hole, all equiped with
special developed shutter-plugs serve mainly for neutron
scattering experiments. The arrangement of the beam ports is
given in Fig. 4.
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3. ) Irradiation Rig
The Silicon Blocks will be irradiated in the water reflector
at the core boundery in a rotating container.
The irradiation rig is verry simple. It consists of containers
made of Aluminum for the different diameters which is fixed
to an elongation tube. This tube is connected to a driving
gear fixed on the Reactor bridge, which rotates the Silicon
Block. The speed is about lOORpm.
The Aluminum container together with the Silicon Block is
put in a guide tube placed at the core boundery. Fig. 5
and 6 shows the principle of the irradiation device and its
facing to the reactor core.

4 . ) Irradiation procedure
4.1 Pregaration_of_sgecimen

The Silicon Blocks will be covered by an Aluminum-foil in order
to protect the surface, thin Al-wire surrounding the whole,
serve as manipulation device under water.
The block will then be put in the irradiation container and
irradiated in the corresponding guide tube.

4.2 Flux_measurement
Before~each~irradiation the thermal neutron flux is measured
with a selfpowered Neutron-Detector (Rhodium). The detector
is fixed in a Aluminum-Block of 20cm length and 5cm diameter
in order to simulate the Silicon in the guide tube, so it can
be assumed that the neutron spectrum during measurement and
irradiation is comparable.
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FIG.5. Silicon irradiation rig.

Fuel elements

Beryllium Reflector
elements_________

Control elements

Fuel elements
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The calibration of the Rhodium-Detector was realized by
Co-59 and Au-197-foils which have been fixed on the detector.

4.3 Neutron fluxes
The thermal neutron flux in the irradiation position is in the
order of 4 to 7•1013n-cm~2•s"1 at a reactor power of 10MW.
At the beginning of the Silicon irradiations in 1975 the power
has been 5MW, so the corresponding flux was arround
2-101'n-cnT'-s"1.
The epithermal and fast neutron flux has not been measured
but calculated.
The flux for a typical irradiation position is:
»th*.. = 6.3-1013n-cm~2-s l 0 < E < 0,625eV
*f = 3.3-1013n'cm~2'S~1 0.625 < E < 15MeV
measured with Rhodium-Detector
*th = 7.13-101'n-cnT'-s"1.

4.4 Irradiation time
The irradiation time depends on the demanded resistivity-
changes of the Silicon crystals. The irradiation time
needed can be calculated from the following formula :

where :
A = Irradiation Constant (for SAPHIR: 7 .3 -10 1 5 Q-cm~ 1 ^n)
* = Neutron f lux measured with Rh-Detector [n-cm~2-s~1]

p = demanded Resistivity pî'cm]
PA = Resistivity before irradiation [ft-cm]
t = Irradiation time [h]

4 • 5 ?ar2et_CrY§tal_Size
The crystal diameter varies between 19mm and about 100mm
(4 inches). The length should not exceed 250mm in order to
fit the accuracy-requirements.
In general, several crystals of the small diameter and same
resistivity demand will be put together and irradiated at
once, whereas the biger diameters above 30mm will be treated
separate.

4.6 Accuracy
Experience in the past has shown that the homogeneity
of the irradiated specimens lies in between +^ 5% for
Silicon rods shorter then 250mm.
The reproductivity from one irradiation to the other is
better then + 2%.
No flux flatening technique will be used at present.

4.7 Decay_time_and_radiation_control
Depending on the irradiation time the Silicon blocks need
a decay time of 15 to 30 days after the irradiation. During
this time the blocks will be keept in storage racks in
the pool.
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After the decay time the Silicon blocks will be unpacked and
washed with pure water.
A small part of the blocks will be found to be contaminated
after this procedure. This contamination, which cames from
inpurities on the crystal before the irradiation, probably
from cutting procedures, can be remouved by washing the
parts with a acid solution (32% HCL + 45% HF; mixed 100:1).
No part on which radioactive contamination is found will
leave the institute.
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NEUTRON DOPED SILICON IN
POLISH RESEARCH REACTORS

J. KOZIEL, K. PYTEL
Institute of Atomic Energy,
Otwock-awierk
L. WALlS
Institute of Nuclear Chemistry

and Technology,
Warsaw
Poland

Abstract

In Poland studies devoted to NTD-Si production were started in
1977. At present two reactors are adapted to this purpose and equipped
with suitable instrumentation. The paper presents information on the two
reactors, descriptions of the irradiation facilities and their
instrumentation and information obtained from their experience. In most
reactor facilities, the cylindrical silicon ingots are rotated about the
vertical axis of the ingot. In the Polish facilities, the neutron flux
flattening is realized by a vertical motion as well as the rotation of
the ingot. The motions are caused by a hydraulic drive using reactor
pool cooling water.

1. INTRODUCTION
30Practical utilization of the nuclear reaction of transmutation Si

31
isotope to P and, as a result, the homogenous doping of semiconductor

silicon by phosphorus, started in a half of the 70's. Increasing interest

in NTD-Si due to its good properties and in its application for produc-

tion of thyristors and diods, integrated circuits etc caused that in

various countries, where research reactors existed, works were under-

taken for adaptation of these reactors to that technology.

From the literature and especially from the materials of some interna-

tional conferences, kept on that problem since 1976, it appears that works

are concentrated mainly in the following problems :

- production of an initial material for doping, characterized by required

properties
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- elaboration of irradiation technology /construction of reactors instru-

mentation, measurements apparatus with control arrangement/ , which

ensures only minimal variations of the resistivity along and across

the crystal

- elaboration of treatment technology of silicon after its irradiation

to ensure its proper structure

- search for possibility of doping by the NTD method other semiconductor

materials.

Technical progress, which took place in the last ten years, especially

in a field of the silicon doping, permitted to pass to production on

a technical scale. As follows from the available information, the world

production of NTD-Si is estimated as 60 tons per year.

In Poland the works devoted to NTD-Si production were started on 1977.

At present we have at disposal 2 reactors, adapted to this purpose

and equipped with suitable instrumentation. Our production possibility

exceeds the country demand, and the quality of the obtained material

is comparable with that, given in the foreign firms offers.

In the paper the characteristics of native reactors, basic information

about projects of reactors instrumentation in the future as well as

information about obtained technological experience ave given.

2. SHORT DESCRIPTION OF THE REACTORS

The two Polish Research Reactors EWA and MARIA are located
f

in the Institute of Atomic Energy at Swierk and are operated by the

Isotope Production and Reactor Centre.

EWA is a light water moderated and cooled, enriched 36 % in. uranium-235

fuel, tank type reactor, operated at present on 10 MW thermal power
i / o

and with maximum thermal neutron flux 1,5-10 n/cm .sec.

It was first put into service in 195^ as a 2 M W Research Reactor furni-

shed to Poland from the Soviet Union.

The reactor core consists of about 120 multitube fuel assemblies clad

in aluminium. The active height of the core is 600 mm. The core is

surrounded by a beryllium side reflector and together form a cylinder
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/see Fig. I/ submerged in the water which is the moderator, the coolant

and the upper shield.

Nine radial beam tubes and the thermal column are used for studies in

physics.

In the beryllium reflector there are the numerous vertical irradiation

channels, used for isotope production. The thermal neutron flux in the
lA 2

channels is about 10 n/cm .sec.

The locations outside the beryllium reflector are also used for irradia-

tion in lower neutron flux but with low contribution of the fast neutrons.

In this region of the reactor, the two irradiation rigs for NTD of silicon,

have been installed.

MARIA - the second Polish Research Reactor,is a water and beryllium

moderated, water cooled, pool type reactor with pressurised fuel

channels, containing concentric tube fuel elements of &0% enriched

with U-235, clad in aluminium.

The design power level of the reactor is 30 M W though it

has been assumed that the power may be increased up to 66 MW.

The reactor core /see Fig.2/ is composed of rectangular blocks

of beryllium, forming a matrix with the lattice pitch decreasing from

140 mm at the top to 120 mm at the bottom. The pressurised fuel

channels in which, at the operating condition the water pressure

does not exceed 1,7 MPa , are situated within the beryllium blocks.

The core is surrounded by the graphite reflector and is submerged

in the water poll.

The fuel element consists of six coaxial tubes with aluminium

alloy of the uranium, of a 0 ,4mm thick and a 1000 mm long, the

clad thickness is 0,8 mm.

The measured thermal neutron flux in the middle of the core
i / 2

reaches the value of 3,5-10 n/cm .sec and the neutron spectrum

is well moderated.

In the graphite reflector, the number of vertical irradiation

channels as well as a rig for NTD of silicon have been located.
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Fig. la.

Fig. Ib.

17 1«

1,2,6 Horizontal beam tubes 60 and 100 mm dia, 5-thermal column,

7-vertical channels of thermal column, 8-large upper shield plug,

9-small upper shield plug, ID-shield flask, 11-ventilation line,

12-concrete side shield, 13-control rod channels, 14-reloading can,

15-thermal shield, l6-rea<_tor core, 17 -bearing plate, l

column shield, 19-channel for transport to storage pool.
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Fig. 2a.

Fig. 2b. IS «

Vertical Cfoss-seciion of the reactor MARIA. 7— control rod drive mechanism; 2— fuel channel,
j _ ionizalion chamber channel; 4 — ionization chamber drive mechanism; 5 — fuel and loop channels
support plate; 6 — plate support console; 7 — horizontal beam tube shutter drive mechanism; # — beam tube
shutter; 9 — control rod channel; 10 — ionization chamber lead shield; // — safety valve; 12 — core and
reflector support structure; /J — core and reflector support plate; 14— graphite reflector blork; 15 — beam

tube compensator joint; 16— beam shielding truck
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3. CHOICE OF IRRADIATION CONDITIONS

A few physical limits have been considered while deciding on

NTD-Si installation location at EWA and MARIA reactors.

It was assumed that an irradiation time, necessary to achieve

satisfactory neutron flux flattening and to neglect reloading times,

should not be shorter than few minutes. Taking into account a high

resistivity silicon doping, let us say up to 1000-SI cm, one can

defimne the upper limit for the thermal neutron flux:
r ... 1AU , 2(T) <~ 1 • 10 n /cm s

Tth N

Otherwise, an economically payable lower limit for thermal

neutron flux seems to be:

x 1 1 9
Si\ X. 1 1 n «J / ^(2s, ^ l • 10 n / cm sx th

Also , the maximum permissible activity of the most important activ-
32

ity of the most important radioisotope - P, forces upon the lower

limit of the neutron flux. If Ç) denotes the neutron flux and

t - irradiation time, the P concentration is proportional to
OT O O

and the activity of P is '*>-' ^ t . Thus, for a given doping
^3 1 f\f~) 1

level of P, the activity of P is f^f & . Assuming the exempted

limit of 0,7 kBq/kg /21 -5 uCi/g/ for the specific activity of isotope
32 13 2P, the lower neutron flux limit of 1 - 1 0 N/cm s is valid for

doping levels respective to the resistivity of 30Acm.

As a last neutron spectral quality parameter, the ratio of fast

to thermal neutron flux has been received; the (p f / ^ 1 MeV//<p ,

value should be significantly smaller than unity:

Fast and thermal neutron fluxes distribution within EWA and MARIA

reactor cores are shown on Figs. 3-4-. The reactor regions, suitable

to NTD-Si technique, are also schematically presented.
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Fig. 3. Fast and thermal neutron flux distributions
in EWA reactor.
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CORE REFLECTOR

Fig. 4. Fast and thermal neutron flux distributions
in MARIA reactor.
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The axial neutron flux distribution within the irradiation elements

at EWA and MARIA reactors are rather highly nonuniform because of

small core sizes /see Figs.Sa and 6a/ . To obtain the acceptable dop-

ing uniformity for a large silicon ingot, the flattening technique had

to be applied.

In case of EWA reactor, the "axial movement technique" has

been applied because of relatively high ratio of fast to thermal neu-

trons. The application of flux flatteners makes worse the ratio

In spite of distinctly lower fast to thermal flux ratio at MARIA

reactor, the reactor construction does not permit flux flatteners

without loss of the ingot diameter or expensive reconstruction of

the graphite reflector.

The averaged neutron flux distributions within the movable

conteinere are shown on Figs. 5b and 6b.

To evoid the temperature effect, caused by the gamma heat-

ing in silicon crystal, the effective cooling has been recommended

by means of reactor cooling water in spite of the surface silicon
contamination. As a rule, after some cleaning and decontamination,

2
the removable surface contamination should be less than 30kBq/m

( 1 • 10~4 uCi/cm2).

4. CHARACTERISTICS OF THE SILICON IRRADIATION
LOCATIONS

Neutron flux axial distributions in the rigs for NDT-Si at

EWA and MARIA reactors are presented on Figs. 5 and 6 respect-

ively. As it can be seen the flux uniformity allowes to obtain

high axial doping homogeneity of silicon crystals. The doping in-

homogeneity, measured by the electrical resistivity distribution, does

not exeed 5% for the ingots of 350 mm length at EWA rigs and at

least of 500 mm length at MARIA.

Due to the rotation of irradiated ingost the radial inhomogeneity

is negligible and it is caused by the initial impurities.

45



Ov

600 1200 -

800 -

400

h mm

Fig. 5. Axial neutron flux distributions in NTD-Si rig Fig. 6. Axial neutron flux distributions in NTD-Si rig
in EWA reactor within: a) - irradiation channel, in MARIA reactor within: a) - irradiation channel,

b) - Si container. b) - Si container.



The main parameters of the silicon rigs are given in table I,

Table I.

Reactor

Location

Mean thermal neutron flux.
O '

n/cm s

Epithermal index r

Ratio <j! f(E>lMeV)/^ t h

Gamma heating , w/g

Irradiation environment

Irradiation temperature

Number of rigs

Maximum diameter of Si
ingot, in. mm

Maximum length of Si
ingot, mm

EWA

Water refl.

0.81013

0.011

0.22

0.25

40

2

52

350

MARIA

Graphite refl.

2.11013

0.031
0.02

0.5
H20

45
1
77

500

The most frequent needs of the semiconductor industry are to ob-

tain silicon with the specifc resistivity in the range of 30 to I50«&cm.

Taking under account the effective corss section of the reaction
30 31Si (n,")?] Si as well as thermal neutron flux in the NDT-Si

rigs of our both reactors, to get the desired specific resistivity

we should irradiate;

in EWA reactor 5 to 26 hours respectively

in MARIA reactor 2 to 10 hours respectively.

Irradiation for NTD-Si in coolant environement reduce to mi-

nimum the temperature influence on the silicon crystal structure.

Because of the effective heat removal by the coolant flow inside

the irradiation rigs, the maximum temperature of silicon in the ingot

axis does not exceed 40 /C in EWA reactor and 45 /C in MARIA.
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At the cost of that the neutron transmitted silicon crystals are

slighty contaminated by the reactor cooling water.

5. SILICON IRRADIATION TECHNIQUES

Désigne feature of an irradiation facility strongly depends of

the reactor construction and the dimension of irradiated objects.

As it was mentioned in the table 1, there are two silicon irradia-

tion rigs on EWA reactor. Neutron flux uniformity has been reached

by means of a mechanical drive. Axial neutron flux flattening is real-

ised in a vertical periodic movement of the irradiation container

with the silicon ingot. The effect of the radial flux gradient is prac-

tically eliminated by the container periodic turning .

The irradiation rig is schematicly shown on fig.7.

The unirradiated cristals are located in a thin walled, /0.8 m m / ,

perforated irradiation container made with aluminium P A-2.

During the irradiation the container is placed at the battom of

the oscillating aluminium tube, which is hanging on a rope, conected

with the drive mechanism.

Doping neutron fluence is measured by means of rhodium self-

powered neutron detectors / S P N D / . When the desired dopind con-

centration is reached, the container with the silicon is automatically

removed from the irradiation region and stopped in its upper position.

Reloading of the irradiated ingots to the storage facility is made

by means of the standard handling flask of the reactor.

After 3-5 days of decay the container can be handled without

any shield.

On MARIA reactor one irradiation rig for 3 mchas silicon ingots

has been installed /see f ig .8 / .

Like at E W A , in tins case the neutron flux flattening is realised

by a vertical motion and a rotation of the irradiated object.
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Fig. 7. Schematic diagram of NTD-Si irradiation facilities
in EWA reactor.

Fig. 8. Schematic diagram of NTD-Si irradiation
facility in MARIA reactor.



The motions are caused by a hydraulic drive. For this purpose

the reactor pool cooling reactor flow is used. The container with

the silicon ingot is rised by the water flow and it is falling down

gravitationaly. Due to a rifle made on the container wall, during

the vertical travel, the container rotates.

The irradiation process is automatically controlled. After ful-

filment of the desired neutron fluence a signal from a measurement

system with SPND causes removement of the container with the

silicon ingot, to the position high up, over the irradiation region.

From this position the container is removed to the storage facility

by means of a standard handling flask.

After decay of the container activity the silicon ingots are put into

decontamination process.

The decontamination is the multiple etching in the water salution

of nitric acid /10%/ with 1% addition of hydrofluoric acid. After

that the silicon ingots are rinsed many times in high purity water

and dried .

6. CONCLUSIONS

The carried out analysis of the native demand for silicon doped

with phosphorus by the NTD method has shown, that it can be sat-

isfy by use of only one reactor. However 2 research reactors have

been adapted for this purpose to ensure the continous production

in spite of temporary disengages of the reactors, including disen-

gages for the time period, recessary for planned modernization of

both reactors.

The decision of adaptation of 2 reactors was influenced also by the

technical regards. EWA reactor is more suitable for adaptation,

because in this reactor exists a system of loading and unloading,

at a full power of the reactor.

At MARIA reactor, a neutron flux and the cadmium ratio are

more advantageous, and there is possible to irradiate crystals of

longer diameter. Taking into account, that also in other countries

exists a problem of decisions for reactor adaptation for NTD-Si
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production, it seems valuable to discuss the situation in that field

in the world.
A problem of demand satisfaction for NTD-Si was discussed earlier

by H. Hertzer [1] and then by T .G.G. Smith at 4-th Neutron Trans-

mutation Doping Conference in 19^2 (2 ] .

Fore seeing s made 3 year ago keep their actuality till the present

day and it is worthy to mind attention to them, in order to prevent

not necessary investment of money now and to be ready to fulfil

demands in the future.

The thesis that for NTD-Si technology practically only research

reactors can be used, and power reactors cannot from the economic

point of view, seems to be right.

If we accept forecasting of Hertzer about demand for that kind of

silicon as well as IAEA data about reactors under operation the

situations will be as shown on Fig. 9.

U0 Potential
o 120-

# 100
v 80

Û_

M 60

20

Capacity

1975 1980 1985 1990 1995 2000

Fig. 9. Comparison of i r radiat ion capaci ty and demand to year 2000.

After the data, shown on Fig. 9, the conclusion can be drawn, that

up to the end of the 1990's the production possibilities will be

greater than the demand. Since a half of 1990's the demands will

be grater than possibilities /estimated as 100-120 tons per year/,

as a result of increasing reactor safety requirement and necessity

of shutdown the reactors, operated longer than 30 years.

If these fore seeing s are right, a situation can arise, that it can be

reasonable a desision of reconstruction, after the 1990's, of the

older type reactors or utilization for this purpose the reactors of

a power lower than 3,5 MW, or adaptation of the reactors in which

till now, there is not any possibility for easy recharging of irradia-

ted material under the reactor operation.
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AUTOMATICALLY CONTROLLED FACILITIES
FOR IRRADIATION OF SILICON CRYSTALS
AT THE ROSSENDORF RESEARCH REACTOR

R. ROSS
Central Institute for Nuclear Research,
Academy of Sciences,
Rossendorf, German Democratic Republic

Abstract

This report describes the facilities for neutron transmutation
doping of silicon in GDR. The irradiation of silicon single crystals
began at Rossendorf in 1978 with simple equipment. Only a small amount
of silicon could be irradiated in it. The fast increasing need of
NTD-silicon made it necessary to design and construct new and better
facilities. The new facilities are capable of irradiating silicon from
2" to 3" in diameter. The irradiation process takes place automatically
with the assistance of a computer. Material produced has an axial
homogeneity of ± 7V Irradiation riggs, techniques, irradiation
control and quality control are discussed.

1 . Introduction
This report describes the facilities for neutron transmutation
doping of silicon in GDR. The irradiation of silicon single crys-
tals began at Rosaendorf in 1978 with a simple equipment. Only a
small amount of silicon could be irradiated in it. The fast increas-
ing need of NTD-silicon made it necessary to design and construct
new and better facilities.

2. Description of reactor
The Rossendorf Research Reactor (RFfl) delivered from Sovietunion
in 1956 is a water-cooled, water moderated reactor. Its thermal
power was increased from 2 to 10 MW. Fuel elements are working with
36 % enriched uranium. The operating period is 96 hours weakly, the

13 -2 -1thermal neutron flux in the core is 7 • 10 cm s
The reactor is equipped with different irradiation and beam channels
which it makes attractive for research in the field of neutron scat-
tering, activation analysis and irradiation of materials. At pre-
sent its mean order is the irradiation for radio-isotope production.
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A horizontal section of reactor is shown in fig. 1 illustrating the
positions of vertical irradiation channels. As can be seen there
are different possibilities to irradiate materials. Channels in the
core have the highest neutron flux and a diameter of 62 mm. Its
ratio of thermal to fast neutrons is 3:1. Channels in the Be-reflec-
tor have a diameter of only 41 mm. At last, channels in the region
of Al-reflector have a diameter of 62 mm and its ratio of thermal
to fast neutrons is 10:1. All of these channels are water-cooled

with a temperature of 55 -
60 °C.
Because of the relative
favourable ratio of thermal
to fast neutrons the region
of the Al-reflector was
tested for neutron transmu-
tation doping of silicon.
The results were fairly
good and in 1978 we started
with the irradiation of
silicon single crystals. In
the mean-time two irradia-
tion rigs D1 and D3 were
designed, constructed and
mounted in the Al-reflector.

Fig. 1
Horizontal section of RFR.

Bt-rtMtctOf

pneumaticpo*t

3. Irradiation rigs and devices
The D1 rig allows the irradiation of silicon single crystals of 2".
The vertical flux distribution along the axis of the rig is depict-
ed in fig. 2. Its non-uniformity was reduced by the installation of
a graded absorber of nickpl around the position of maximum flux,
Ihe shape of the absorber was found from a theoretical calculation.
The nickel absorber reduces the maximum neutron flux around 15 % to

IT O 12.B • 10 cm s and equalizes it over a length of 280 mm within
1.5 ?i. In this region two aluminium cans containing silicon single
crystals with a maximum length up to 120 mm in each case can be
irradiated simultaneously. The cans are welded w a t e i - t i g h t , so that
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no contamination of the silicon by radioactive cooling water can
occur.
The 03 rig exists in two modifications according to the diameter of
the silicon crystals. One of them allows to irradiate crystals of

62 mm, the other such of 3".
In both the rigs the homo-
geneity of neutron flux was
realized by using a nickel
absorber, too. This absorber
is greater than that of the
D1, reduces the maximum neu-
tron flux around 25 ?o to
2.2 • 1013 cm'2 s"1, but
equalizes it over a length
of AGO mm within A.9 % and
3.6 %, respectively. In this
range, similar to the D1,
two aluminium cans (also
welded water-tight) con-
taining silicon crystals up
to 180 mm in each case can
be irradiated simultaneously./

Fig. 2
Vertical flux variation and
its reducing by a nickel
absorber.

The influence of the radial flux gradient is practically eliminated
by rotating all rigs.
A schematic drawing of the irradiation rig to be valid for both the
D1 and D3 is shown in fig. 3. The whole rig is located below the
reactor top mounted on the aluminium mounting plate. At the same
plate there are the equipments for the vertical and horizontal drive.
The vertical equipment is necessary for driving the rig into and out
of the core after irradiation, respectively. The rotation is realized
by a geared electric motor. At the lower end of the rig a guide keeps
it in its position. Round the rig an additional protecting tube is
fitted to avoid mechanical bumps on the irradiation channel by flow-
ing cooling water. Moreover, at this tube the neutron detectors are
mounted.
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Fig. 3
Schematic drawing of a irradiation
rig.

4. Loading and unloading techniques
The loading and unloading techniques are different in both the irra-
diation rigs. For. the 01 the common technique as for the radio-iso-
tope production is used. The loading machine takes away the alu-
minium cans with the silicon crystals from a magazine located below
the reactor top and put they into the rig. In this moment the rig is
in its upper position outside of the core. When two cans are deposit-
ed the irradiation is started. After the end of the irradiation the
rig returns automatically to its upper position within 2 minutes.
By this fast vertical driving out of the core overdoping of silicon
can be avoided. Then the containers can be taken off and transport-
ed with the loading machine to a pneumatic post. This post ends in
a hot cell where the cans can be stored till their radioactivity is
negligible. Cooling timo is usually one weak.
For loading and unloading of rig 03 a new equipment was designed
and constructed, which was installed on the top of the reactor. Two
cans are taken off from a magazine one by one by the loading machine
and transported into the rig which ie in its upper position. After
the irradiation cans are removed from the rig and transported to
special parking channels within the reactor but far off any neutrons.
When the cooling time is over the cans are removed from these chan-
nels with the same machine.
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5. Control of the irradiation process
The measuring and control arrangement for the irradiation i3 based
on three self-powered neutron detectors of the rhodium type as can
be seen in fig. 4 at each rig, on an amplifier a voltage-frequency-
converter, an impuls counter, an announcement and a predetermination

13 -2 -1circuit. At a thermal neutron flux of 5 • 10 cm s a current
of 1 ^A is delivered by the detectors. The measuring system is
connected with the control of the equipment. Both the rigs are con-
trolled from the control room of the reactor.
All of the loading and unloading processes in the Rossendorf Research
Reactor as well the irradiations for radioisotope production as the
irradiations of silicon are carried out computer-aided.

/— - collector
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F i g . 4
Self-powered neutron detector.

6. Quality control
The neutron detectors were calibrated directly by irradiation of a
silicon single crystal and measuring the specific electrical resis-
tance after annealing. For this aim a slice of a thickness of 5 mm
was taken from each end of the crystal and measured by the four-
point-method .
The axial variation of the resistance is better than + 7 % provided
the neutron detectors are corrected from time to time by iterative
measurements. This is necessary because of variations of the reac-
tor regime and burn up of the detectors.

7. Conclusions
Facilities for neutron transmutation doping of silicon at Rossen-
dorf have been developed. They are capable of irradiating silicon
from 2" t i l l 3" in diameter. The irradiation process takes place
a u t o m a t i c a l l y with assistance of a computer. M a t e r i a l produced has
an axial inhomogene i ty of +• 7 %,
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AN INSTALLATION FOR THE IRRADIATION
OF LARGE SILICON MONOCRYSTALS FOR
THE PRODUCTION OF POWER THYRISTORS

W. KRULL, P. MARTENS
Zentralabteilung Forschungsreaktoren,
GKSS-Forschungszentrum Geesthacht GmbH,
Geesthacht-Tesperhude,
Federal Republic of Germany

Abstract
An irradiation installation for Si monocrystals with diameters up to 61 mm
and lengths up to 120 mm is described. The homogeneity of the thermal
neutron flux density is better than 5%; the fluence is also adjustable
with a relative error below 5%. Almost 1000 Si samples having been
irradiated the experience with this irradiation installation is reported.

1. INTRODUCTION

The question was put to the research reactors by the manufacturers
of power thyristors and highly purified silicon at the end of 1973
whether doping of silicon with phosphorus could not be considerably
improved by irradiation with thermal neutrons rather than by conventional
doping during zone drawing. The doping of Si with P determines the
specific resistance of the original material for thyristor production.
The specific resistance can be adjusted to a factor of 2 during zone
drawing. There are, in addition, strong fluctuations of homogeneity of
about a factor of 2 in the Si disk. The considerable improvement of
these values by irradiation of Si in the reactor was required.
2. REQUIREMENTS ON THE IRRADIATION POSITION

Si monocrystals of about 100 mm length and a maximum diameter of
51 mm with a homogeneity of better than 5% were to be doped at that time;
the accuracy of the specific resistance should be better than 5%. Si 30
with an isotope fraction of 3.1% has only an effective cross-section of
about 120 mb for thermal neutrons. Under irradiation with thermal
neutrons Si 31 with a half-life of 2.6 h is produced. The thermal
effective cross-section of Si being very small and Si being present in
highly purified form a flux density attenuation in the Si is not to be
expected. Horizontal gradients of the thermal neutron flux distribution
are possible, though, influencing the homogeneity.

The accuracy of the specific resistance is determined by the
accuracy and reproducibility of the thermal neutron flux density at the
location of the sample. The thermal neutron flux density has a vertical
distribution determined by the length of the reactor zone. The magnitude
of the thermal neutron flux density depends on reactor output, core
structure and sample position. If it is taken into account that the
mentioned requirements on the irradiation technique are to be met not
only for a few samples at long intervals of time but an uninterrupted
irradiation over longer periods of time is likely, difficulties of
meeting these requirements will become obvious. A sufficiently high
thermal neutron flux density must therefore exist in the irradiation
position.
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3. IRRADIATION INSTALLATION

3.I Planning

The FRG 1 research reactor is available for carrying out the
irradiations. It has an output of 5 MW, fuel elements of the MTR type
with a fuel zone of 60 cm. The vertical thermal neutron flux
distribution in the reactor core corresponds to a cosine distribution
with an opening of 75 cm. The core is shown in Fig. 1.
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Fig. 1: Core charge of FRG-1. B
fuel element; T,R control rod; B
control fuel element; X reflector
element; P irradiation position; S
silicon irradiation position

The FRG 1 research reactor is water cooled and moderated so that in
the irradiation positions strong gradients of the thermal neutron flux
density occur. The following measures were adopted in the planning of
the irradiation installation to meet the requirements on the irradiation
position:

a) Meeting the requirement for an homogeneity of better than 5%. The
irradiation times being longer than one hour at a desired fluence of
more than 1017 cm"2 and a thermal neutron flux density of about
3x101-3 cnr2s-l in position 16 and of IxlO13 citr̂ "1 in
position 42 it was intended to rotate the Si sample about ten times
per hour. This avoids horizontal deviations. The remaining free
water holes are filled with AI (öth = 0.23 b) to avoid
additional horizontal gradients of the thermal neutron flux density.
To this end, the Si samples are inserted for irradiation in Al
baskets so that sample is well positioned.

b) Meeting the requirement for fluence values accurate with +5%. The
change with time of the thermal neutron flux density at the sample
location is small for one irradiation. The thermal neutron flux
density nevertheless being subject to fluctuations the following was
provided:
Two cobalt SPN (self pwered neutron) detectors were installed on the
irradiation tube at the sample level. These detectors indicate
promptly, i.e., their current is directly proportional to the
neutron flux density. The SNP detectors permit only relative
measurements. They must be calibrated by absolute measurements with
Co foils attached to the Si samples or Al samples. This calibration
must, though, be repeated monthly. The current of the SPN detectors
is converted by an A/D converter into counting rates. The pulse
frequency determined by the calibration is then directly
proportional to the thermal neutron flux density so that the required
fluence corresponds to a certain number of pulses.
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c) Meeting the requirement for accuracy.
- The calibration of the installation must be repeated at regular

intervals.
A prewarning must be deduced from the number of pulses of the SPN
detectors to remove the sample in good time. This prewarning
should in good time indicate to the operator the removal of the
sample.

- A failure of the irradiation installation by excessive reduction
of the number of pulses and by heat must be indicated as
disturbance signal.
The signals must be checked daily for proper functioning.

Having converted the requirements on the irradiation of Si samples
into requirements on the irradiation installation the design and
construction of the mechanical and electronic parts of the
irradiation installation could be started.

3.2 MECHANICAL INSTALLATION

The mechanical part of the irradiation installation consists of a
sample guide tube, insert baskets for the different Si rod diameters, the
three-part operating and rotating gear, the charging and discharging
device and the rotating device.

The sample guide tube has the dimensions of 75 mm diameter, 3 mm
wall thickness and 4 m length and is made of AlHg 3. Its foot is
designed for insertion into the lattice plates of the FRG serving the
positioning of the fuel and reflector elements. The top opening of the
guide tube ends 4 m above the lattice plate to ensure good guidance of
the sample and sufficient water shielding (about 4 m) against the
irradiated material. A support tube is welded at the level of the
charging and discharging opening of the guide tube and mounted with its
upper end on the reactor bridge. The leads to the SPN detectors run in
protective tubes through the support tube up to the level of the sieve
bottom. The sieve bottom is installed at the location of the required
homogeneous neutron flux density distribution. Bores in the guide tube
housing and the sieve bottom ensure sufficient coolant flow.

Insert baskets of AlMg 3 with internal widths for the usual Si
diameters are stored in magazines under water. The insert baskets are
equipped with swivelling handles for free access to their internal
spaces. The loading of the insert baskets is carried out by a
manipulator from the rim of the pool. Loaded baskets are coupled under
water to the three-part operating and rotating gear. The loaded insert
baskets are inserted for irradiation into the sample guide tube until
they sit on the sieve bottom. The upper part of the gear is coupled to
the gear shaft of the rotating device by pins. The insert baskets are
unloaded under water by setting on a guide pin in the unloading device.
The guide pin passes through a hole in the bottom of the insert baskets
and presses out the Si rod.

3.3 ELECTRONIC INSTALLATION

The electronic part of the irradiation installation consists of two
SPN detectors at the irradiation location, units for signal treatment for
pulse counting, signalling units and disturbance value indication.
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SPN Detectors. Selection criteria, such as low burnup, prompt
response capability, simple mechanical design, small dimensions and fast
availability, led to the installation of SPN detectors with cobalt
emitters type 5503 C of Messrs Studsvik. One detector is connected to
the subsequent electronics, the second is available as reserve in case of
failure of a detector.

Signal Treatment and Pulse Counting. The detector current
proportional to the neutron flux density is passed to the input of a dc
amplifier 4681 of Messrs Studsvik. The amplifier is specially designed
for connecting to SPN detectors. Input currents at fixed amplification
supply an output voltage of 5 mV/nA over a range of 0 to 2000 nA. The
output voltage of the amplifier is passed to an electronic digital
integrator. A voltage-frequency converter concerts the measuring voltage
into a proportional pulse frequency. The pulses are reduced selectively
at a ratio adjustable between 1024:1 and 2:1. A pulse former forms
rectangular pulses of equal length. The number of pulses produced during
a certain time interval corresponds to the time integral of the measured
quantity. Pulse counting is carried out with electro-mechanical preset
counters ensuring the safety of the data on failure of the mains supply
without additional expense.

Signalling units. The preset pulse counters control signalling
units signalling a prewarning and the end of irradiation in the control
room of the FRG and at the loading point of the irradiation installation.

Disturbance value indication. Events causing a pulse frequency
decrease below fixed value are indicated as disturbance signal in the
control room of the FRG. Checking of the proper functioning is carried
out automatically on startup of the plant. Temperature increases at the
location of the installation of the elctronics which may cause a failure
of the plant are indicated as a disturbance signal in a switch room. The
functioning of the sample rotating device is monitored by optical
indications and a revolution counter at the loading point.

4. EXPERIENCE WITH IRRADIATION OF SILICON

Almost 1000 Si samples have been irradiated in the irradiation
installation described above since the spring of 1974 so that it is
possible to report on the experience.

4.1 Homogeneity of Doping
The homogeneity of doping by irradiation with neutrons is better

than 1%. The quality of doping the Si disk after the irradiation may,
though, be worse. This depends on the original material, especially on
the specific resistance and the predoping (n-conducting Si contains P;
p-conducting Si contains boron in which the isotope B 10 strongly absorbs
thermal neutrons). High ohmic n-conducting material is highly suitable
for irradiation.

4.2 Proportionality of Fluence and Doping
Thermal fluences of 1016 to 1019 cm""2 were set. The

proportionality between fluence and doping was linear over the whole
range. Setting the desired fluence was also very well possible even if
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the irradiation was interrupted by an irradiation-free weekend or if the
reactor was operated at varying outputs. The varying outputs correspond
to varying thermal neutron flux density at the sample location.
Irradiation was also possible without renewed calibration when modifying
the reactor core.

4.3 Reliability

The design of this irradiation installation proved fairly reliable.
It failed only three times due to excessive heat development. A further
small source of disturbance was the removal of samples in good time. An
improvement is at present made to avoid slight exceedings of the
irradiation time in future. An automatic insertion and extraction of the
samples will then take place over a height of 1.5 m.

4.4 Drifts of the SPN Detectors
Co 59 was used as emitter material for the SPN detectors. Co 60

with a half-life of 5.27 years is produced by the irradiation in the
reactor. The background current caused by it and increasing with time of
use can be exactly measured by monthly calibration. This background
current is constant over short periods of time during reactor operation
and not proportional to the output so that the Co detectors were replaced
by new SPN detectors after about 1.5 years and a fluence of 3.5xl021

4.5 Specials
The manufacturers of power thyristors have generally neither a

radiochemical laboratory available nor is this doped silicon directly
passed to production so that the activity of the samples must clearly be
below the free limit. This requires a very clean surface of the silicon
cylinder which must, if necessary, be produced by special cleaning.
"Hard" silicon further requires a very careful and soft treatment so that
the edges are not damaged and parts of the crystal become useless.

5. FUTURE PROSPECTS

The future prospects of this doping possibility appear bright. A
homogeneity of doping of better than + 5% was obtained whereas doping by
the conventional methods was accurately possible only to a factor of 2.
The same improvement could be attained for the accuracy of the required
specific resistance of doped silicon.

The silicon thus doped is at present still used for this production
of power thyristors. It is believed that in the German Federal Republic
the number of samples is about 800 per year. If this doping method is
used also for other fields of semiconductor technique, this would become
about 4500 samples per year. This requires the operation of two research
reactors with 3, eventually 4, special irradiation positions for the
silicon.
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The trend is, additionally, towards larger Si samples with diameters
up to 100 mm and lengths of 250 to 300 mm to produce, on the one hand,
larger components and reduce, on the other hand, the doping costs. Such
an installation for the FRG-1 has been operating since 1977. This
installation is used in the reflector of the FRG 1 because there the
ratio of thermal to fast neutron flux density is particularly high, thus
greatly reducing the production of defective points in the Si monocrystal.
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Abstract

Silicon irradiations have been carried out at Harwell since 1975 in
both DIDO and PLUTO. This paper describes the irradiation facilities and
how conditions have been improved to give the best possible results for
neutron transmutation doping. A neutron dose/resistivity relationship
has been developed, whose validity has been demonstrated by the accuracy
of the post-irradiation resistivity. The quality control system which
makes available data for any particular silicon crystal before, during
and after its irradiation is also discussed. Finally the paper describes
health physics system which ensures that the silicon is returned to the
customers' manufacturing environment with residual radio-activity value
lower than that defined in the regulations for exempt material.

Introduction
The irradiation of monocrystalline silicon for the purpose of neutron
transmutation was first undertaken in the Material Testing Reactors, DIDO and
PLUTO at Harwell in 1975. For the purpose of this paper the two reactors may

be regarded as identical. Each reactor is fuelled with highly enriched
uranium in a core which is cooled and moderated by heavy water. (Fig 1) The
reactors were originally designed and commissioned for operation at 10MW but
have been progressively modified and uprated and now operate at a power of
26MW. Their prime role is that of material testing and fuel development for
the current UK nuclear power production programme based on gas-cooled reactors
and for the proposed PWR'3 and fast reactors. They are also used for the
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1 Reactor aluminium lank containing
heavy water

2 Heavy water level
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4 Vertical experimental hole thimble
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(to cooling towers!

FIG 1 DIDO REACTOR
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production of radioactive isotopes, various neutron beam experiments such as
neutron diffraction, neutron scattering and neutron radiography^) and of
course neutron doping of silicon crystals.

The first trial silicon irradiations were carried out during 1975 in the

vertical facilities located in the annular graphite reflector which surrounds
the reactor tank. These trials were successful and production irradiations
started in both DIDO and PLUTO a few months later. Since then silicon
irradiations have increased from the two tonnes completed during 1976 to the
current production level of around 3O tonnes in 1985. (Pig 2)
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c
co
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Production
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horizontal
facility

76 77 73 79 80 81 82 83 BU 85 86
Calendar year

FIG 2 SILICON IRRADIATIONS AT HARWELL TONNES PER YEAR

The purpose of this paper is to describe the main aspects of the irradiation

process and the quality control measures used to ensure high standards of

accuracy in the end product. The optimisation of the nuclear parameters^2)

used to improve the accuracy of the neutron dose-resistivity relationship and

the Health Physics methods used at Harwell to ensure that the radioactivity of
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the silicon returned to customers is well below the regulatory limits set for

the transport and handling of this material are also discussed^ 3).

Irradiation Facilities
In DIDO and PLUTO the vertical facilities located in the graphite reflector
are particularly well suited for silicon irradiâtions( *). The axial centre of
the graphite is 1.1 metres from the axial centre of the core in a zone of the
reactor where the moderating effect of both heavy water and graphite provides
a well thennalised neutron spectrum in which the thermal/fast neutron ratio is
approximately 1000:1. (Fig 3) Silicon crystals with diameters of up to 102
mm are irradiated. There is a small radial flux gradient which is compensated
by rotating the crystals during the irradiation and the resultant radial

resistivity variations are less than ± 0.5%. In certain facilities, the
original axial flux profiles have been improved, by the use of shaped neutron
shields (Fig 4) and retractable devices are used which move the irradiation

cans into the optimum axial profile. This means that crystals with lengths of
up to 500 mm are always irradiated in the highest possible average flux with
the lowest possible axial dose variations. (Fig 5)
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During the reactor cycle which is normally 24 days, the reactivity of th« core
is, for the most part, controlled by a combination of burnable poisons
incorporated into the fuel elements. The neutron flux changes caused by

movement of control absorbers are therefore minimal and during the tine of an

average irradiation the flux in the graphite facilities changes by less the ±

0.25%.

With the efficacy of the Harwell facilities established and with the world-
wide demand for neutron-doped silicon growing rapidly the number of

irradiations at Harwell increased annually and by 1980 the capacity in the

graphite facilities was being fully utilised. To increase capacity even
further, we designed and commissioned an irradiation facility in one of the

horizontal holes in PLUTO and our customers supported this initiative. The
irradiation volume is located close to the reactor core where the thermal
neutron flux is approximately 10 times higher than the average flux in the

graphite facilities. This new facility more than doubled the available
capacity(5 ).

The facility consists of a large open-topped tank filled with demineralised
water. The tank is located against the outer surface of the concrete
biological shield (Fig 6). The tank covers the entrance to the horizontal
tube or thimble which penetrates the biological shield, the graphite reflector

and the heavy water tank. The water in the tank and thimble acta aa a shield
for neutrons and Y-rays and the tank is a convenient storage area for the
irradiated silicon.

Cooling is achieved by a primary circuit which pumps water from the main tank,
down the thimble over and through the irradiation containers and back to a
delay tank alongside the thimble entrance. The purpose of the delay tank is

to provide a hold-up for N-16 activity before the water flows into an external
circuit. An external circuit contains a series of filters, a mixed-bed ion-
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FIG. 6 HORIZONTAL SILICON IRRADIATION FACILITY

exchange column and finally a heat exchanger. The conductivity of the water

is Jcept below 3 ßmoa and the inlet temperature of the water flowing into the
thimble can be kept below 30* C.

The silicon is irradiated in containers made of high density, high purity

graphite which has low neutron absorption and therefore low activation during

irradiation. For normal irradiation tines the containers and silicon can be

safely handled after a cooling-off period of about two days. The inside

surface of the graphite containers has been designed to give the ««•»•iimim

cooling effect over the surface of each silicon crystal. The internal crystal
temperature is therefore kept below 100'C which means that diffusion of
impurities (minority carriers) and lattice defects such as 'swirl' are kept to

a minimum^ 6 ) .
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The maximum value of thermal neutron flux inside the graphite container
reaches approximately 1.2 x 1014 n.on"2.«"1 and a typical shape of the thermal
flux profile at the inner end of the thimble is shown. (Fig 7) After a timed

flux-scanning irradiation, a computer program is used to calculate the speed

at which the container should travel in and out of the neutron flux zone and
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FIG. 7 THERMAL NEUTRON FLUX DISTRIBUTION IN NEW S I L I C O N
IRRADIATION FACILITY
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the stationary time at the inner'end of the thimble. The aim of the optimised
timing sequence is to give an accurate average dose as well as the best
neutron dose profile along the full length of each irradiation. (Pig 8) In

practice results show that average dose can be controlled to within ± 2.5% of
actual targets and maximum to minimum variation* over a batch length of 500 nm
are normally less than 8%. Batches with lengths up to 6OO mm and diameters up
to 127 nan can b« irradiated and the capacity of the facility is approximately

20 tonnes per annum.

TABLE 1

SILICON IRRADIATION FACITIES AT HARWELL

Location

Graphite
Reflector

Heavy -water
Reflector

Maximum
Length

550

6OO

Maximum
Diameter

HOD

102

127

Average Neutron
P lux

n.cnT"2 . s"1

8 x 1012

1.1 x 1014

Thermal/Past
Neutron
ratio

1000

4O

Resistivity/Neutron dose relationship
Por the first production irradiations the estimated neutron doses required to

achieve specific resistivity targets were supplied by the silicon
manufacturers. However it soon became apparent that it would be necessary to

formulate an accurate resistivity/neutron dose relationship which took into

account all the various nuclear and reactor parameters involved in the

irradiation process.

Starting in the simplest possible way, the neutron fluxes inside the
facilities used for the irradiations were measured using standard neutron-
activation techniques that had been developed and proved at Harwell over many
years. It was found by these measurements (and calculations) that when a
silicon crystal was loaded into the facility, the unperturbed neutron flux was
changed according to the nuclear parameters of the reactor position, the
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surrounding material eg graphite, and the size of silicon crystal. For
instance in the graphite facilities, for a crystal with a dianeter of 60 «a

the flux was lowered by approximately 8%, however the variation fron crystal

edge to centre was less than 0.5% (Pig 9) Having established this

relationship it was possible to calculate th« amount of perturbation for each
size of crystal irradiated. (Pig 10)

R e l a t i v e v a l u e

••80 mm '

Unperturbed f lux- Position empty

R e l a t i v e
value

Graphite R e f l e c t o r

0 925

Si l i con
Crysta l

Perturbed flux when Silicon Crysta l loaded

Graphite Ref lector

FIG 9. FLUX PERTURBATION EFFECT BY SILICON CRYSTAL WHEN LOADED TO GRAPHITE FACIL IT IES
IN DIDO AND PLUTO

I 0

c
o

a
.a

3 090

50 100
C r y s t a l d iameter m m .

FIG 10 FLUX PERTURBATION / CRYSTAL SIZE RELATIONSHIP GRAPHITE FACILITIES
IN UIDO AND PLUTO
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With the perturbation effects correctly established it was then possible to
turn attention to other nuclear parameters in the equations relating neutron

dose to resistivity.

For n-type silicon the relationship between the dopant concentration of 31P,

c atoms cm"3, and the resistivity, p can be written as :

p - (C fi e)"1 n cm (1)

where M i» the lattice drift mobility of electrons in the crystal lattice and
€ is the electronic charge of 1.6 x 10~19 coulombs. Various references to
work on neutron transmutation doping gave values for the mobility from 1220 to

15OO cm2 VS"1 however for the work at Harwell it was decided to standardise on
a value of 13SO cm.V.S"^.

To allow for the effect of dopant concentration in n-type starting material,

it is assumed that :

r - C - t - C ( 2 )CE LD US ^ '

where CD is the dopant concentration added during the irradiation and cs is
the effective dopant concentration in the starting material.

CD is also equal to the number atoms of 30Si transmuted by neutron capture to
31Si which subsequently decays to 31P and can be written as:

CD - No a' *t atoms cm (3)

where No - number of atoms of 30Si in the starting material, car3.

For silicon with specific gravity of 2.33 g.cm"3, atomic weight of
28.086 and a 30Si isotopic abundance of 3.09%,
No - 1.544 x 1021 atoms.cm"3.
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a' is the Westcott cross section for 30Si for irradiations in the
graphite facilities where the epi thermal contributions to the neutron

reaction rate is very small, le less than 0.1%. Therefore a' can be
taken to be equal to ao, the 22OO m/s capture cross section for 3OSi/

and <Pt - the neutron dose.

Therefore combining equations 1, 2 and 3 the neutron dose needed for a
specific resitivity target can be written as:

è - s »--
where <*> - the average thermal neutron flux in the silicon crystal taking

into account the relevant flux perturbation factor.
t - the irradiation time, seconds

pE - the target resistivity, n cm
pS - the starting resistivity, fJ c» ( n-type ) .

As resistivity measurements from irradiated silicon became available, it was

possible to calculate the averaged measured resistivity for each irradiation,
Pu, and compare it with the target resistivity, pE. It was then possible to
calculate a value of o0 for 3OSi such that the average value for the ratio
pm/pE was unity. (Fig 11) The "best fit" value from the results of over 1000
irradiation was 0.118 x lO~2*cm~2 . This value of oo will be written as OND
signifying that it has been derived by a method using neutron transmutation
doping. It includes the absolute error for the system used to measure the

neutron flux which at Harwell has been assessed at ± 3%( 7 ) . However
comparative accuracy of OHD LS e<Jual- to ***• standard deviation of the mean for
the sample of results taken in the analysis, ie d/Vn-1 where d is the standard
deviation of the sample and n is the number included in the sample, therefore
the standard error is 0.03/VlOOO which is equal to approximately ± 0.1%.
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Using the value of
becomes:

in equation 4 the resistivity/neutron dose relationship

Ot - 2.54 x 1019 f 1 11 -2'PË - ps n'cm

using the relationship the accuracy of average resistivities has been
maintained. Regular samples of resistivities are analysed and their standard

error normally fall within the range expected. The standard deviation from
target resistivities has remained close to the value calculated for the sample
of results in Pig 11 ie approximately 0.03.

Recent results from the horizontal facility in PLUTO axe plotted as a
frequency distribution in Fig 12. They show a similar normal distribution to

those plotted in Fig 11. The standard deviation is 0.028 and the mean of the

ratio pm/pE for this sample of about 750 results is 1.00O6.
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THE HORIZONTAL

Quality Control

To ensure the efficient control of the silicon through all stages of the
irradiation process it is essential that a good system of documentation is

implemented. Each piece of silicon irradiated at Harwell is documented by

customer name, consignment number ( ie a collection of crystals delivered at
the same time), arrival date, irradiation number, crystal identifications,
diameter, length, weight, neutron dose required, irradiation facility used,
date and times of irradiation, details of rotation, date of Health Physics
check, financial details, invoice numbers and date of despatch.

To assist in this control the data for the Harwell irradiations are held in a
computer which prints check sheets for each consignment, an irradiation card
showing all relavant details for use by staff who prepare the crystals for
irradiation and by the reactor staff who control the irradiations in each
reactor, and a card used for Health Physics checks. The computer can also
prepare a periodic summary of work detailing irradiations, customers, total
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weights, total doses and financial data. The system allows staff to check the
course of a particular irradiation, to plan for days or weeks ahead and if
necessary to advise customers on delivery or despatch.

Health Physics and Safety Aspects of Neutron Doped Silicon

The regulations for the international transportation of radioactive materials
are published by the IAEA in "Regulations for the safe transport of Radio-
active Materials" (1977). These specify the radiation levels which must not

be exceeded at the surface of a package if it is to qualify as "exempt"
material. Within the United Kingdom the legislation which defines the

exemption limits for particular nuclides and total radio-activity of materials
is included in "The Radio-active Substances Act 1960" and "The Ionising
Radiations (Unsealed Radio-active Substances) Regulations 1968".

The transport regulations state that the radiation level at any point on the
external surface of a package shall not exceed 0.5 m Rem/hr and that the non-

fixed contamination shall not exceed 10~4 /ici cm~2. Also fro« the regulations

the level of radio-activity with which the material can be classified as

"exempt" is 2 x 10~4 p. ci g"1.

While complying with these regulations for each package and each crystal that
is dispatched from Harwell, we have also born« in mind that the silicon is
leaving an environment which is controlled by specialists accustomed to radio-
active material and is being returned to the customer who will continue the
manufacturing process. This process carried out by non-radiation workers may
include grinding and polishing so that particles of silicon may become air-
borne in workshops and laboratories not equipped with instruments for radio-
active detection. It is therefore imperative to ensure that the silicon is
completely free from all radiological hazard«.
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For electronic purposes the silicon needs to be extremely pure and therefore
impurity activation is negligible. Pour daya after irradiation the activity
of 31Si had decayed to an insignificant value and the total activity is the

mainly due to the emission of ß particles fro« 32P which has a half-life of

14.5 days. The greater portion of the ß particles are self absorbed within
the crystal. Therefore to measure the radioactivity equivalent to 2 x 10~* n

Ci g'1 is extremely difficult and it is much easier to relate the radio-
activity to the count rate of J3 particles emitted from the surface of the
crystal. By a series of calibrating measurements it was found that for the

equipment being used, 2 x 10~* ß ci g"1 was equivalent to a total count rate
of 23 per second. AB a further measure of safety the acceptable count rate is

reduced to 10 cps for the Harwell clearance testa.

Each crystal is subject to two separate checks, one by the operators

responsible for handling and the irradiation of the silicon and a second by

members of the Health Physics team who are entirely independent and who are

responsible for radiological safety at Harwell.

Fig 13 shows the certificate which includes the relevant data for each crystal

and is issued by the computer system used for quality control. It is then

completed and signed by the Health Physics inspectors after the second test.
Each crystal is then dispatched to the customer with a certificate stating
that it complies with both the UK and IAEA regulations.
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Certificate No. 3755O. HARWELL

CERTIFICATE OF7

Ft AD I OL-OC3 X CAL_ MOM I TOR I IMO

OR" SII—ICOIM INGOTS

It is certified that in the case o-f silicon ingot No. ...............
1. The 32p specific Beta-activity is less than

2 * 10 e -4 micro Ci / g.
2. The total specific activity from all y-emitting nuclides is less

than 10 e -5 micro Ci. /g.
3. The removable surface contamination is less than

1O e -4 micro Ci. / cm 2.
It is therefore exempt from the provisions of the radioactive
substances act I960 < United Kingdom ) and the ionising
Radiations < Unsealed Radioactive Substances > Regulations 1968
( United Kingdom ) and is an exempt radioactive material as
defined in the IAEA Regulations for the Safe Transport of
Radioactive Materials ( 1973 ).

For dispatch to :
..................... Signed...................... Date.........
..................... Health Physics Operation Group.
..................... BuiIdi ng No.................
..................... Environmental & Medical Sciences Division

AERE Harwell, Didcot Oxon OX 11 ORA.
England.

Fig. 13. CERTIFICATE ISSUED FOR EACH BATCH OF SILICON IRRADIATED AT
HARWELL.

Summary

Silicon irradiations have been carried out at Harwell for the last ten years.

This paper has described the irradiation facilities and shown how the already

well-suited conditions have been improved to give the best possible results

for neutron transmutation doping. It has described how a neutron

dose/resistivity relationship has been established, whose validity has been

demonstrated by the accuracy of the post-irradiâtion resistivity. The quality

control system which makes available data for any particular silicon crystal
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b«fore, during and after its irradiation has also been discussed. Finally the
paper has demonstrated the safety-concious health physics system which ensures
that the silicon 13 returned to the customers' manufacturing environnent with
residual radio-activity value lower than that defined in the regulations for
exempt material.
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NEUTRON TRANSMUTATION DOPING OF SILICON
IN THE 250 kW TRIGA REACTOR IN LJUBLJANA

V. DIMIC
Jozef Stefan Institute,
Ljubljana, Yugoslavia

Abstract

The 250 KW TRIGA Mark II. reactor of the "Jozef Stefan" Institute is used
beside many other applications also for irradiation of semi-conducting material
(silicon) with fast neutrons in order to improve electrical properties of this
material. The irradiation facility was placed in the radial channel of the
reactor. Phosphorus doping of silicon with the aid of thermal neutron irradiation
was developed very recently. It has been proved that even with a small research
reactor phosphorus doping can be performed. Two irradiation positions are used
for transmutation doping: the radial channel and the reflector.

1. INTRODUCTION

The transmutation doping process involves irradiation of an undoped semi-
conductor with a thermal neutron flux. The major advantage of the neutron trans-
mutation doping (NTD) of silicon is the homogenity which is a result of a homo-
genious distribution of silicon isotopes in the target material and the long
range of thermal neutrons in silicon. Research reactor facilities provide the
best source of thermal neutrons for this purpose.

The absorption of a neutron and the emission of gammas in the case of silicon
is the following:

28Si ( n.jf) 29 Si , e>c = 0.08 b

29SI ( n.^") 30Si, , &c = 0.28 b

30Si ( n,^) 31Si , 31P + £~ , bc = 0.11 b

The first two reactions produce no dopants. The third reaction produces
P. the desired donor dopant, at a rate of about 3-3 ppb per 10 /cm2. In

addition to the desired phosphorus production reaction, the reaction

31 (n.jf)
-30occurs as a secondary undesirable effect. The decay of P is the primary source

of radioactivity in NTD process. Several radiation damage mechanisms contribute
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to the displacement of the silicon atom form their normal lattice positions.
The most important are the fast neutron knock-on displacement and the recoil
damage mechanisms, which are caused by the thermal neutron capture. From this
consideration we can conclude that transmutation doping will always produce
significant amounts of radiation damage which must be repaired in some way.
These defects introduce defect levels into the band gap which causes free
carrier removal in a reduction in carrier mobility and minority carrier lifetime.
It should be emphasised that in-core fission spectrum produces about 103 more
displaced silicon atoms than a graphite moderated spectrum.

The defects produced by neutron irradiation are removed by thermal
annealing.

To summarize, neutron transmutation offers the following advantages
over conventionally doped silicon: the precision target doping, better axial
and radial uniformity and no microsensitivity structure.

2. REACTOR TRIGA MARK II

The 250 kW TRIGA Mark II reactor at the Institute "Jozef Stefan" in
Ljubljana, has been in operation since 1966. It is a light water reactor with
solid fuel elements in which the zirconium hydride moderator is homogeneously
distributed between 20% or 70% enriched uranium. A 30 cm thick graphite radial
reflector surrounds the core. The TRIGA fuel rod configuration is shown in Fig. 1.
The fuel elements have a fueled lerrth of 38 cm with a diameter of 3-8 cm and use
stainless steel cladding. They are graphite reflector pieces at each end of the
fuel element, approximately 9 cm long. Besides these irradiation facilities, a
pneumatic transfer system serves for irradiation of short lived radioisotopes.

Other experimental facilities include two radial beam tubes, one tangential
beam tube through the reflector and another one through a graphite thermal column,
a smaller graphite thermalizing column, extending from the opposite face of a big
thermal column (Fig. 2).

The configuration of the reactor core is shown in Fig. 3- The reactor core
is a cylindrical configuration and consists of a lattice of cylindrical fuel-
moderator elements and graphite (dummy) elements at the bottom of a 6 m tall
tank, full of light water, which is used for cooling and radiation protection.
During the operation, the reactor core contains about 75 fuel elements.
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Fig. 1. TRIGA fuel rod configuration
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Fig. 2. Horizontal section view of reactor
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At the steady state power of 250 kW, the peak flux is 1 x 10 ^ n/cm2s in the
central test position. In the radial beam port the thermal neutron flux is

12 124 x 10 n/cm2s and the fast neutron flux is about 1 x 10 n/cm2s. A core
12average thermal neutron flux is about 2 x 10 n/cmzs. The reactor operates

about 1200 hours per year. Usually it operates four or five times per week
overnight. It is utilised for the production of isotopes as a source of
neutrons for various experiments for irradiation of semi-conducting material
and for the training of personnel for power reactors.

3. SILICON IRRADIATION MANAGEMENT

In Ljubljana, silicon is irradiated in the TRIGA Mark II reactor. The
irradiation positions used for this work are arranged in a circle at a radius
of 50 cm from the core centre lines. They are situated on the annulus of
graphite (reflector) and on the rotary specimen rack, where the axial and radial
neutron flux gradients are small (Fig. 4). At these positions the ratio of
thermal to fas neutrons is in excess of 1000:1 because in the upper parts of the
fuel elements the graphite pieces are placed, which minimises the damage which
has to be removed by annealing. From this point of view the TRIGA core has a
big advantage to other types of reactors.

An additional irradiation position used for NTD is the radial beamport
where a thermal neutron flux of 1 x 10 n/cmzs is available at the irradiation
position where the Cd ratio is 3- The special facility was constructed and
installed (Fig. 5) in the beam port which is shielded with water. The capsule
with the silicon crystal is conveyed up to the irradiation position by a long
rod, driven by the operator. During this procedure the water is displaced to
the special water reservoir outside the beam port. The capsules are introduced
to the irradiation position and extracted manually during the reactor operation.
The irradiation volume has been limited to 20 cm length by 8 cm diameter.

Irradiation parameters
1. Reflector position

12- Thermal neutron flux 1.0 x 10 n/cmzs
- Irradiation time 400 hours
- Resistance 20 OHMCM
- Number of irradiated ingots: 8

2. Rotary specimen rack
- Thermal neutron flux: 1.5 x 10'̂  n/cmas
- Irradiation time: 350 hours
- Resistance: 20 OHMCM
- Number of irradiated ingots: 6
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Fig. 4: irradiation positions on rotary specimen rack

3- Radial channel
- Thermal neutron flux: 4 x IC^2 n/cm2s
- Irradiation time: 80 hours
- Resistance: 20 OHMCM
- Number of irradiated ingots: 1

At the end of the irradiation the ingots are transferred into a special
cell where they stay for at least U days before being discharged. The radiation
level at any point on the external surface is about 5 Rem/h.
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cooling pump

water level
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Pb shield

Fig. 5: Irradiation facility in radial channel

4. RESULTS FOR THE TRIGA FACILITIES

Czochralski grown single chrystals which are 10 cm tall and have the
diameter of 5 cm, have the starting specific resistance larger than 300 OHMCM.
Represented four point resistance of axial and radial profiles for different
slices in the rod and the different positions on the reflector are shown in
Fig. 6-8. These measurements were performed in order to find any unhomogenuity
in neutron transmutation doping because of the neutron flux gradient. During
the 270 hours of irradiation time the ingots were rotated once at 180°. From
these measured results we can conclude that the axial and radial doping
homogenuity is sufficient.
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EXAMINATION OF PROPERTIES AND DEVELOPMENT
OF SILICON DOPED BY THE NEUTRON
TRANSMUTATION METHOD

A. BUKOWSKI, K. NOWYSZ, S. STRZELECKA,
B. SURMA, R. JABLONSKI, P. KAMINSKI,
L. WIECKOWSKI, B. MAJEROWSKI
Institute for Technology of Electronic

Materials,
Warsaw, Poland

Abstract

The following paper presents a short outline of qualitative
possibilities of presently offered NTD silicon.

It also describes, against this background, possibilities and
qualitative data of the technology jointly elaborated by ITME* and IBJ**.
Based on a number of tests performed by both of the above-mentioned
research and production institutions, occurrence of several unknown,
interesting possibilities of NTD silicon is revealed. The authors prove,
in spite of some complicated physical problems, that the quality of NTD
single crystals depends on such factors as: thermal neutron beam
quality, annealing conditions and also carbon and oxygen impurities in
the initial, raw silicon. The investigations have been performed by the
following methods: IR absorption, EPR, DLTS and resistivity measurements
as a function of isochronic annealing. Results of other research
conducted by ITME are also described.

On the basis of authors' own work as well as world literature data
an attempt is made to outline future development of NTD silicon quality
and its new applications.

INTRODUCTION

NTD silicon is an already popular and widely used material by all
manufacturers of silicon power devices, especially in production of

* Institute of Electronic Materials Technology, Warsaw, Poland
** Institute of Atomic Energy, Swierk-Otwock, Poland
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high-class devices or production of standard devices when their
production processes economy should be improved.

(00

SO

FZ-A/DT

U

Fig. 1: presents percentage distribution of high breakdown voltage
diodes (NTD silicon) and relatively lower voltage ones for
FZ silicon.

The common use of the described material does not mean that all
qualitative parameters have been technologically stabilized or that the
present quality of accessible material uses limiting possibilities of the
NTD method.

A great number of publications ' and scientific conferences
on the subject show deep scientific interest expressed by both producers
of NTD silicon and research institutions. At present, a basic advantage
of neutron doped silicon, in comparison with the conventionally doped
material, is better distribution of phosphorus in macro and especially
microregions of a crystal.

Creation of phosphorus during a nuclear reaction does not undergo
macro or microliquations, which usually occur during introduction of
phosphorus in the crystallization process. The liquations inevitably
appear at the liquid to solid phase transition as a result of different
complicated effects such as anisotropy in dopant distribution depending
on crystallization direction or thermoconvention phenomena.
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Till now, the parameter of inhomogeneous configuration of carriers
has been defined differently by manufacturers of silicon, so it was
difficult to compare its values.

At present, a lot of manufacturers determine it according to ASTM
standards which have also undergone modernization recently. At the
moment, as far as homogeneity is concerned, three quality parameters of
NTD material are taken into account:

1. deviation of resistivity nominal in percentages (resistivity
tolerance);

2. dopant distribution in the macroscale, so-called radial resistivity
variation R ; and

3. dopant distribution in the microscale, so-called strations.

Wacker firm offers in its catalogue (February 1985) the following
kinds of "WASOND" silicon:

Kind Resistivity Tolerance
ohmcm %

Max/typical
values

Dopant distribution
on macroscale*
resistivity
variation Rv %
Max/typical

values

on microscale**
strations

%
typical values
/75% of product

FZ-WASO-ND/F5

FZ-WASO-ND/F10

50-200
200-300
300-600

5-50
50-200
200-300

+ 10
+ 12
± 15

+ 10
+ 10
± 12

.0/ +

. 5/ +

.0/±

.0/ +

.0/ +

.5/±

7
10
12

7
7
10

.5

.0

.5

.5

.5

.0

8/6
10/8
13/10

5/3
5/3
6/4

not
not
not

+ 5.0
+ 7.5
±10.0

determined
determined
determined
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The technology elaborated at ITME-IBJ offers the material of the following
properties :

Resistivity
range

20-60
60-120
120-200

Resistivity
tolerance

Max/typical
values

+ 10/+ 7.5
± 10/± 8.0
+ 10/+ 9.0

Dopant
on macroscale*
Max/typical values

6/4
7/5
9/7

distribution
on microscale**
"up" typical value

+ 5
+ 6
± 6

* according to ASTM 81-77
** according to formula ± Ap = (pmax - Pmin^/'^/0i

using spreading resistance method with 25 urn spacing

The basic characteristics of the technology elaborated by ITME-IBJ are as
follows:

primary material for irradiation
o1 - multiplication factor of phosphorus content: min. 6
o 12 32 - boron content: max. 6 x 10 at/cm
o 16 33 - oxygen and carbon content: < 10 at/cm
o4 - structural properties: DF, microdefects A, B - not

permissible

neutron irradiation
o 12 13 21 - neutron flux: 8 x 10 - 2 x 10 neutron/cm sec
o2 - epithermal index: 0.011 or 0.031
o3 - heat of reaction is taken away by reactor water system
o4 - ratio of fast neutrons (1 MeV) to thermal neutrons:

0.22 or 0.02

relaxation annealing
o1 - high purity vacuum furnaces
o2 - two-stage annealing

It seems, at the moment, that most manufacturers of NTO silicon mastered
the first-stage technology achieving a significant quality jump and obtaining
the material characterized by homogeneity presented in Figs. 3 and 4.
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In order to produce such material, it is sufficient to use standard
quality polycrystal if applying special technology of single crystal growth,
irradiation and defects relaxation annealing.

Limits connected with production repeatability of the material,
characterized by R < 4% and up < 3% should be associated not only with
occurrence of residual phosphorus but also, to a large extent, with presence
of defect-origin carriers and residual impurities, mostly carbon and oxygen.
The comparison between homogeneity of the materials obtained by FZ and FZ NTD
methods has been presented above. The investigations have been conducted by
the spreading resistance method, selective chemical etching for FZ samples and
EBIC method for FZ NTO samples. For the FZ NTD sample, the chemical method
appeared to be not sufficiently selective. The measurements have been taken
crosswise and on FZ NTD slice surface (Fig. 4).

Fig. 2 indicates distinct concurrence of so-called striations and
distribution of carrier concentration proportional to the voltage change
presented in spreading resistance diagram.

For NTD-Si (Figs. 3 and 4) such concurrence is nearly invisible and is
mainly caused by electrically active carriers appearing in the material after
its irradiation.

t> a

Fig. 2. Resistivity distribution in silicon conventionally doped (g * 80 ohm-cm).
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u-i

Fig. 3. Resistivity distribution in NTD-Si material (g « 80 ohm-cm).

U 6mm.

45

Fig. 4. Inhomogeneity of resistivity for sample 3 measured on the plane perpendicular to crystal
growth direction.

Investigations on electrically active defects have been performed by the
following methods:

o oa. Infrared absorption in the medium wavelength range at 300 K and 77 K
temperatures.

b. Electron paramagnetic resonance (EPR).
c. Deep level transient spectroscopy (DLTS).
d. Resistivity measurements as a function of isochronous annealing

conditions.
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Specially prepared samples have been used for investigations. They
were cut off out of the ingots irradiated by the neutron flux with
various epithermal index within the range of 1% to 9%. The samples,
coming from commercial material irradiated by neutron flux with
epithermal index below 1%, have also been investigated.

1. Infrared Absorption Spectra of Neutron Irradiated Silicon Crystals

Immediately after neutron irradiation, the silicon obtained is of
5 6p-type and its resistivity is in the range of 10 to 10 ßcm. The

high resistivity of the material is caused by electrically active defects
introduced during irradiation and also by low charge carriers mobility.

These defects, mainly various kinds of complexes consisting of
vacancies and interstitials, are created by fast neutron collisions with
silicon atoms and also by interaction between gamma-ray radiation emitted
during ß decay and crystalline material. The fast neutron energy is
higher than 100 keV and considerably exceeds the thermal neutron energy,
the values of which range between 0.01 - 0.1 eV.

The elastic fast neutron scattering begins to be a dominant
mechanism responsible for material radiation damage already when the
percentage of fast neutrons in the neutron flux amounts to about 1%.

The infrared absorption spectra studies have been conducted in the
wavelength ranging from 1.1 to 50 urn for materials irradiated at the
following values of epithermal index: 1-2%, 3% and 7%.

In all the crystals exposed to neutron irradiation two absorption
bands are observed before annealing. The first band can be observed at
room temperature and is characterized by the wavelength equal to
1.78 urn. The second band is observed at liquid nitrogen temperature in
the wavelength range of 3.3 to 3.9 urn. According to the references
19, 20, the absorption at X = 1.78 urn is caused by optical electron
transitions from E -0.7 eV level to conduction band. Thesec
transitions are attributed to divacancies and cause change in their

o +charge from the state V to V . Absorption in the wavelength
range of 3.3 to 3.9 pm is associated with electron transitions from
E - (0.32 - 0.38) eV level to the conduction band. This level canc
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also be attributed to divacancies charge state change from the state
V~ to the state V~ '

As it results from the data presented in Fig. 5, the neutron flux
with the epithermal index of 7% created a great number of neutral
divacancies and a small number of doubly ionized ones. The intensity of
absorption band, observed at X = 1.78 urn, decreases with the
reduction in epithermal index values for the neutron flux used for
irradiation (Fig. 6). This fact gives evidence to the dominant influence
of fast neutrons on concentration of neutral divacancies induced by
irradiation.

3,0
à)
t

109

0-2-2

M i,S [jy«,J 2,3 »o 1,5 f o fS «o

FIG. 5. Absorption spectra of NTD-silicon irradiated by neutron flux with epithermal index
of 7%; a) measurement at 300 K, b) measurement at 77 K.

A

3,0

2100

FIG. 6. Effect of increase in epithermal index
values on the absorption spectrum of NTD-Si.
Measurement at 300 K.
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Dependence of the absorption band intensity on the neutron flux
epithermal index, determined by means of so-called "cadmium-ratio", made
it possible to obtain the calibration line, presented in Fig. 7. The
line illustrates the relationship, shown in Fig. 6, in terms of 1 mm
assumed as an unit of specimen thickness. The relationship obtained has
been verified by means of 35 specially prepared specimens and could be
used for neutron flux quality evaluation during NTD-Si manufacturing.

A

9
«
7
6
5
<
3
Z
i

1 2 3 < S 6 7

FIG. 7. Relationship between epithermal index
for neutron flux and intensity of absorption band
observed at 300 K.

The intensity of the absorption band occurring at 3.3 and 3.9 urn
wavelengths (Fig. 5) also decreases with diminishing of the neutron flux
epithermal index. The fact proves the significant effect of fast
neutrons also on generation process of doubly ionized divacancies.

So, we can say that divacancies existing in NTD-Si are created as a
result of silicon atoms displacement due to fast neutrons elastic
scattering on silicon nuclei. Divacancies, observed by means of
absorption spectra, annihilate during crystals annealing at the

otemperature of 750 C.

Using generally accepted relationship between the absorption
21magnitude and divacancy concentration in silicon we can write:

N = 7.7 x 1016 Aa (cm"3)vv
where Aa (cm ) is the absorption obtained after subtraction of the
background.

Determination of divacancy concentration in the tested samples as a
function of neutron dose epithermal index is presented in Fig. 8.
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FIG. 8. Divacancy concentration as a function of epithermal index for neutron flux.

Results of isochronous annealing of divacancies at the temperature range
o oof 100 to 350 C (heating step - 50 C) for 15 nun are shown in

oFig. 9. Results of isothermal annealing of divacancies at 200 C are
shown in Fig. 10.

400

FIG. 9. Change in divacancy concentration after isochronal heal treatment of NTD-Si.
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FIG. 10. Change in divacancy concentration after isothermal heat treatment of NTD-Si
(epithermal index:4%).

2. EPR Spectra of NTD-Si Crystals

Infrared absorption spectra studies have given the evidence that
additional defects induced in neutron-irradiated silicon may be easily
eliminated by heat treatment. Suitable annealing conditions, determined
by annealing temperature and time, enabling complete elimination of
radiation defects, depend on irradiation method and the reactor
performance. The EPR method is particularly useful for analyzing the
effectiveness of defect annihilation process. It also enables point
defect identification by means of resonance spectra. The specimens used
for measurements were cut off from silicon crystals and then irradiated
by such neutron dose to make phosphorus concentration equal to

14 -3 15 -34 x 10 cm and 4.5 x 10 cm . The specimens were of cylindrical
shape with 3 mm diameter and 5 mm length. Due to a complex nature of
resonance spectrum, measurements have been carried out for three
crystallgraphic directions: C2 - (110), C3 - (111), C4 - (001). The
line width has been equal to about 120 A/m. The received EPR spectra for
different defects are presented in Fig. 11. Analyzing these spectra we
can say that dominant defects in the irradiated samples are
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Fig. 11. Comparison of resonance lines in heat treatment and as grown (a) NTD-Si material.
I — Field directed parallel to C2 axis (H II [110]).

H — Field directed parallel to C3 axis (H II [111]).
Ill — Field directed parallel to C4 axis (H II [001]).

tetravacancies (V ) denoted as P 3 centres, and pentavacancies (V )
denoted at P 1 centres. The P 3 centres concentration decreases with the
increase of annealing temperature and completely annihilate at

o200 C. The P l centres concentration increases with the increase in
the annealing temperature. Maximum concentration can be observed after

oannealing at 350 C. Further increase in annealing temperature causes
decrease in these defects concentration and they are not observed by

o omeans of EPR spectra at 300 K, after annealing at 500 C temperature.

3. DLTS Spectra of NTD-Si Crystals

For deep level spectra studies NTD-Si crystals annealed for two
ohours at 750 C have been used. Schottky diodes have been prepared by

evaporation of gold in vacuum of about 10 Pa. Typical trap spectra
are shown in Fig. 12.

As it is shown on DLTS spectra, even after annealing at 750 C, a
10 -3great number of different defect centres, of 10 cm concentration,

are left in Si-NTD. These centres have probably been introduced to
silicon during neutron irradiation and they manifest themselves by many
energy levels filling the upper part of the energy gap.
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Fig. 12. DLTS spectra of anneal NTD-Si. Comparison of domestic and imported materials,
a), b): imported material; c) domestic material.

The differences between the trap spectra are caused either by
different initial material defect structure or by different conditions of
neutron irradiation and thermal treatment.

In all the investigated crystals there are traps with the activation
energy of 0.42 + 0.04 eV and electron capture cross-section of

-6 2o = 1 x 10 cm . They are observed through the dominant peak in
DLTS spectrum. The concentration of these traps, which may be attributed

18 10to doubly ionized divacancies or E centres, ranges from 2 x 10 to
11 -32 x 10 cm
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Defect centres denoted as E and E have also been observed.
Their activation energy amounts to 0.17 eV and 0.53 eV, and the electron

-16 2 -12 2 21capture cross-section is of 5.1 x 10 cm and 2.6 x 10 cm
respectively. Each of the two centres behave differently as a function
of the filling time. In case of the trap E - 0.17 eV, the capture
process is typical for point defects, whereas for the trap E - 0.53c
eV, the process is described by logarithmic relationship. The results
suggest that E centres are probably associated with vacancy - oxygen
complexes, and E centres are supposed to be defects composed of a lot

24of vacancies between which interaction may take place ' .

The described centres have been additionally investigated by double
impulse correlation techniques (so-called DDLTS). DDLTS measurements
enabled to obtain relative concentration distribution of the centres as a
function of the distance from the junction (Fig. 13).

As it is shown in Fig. 13, concentration decreases together with
depths of such centre, which could testify that they are surface centres,

23described in the literature

1r

IT 0.5
A - 1/1

8 12
Xlprn]

16

Fig. 13. Relative distribution of E3; E5 center concentrations in depletion layer determined from
DDLTS measurements.

4. Si-NTD Single Crystal Resistivity Scatter Under the Influence of
Isochronous Annealing

NTD silicon may be characterized by low resistivity scatter
amounting to 3-6%.
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The conducted tests, however, have shown certain differences among
the crystals, though the properties of the initial material were the same
(the same content of boron and phosphorus, whereas oxygen and carbon
content below detection level of presently used methods). Also
technologies of single crystal growing, irradiation and annealing were
the same.

The phenomenon should be connected with residual, electrically
passive dopants present in the initial material. Such impurities are
first of all oxygen and carbon atoms, though their concentration is lower

15 -3than 5 x 10 cm

The results of resistivity measurements after thermal treatment
ocycles with the temperature ranging from 400 to 900 C for 0.5 h, are

presented in Fig. 14. For all the samples minimum resistivity values in
op-type conduction have been observed at 450 C. Different resistivity

values for different samples can be associated with different resistivity
of the initial material.

Fig. 14. Resistivity changes during isochronal heat treatment in FZ-NTD material.
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The observed effects of acceptor nature should be associated with
complexes of crystallographic defect - oxygen type.

24Such complexes are also pointed out by the authors of this paper
owho have moreover stated that, at 500-700 C temperature, conduction

type conversion, mainly caused by oxygen defect disintegration, may be
observed.

Carbon influence is of a more complicated nature. By interaction
with neutrons, carbon is found at interstitial positions and it bonds
into complexes with various kinds of defects introducing electrically
active centres of high stability.

Activity of those defects may be observed in a better way in the
material with intentionally introduced increased carbon content.
Fig. 15 presents the effects of isochronous annealing of the material in

othe range of 750-1000 C temperatures. It can be seen that in a
16 3single crystal containing 6 x 10 at/cm of carbon, defects inducing

oreaches its peak at 850 C and electric durability of these defects
ooccur even at 950 C temperature.

Fig. 15. Concentration of electrons created during isochronal heat treatment.
a) Silicon doped — 6.5 x 1016 at/cm3 carbon; 9 x 1014 at/cm3 bar; -8 x 1017 at/cm3

oxygen.
b) Silicon doped — 1.5 x 1016 at/cm3 carbon; 9 x 1914 at/cm3 bar; ~8 x 1017 at/cm3

oxygen.
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For the mass-scale production material characterized by 300 to 500
ohmcm resistivity, actual harmfulness of the defects created by carbon

15 3presence in silicon (amounting to 5 x 10 at/cm ) is hardly
visible. The material will behave differently, however, if a definite
irradiation dose is to guarantee n-type resistivity of 5-30 kohmcm. As

25it is shown in the reference repeatability of such material
production is very low and deviations from the nominal amount to + 50%.
Even worse results may be expected as far as thermostability of the
material resistivity is concerned. As thermodonors of carbon origin seem
to have the highest thermal stability, the problem of carbon content
decrease is most important, although the role of such elements as

26 27 28boron , hydrogen , oxygen and other impurities has not been
cleared yet.

To sum up the deliberations on electrically active defects, it
should be stated that it is difficult to separate problems of active and
passive defects in silicon because their electrical activity or passivity
depends on thermal treatment.

Therefore, it seems extremely interesting and prospective to study
the problems of NTD silicon defects application in such processes for
example as internal gettering - in order to increase life-time thermal
stability, increase of diffused gold or other elements, impeding of
microdefects induced by neutron irradiation or determining of such
elements content as: hydrogen, oxygen, carbon and other elements.

5. Another Investigation on the NTD Silicon Carried Out by the ITEM

The investigations mentioned above (see Sections 1-4) are connected
with the improvement of electrical properties of the NTD material.
According to users opinion and worldwide scientific literature, it is
still necessary to improve parameters of the NTD silicon.

More controversial is the problem of electrically inactive
structural defects and minority carrier lifetime. There is a common
opinion that these parameters are worse in the NTD material, but there

31are some works in which the opposite opinion is presented.
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The investigations carried out by the ITEM enabled to extend and
partly change the opinion on these problems. Assuming that defects are
created equally during the crystal growth, heat treatment and neutron
irradiation, some interesting features have been noticed, e.g. it was

32observed that B defects were electrically inactive although in some
cases inactive A defects were also found. A defects are found to be
dislocation loops and they should possess electrical activity.

It has also been found that the EBIC method in the case of
electrical active inhomogeneities was more sensitive than the usually
used spreading resistance method.

The enhanced gold diffusion and higher gold solubility were observed
33in the FZ NTD silicon . The last feature was connected with the

presence of C and D defects. This was found by the resistivity
omeasurements after isochromatic annealing in the range of 600-1100 C.

As a result, a semi-insulating material has been obtained. This
phenomenon can be practically utilized in the technology of semiconductor
devices.

Moreover, a considerable change in the diffusion coefficient of gold
33in the FZ NTD material can be expected making is possible to obtain

better diffusion profiles in manufactured devices.

A considerable decrease of the minority carrier lifetime was also
34observed in both materials (FZ and FZ NTD) when rapid temperature

changes occurred during the heat treatment process. At the same time,
however, the FZ NTD material showed better stability of the minority
carrier lifetime. Special thermal tests have been applied in these
investigations.

In searching for the material with high minority carrier lifetime
and resistant to heat cycles, a comparison of thermally stabilized and
unstabilized materials has been done. In both cases materials were
neutron irradiated. The decrease of the minority carrier lifetime was
not observed after such thermal stabilization. The results of these
investigations are shown in Fig. 16. Although in the thermally
stabilized material the minority carrier lifetime decreases a little
after the so-called relaxation heat treatment, the difference in this
parameter between both materials can be seen only after thermal tests.
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Fig. 16.

The mechanism of this phenomenon is still investigated and probably
it is connected with the behaviour of defects in the material before,
during and after transmutation.

In conclusion we can say that the NTD material has a wide range of
new properties, and although some of them are still not properly utilized
in the technology of semiconductor devices, the NTD silicon is a more
perspective material compared to FZ silicon. The NTD material used in
semiconductor technology can lead to better quality of semiconductor
devices and enhance economical effects.

6. Perspectives of Future Development

A development of new NTD silicon materials will result from
improving the quality of actually produced material as well as from
further understanding of its new properties. For improving the quality
of the NTD silicon the raw material with low concentration of oxygen,
carbon and metallic impurities must be used. It is commonly known that

12 -3the concentration of oxygen and carbon should be lower than 10 cm
9 -3and the concentration of metallic impurities lower than 10 cm
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The donor and acceptor concentrations should be lower than 5 x 10
-3 12 -3cm and 3 x 10 cm respectively.

This can be achieved by the development of high quality poly-Si
technology, modern technological processes of silicon crystallization and
new methods of quality control. In the neutron irradiation process a
beam of neutrons should not contain a large dose of fast neutrons and the
process should enable the material to be kept in lower temperatures.

It is expected that the new parameters and the new methods of its
characterization will be used in the nearest future apart from already
used parameters. Such parameters are specified in Fig. 17.
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It is also expected that the new parameters of the NTO silicon can
be utilized in high power silicon devices, optoelectronic devices and
silicon detectors of nuclear radiation, which requires a high grade
silicon with the resistivity of 5-30 kohmcm. On the assumption of
decrease of the manufacture cost of silicon devices it is expected that
FZ silicon will not be commonly used. However, FZ material can be used
in some special applications like MOSFET, CCD devices, etc.

The NTD silicon has been reported to be efficiently used in the
production of MOSFETs. A classical method of production of MOSFETs were
compared to the new method, which seems to be better than the previous
ones. The main features of the new method are stated below. The crystal

18 —3is doped with a phosphorus dose of 1,6 to 2,5 x 10 at/cm . The
resistivity of the material before relaxation annealing is ca. 1 Mohmcm.
The material remains "semi-insulating" up to the temperature range of

o400 C. By laser spot-heating one can achieve in such material paths
and regions with the resistivity of 10 ohmcm.

All other technological operations like ion implantation or
osputtering are carried out in such a way as to not exceed 400 C.

Neutron irradiation of silicon can also be used to prevent
coagulation of large defects to be created during the so-called inner
gettering process in VLSI technology. This conclusion is based on
authors' works carried out on neutron irradiated Czochralski grown
silicon.

The information presented above indicates that technology of the NTD
silicon will be developed in the nearest future.
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Abstract

The aim of the present work is the investigation of structural perfection and
homogeneity of floating-zone grown silicon single crystals doped by neutron
transmutation. The scanning electron microscope-charge col lection micro-
scopic observation of selective etching image is used. SEM-CCM images
appeared to be a more sensitive investigation method of dopant distribution
in comparison to other methods (f.ex. spreading resistance method).

Mastering of silicon monocrystalization techniques has already made us

possible to receive dislocation-free crystals, however, thermodynamic con-

ditions of the process may still be the cause of inhomoggneous dopant dis-

tribution as well as of nondislocational structural microdefects creation. For

n-Si single crystals doped with phosphor, a significant improvement in homo-

geneity of dopant distribution i.e. more homogeneous resistivity of a single

crystal may be achieved by neutron transmutation doping (NTD) method. The

possibility of transmutation of one of the Si isotopes into P isotope under

the influence of thermic neutron exposure has been used here, according to

the reaction:

Homogeneous distribution of dopant is obtained thanks to the small absorption

coefficient of Si neutrons. Conventional single crystal doping method that is

introduction of the dopant in the monocrystallization process creates a possi-

bility of privilaged dopant distribution at the solid - liquid interface. Such

distribution is influenced by several factors such as rates of single crystal

growth and its rotational movement, convection and also oscillation of tem-

perature at the solid - liquid interface. All those phenomena may result in

heterogeneous distribution of resistivity. Measurements of resistivity homo-
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geneity in conventionally doped single crystals performed by spreading resis-

tance method have indicated that oscillation of resist ivi ty values amounted

to about 40 % whereas in single crystals doped NTD method such oscillation

amounted to about 5 % which was nearly a measurement limit of spreading

resistance method.

The present work has aimed at investigating structural perfection and ho-

mogeneity of the floating-zone grown dislocation free silicon single crystals

with resistivity 0 at 50 Si cm doped by NTD method. Initial single crystals

with Q — 1000 SLcrr\ and conventionally doped single crystal i.e. single cry-

stals doped with phosphor during the monocrystallization process have also

been measured for comparison reasons.

Two methods have been used for investigations that is:

charge collection microscopy (CCM) in metal-semiconductor (Schottky)

barrier regions, which is one of SEM methods and microscopic observations

of selective chemical etching. The investigations havo been performed on

the surfaces cutoff parallelly to the single crystal growth axis /(110)plane/

and on the surfaces cut off Jioruortally to the single growth axis /(11l)plane/.

SEM-CCM images in the region of metal-semiconductor barriers have been

obtained with help of JEOL-JSM2 scanning microscope. The tested surfaces

have also been measured for resistivity heterogeneity by spreading resistan-

ces method. Exemplary resistivity distribution in crystals doped by NTD and

conventional methods are shown in Fig. 1.
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Fig.l. Examples of resistivity measurements results on the surface
cut off horizontally to the growth axis of single crystals doped
by NTD and conventional methods.

PHOSPHORUS BY CONVENTIONAL DOPING
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Investigations by SEM-CCM method have been performed on single crystal

wafers with a correct structural perfection image doped by NTD method (sin-

gle crystal A) and on single crystal wafers rejected because of the occurance

of nondislocational microdefects banding distribution (single crystal 8).

Fig. 2 presents an example of SEM-CCM images obtained in the regions of

metal-semiconductor barriers (Fig. 2a) as well as an image of microstru-

cture revealed by selective chemical etching (Fig. 2b) on (110) plane paral let

to the growth axis of the single crystal A.

Fig. 2. Examples of SEM-CCM images-/a/ and of microstructure after se-
lective chemical etching-/b/ on (110) plane of single crystal A

In SEM-CCM image we may observe heterogeneous charge collection efficie-

ncy in the analysed region of Schottky barrier. The dark bands of decreased

charge collection efficiency are seen /Fig. 2a/. Geometry of the band distri-

bution corresponds to geometry of dopant segregation striae distribution.

Distribution of those striae visible after selective chemical etching is shown

in Fig. 2b.

Fig. 3 presents an example of analogous images obtained in the single cry-

stal B, which was rejected because of structural microdefects occurance.

Fig. 3. Example of SEM-CCM images /a/and of microstructure after se-
lective chemical etching /b/ on (110) plane of single crystal B.
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Fig. 3a presents bands of decreased charge collection efficiency similar to

those in the single crystal A which was characterized by correct structural

perfection /Fig. 2a/. However, after selective chemical etching, micro-

structure image shows the occurance of shallow cavities grouped in bands

and connected with microdefects of nondislocation type. SEM-CCM image

in the presented single crystals A and B are similar. Distances between the

bands of decreased charge collection efficiency amount to about 250 - 300JA™.

Influence of the revealed microdefects (crystal B) on COM images has not

been observed. Probably, those defects have no influence on accelerated re-

combination of current carriers generated by electron beam.

A similar effect of heterogeneous charge collection efficiency in the region of

metal-semiconductor barriers has also been observed in the single crystal ini-

tial for the single crystal A characterised by the resistivity o ̂  1000SZ.cm. -

Fig. 4.

Fig. 4. Examples of SEM-CCM images in the initial single crystal from
which single crystal A has been obtained.

The observed bands of decreased charge collection efficiency possess bigger

contrast.

For comparison reasons Fig. 5 presents SEM-CCM images on (110) plane

of floating zone grown single crystals conventionally doped and characterised

by resistivity o of 50 Äcm equivalent to the resistivity of single crystals

doped by NTO method.
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Fig. 5. Examples of SEM-CCM images in the conventionally doped single
crystal.

The observed bands of decreased charge collection efficiency are of much

greater contrast in comparison to the bands in the previously presented exam-

ples of the NTD doped single crystals /Figs. 2 and 3/.

The analysis of physical basis of SEM-CCM images, conditions of monocry-

stallization process as well as testing conditions of charge collection images

in the regions of Schottky barriers /1 , 2, 3/ enable us to draw a conclusion

that the observed bands of smaller charge collection efficiency in SEM-CCM

images present images of heterogeneous distribution of dopant and impurities

occurmg in the crystals. Those bands are of greater density than it should

result from the crystal growing conditions. The observed increased density

may be explained by convection in the crystallization process.

The assumption that the bands of different charge collection efficiency are

connected with inhomogeneous distribution of dopant arises from the analysis

of SEM-CCM image creation mechanisms. In case of the investigated

single crystals the width of the space charge depletion layer at the metal-

semiconductor barrier has been CJCo,6-OAavv <* l.S^rw; (O^AoooJU

The observations have been conducted for electron beam energies

E = 8 ~ 15 KeV. It corresponds to electron beam range R & 0.8 ^ 3 u,vn,o '
So, the space charge depletion layer width has been greater or similar to

the range of excess carrier pair generation zone. Therefore, the carrier drift

mechanism in the barrier electric field has influenced the processes of images

creation. In the regions of bigger field strength current carriers have been

collected more effectively /light regions/. The light regions on the presented
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images correspond to the lower resistivity regions as field strength at he bar-

rier E max is inversely proportional to the resistivity /E max = ». ̂ - • j
* JV? M.4 'where Ud is metal-semiconductor barrier potential/. »

Analogous images have been obtained in the initial single crystal and also

after neutron transmutation. The monocrystallization process itself /even for
12 13highly resistivity material of dopant concentration amounting to 10 j 10

3
at/cm / leaves permanent inhomogeneous dopant distribution. Therefore in

comparison to other dopant distribution investigation methods /f.ex. sprea-

ding resistance method/ SEM-CCM images are more sensitive.

Band contrasts occuring in the highly resistivity material are not connected

with bigger heterogeneity but with greater sensitivity of SEM-CCM method

for this range of resistivity /1/.

Increased contrasts observed in the conventionally doped crystal when com-

paring to NTD doped one result from the bigger inhomogeneity of dopant

distribution.
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INVESTIGATION OF THE ABNORMAL DIFFUSION
EFFECT OF GOLD IN THE NTD SILICON
(Summary)

A. BUKOWSKI, K. NOWYSZ, S. STRZELECKA
Institute for Technology of Electronic Materials,
Warsaw, Poland

A neutron irradiated silicon can have different properties compared
to silicon produced by standard methods. One of the features differing
both materials are dopant diffusion processes«

The investigations of the diffusion of gold in silicon bave been
carried out« The diffusion processes were carried out on two types
of material :
a/ FZ silicon, "n"-type, resistivity ca. 50 ohmcm,
b/ NTD silicon, resistivity ca. 55 ohmcm.

Both materials were dislocation free.
The diffusion was carried out on thick samples. The surfaces of the

samples were etched before diffusions and layers of 2.000 A gold were
evapourated onto the surfaces. The diffusion procès was carried out in
a furnace in the temperature range of 900 - 1.100°C in 2 - 8 hours.
The diffusion time was chosen in such a way as to receive a homogene-
ous gold distribution along the sample thickness. The remaining gold
layer and also the euthectics Au-Si were removed from the surface after
the diffusion process.

Afterwards, the samples underwent is.ochromatic annealing. Changes
of the resistivity of the samples are plotted verse temperature in the
enclosed figure«

Fig. 1. Resistivity changes during isochronal heat treatment in FZ and FZ-NTD material,
a) FZ material; b) FZ-NTD material.
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Provided that the temperature of the diffusion process is a measure
of concentration of gold, resistivity changes in the case of silicon
produced by standard technics are in good agreement with literature

data.

In the case of the NTD silicon donor centres create when the concen-

tration of gold is low. In the higher concentration region atoms of
gold replace silicon atoms in the lattice and thus produce acceptor

centres. It means that the diffusion process of gold in silicon partly
goes through the lattice and partly through the intersticial positions,

This phenomenon should decrease the effective diffusion coefficient as
well as increase gold solubility in the NTD silicon.
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