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ABSTRACT 
 
 

Neutron Transmutation Doped Silicon (NTD-Si) has been used extensively in manufacturing 
of high power semiconductor devices. The quality of NTD-Si, both from view points of 
dopant concentration and homogeneity has been found superior to the quality of doped 
silicon produced by conventional methods. The technology of NTD-Si has been perfected to 
achieve more accurate resistivity and homogeneous resistivity with complete elimination of 
hot spots.  In addition, the greater spatial uniformity, as well as the precise control over the 
resistivity achievable by using the NTD process, has led to a substantial increase in the 
breakdown voltage capability of thyristors. 
 
The report describes the fundamentals of NTD-Si production and discusses various 
techniques used for control of dopant concentration and homogeneity. Various aspects like 
radiation damage, residual radio-activity, nuclear heating, surface contamination & annealing 
requirements of the silicon ingots after irradiation have also been discussed.  
 
Details of trail irradiation and characterization of NTD-Si samples have been provided. 
Future plans for production of NTD-Si in Cirus & Dhruva reactors have also been discussed.  
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Neutron Transmutation Doping Technology of Silicon 
 and Overview of Trial Irradiations at Cirus Reactor 

                         
                                     Tej Singh, Anil Bhatnagar, Kanchhi Singh & V.K. Raina 
                             

Reactor Group 
Bhabha Atomic Research Centre 

 
1.0 Introduction 

 
Silicon based semiconductors are widely used world over. Silicon is tetravalent by nature, forms 
diamond shaped crystals, has metallic luster, is hard and brittle, possess high melting point and 
can be produced in large size crystals to a very high degree of purity. A super pure crystal of the 
silicon with perfect lattice structure exhibits the electrical conduction properties of an insulator.  
The electrical conductivity at elevated temperature in a pure and lattice defect free crystal of 
silicon, resulting from the generation of electron–hole pairs, is known as intrinsic conductivity; 
while the extrinsic conductivity is caused due to the presence of chemical impurities in the 
crystal. 
 
The process of controlled addition of external impurities is known as doping and the added 
impurities are called as dopants. Semiconductors are made by doping the tetravalent silicon with 
pentavalent material like P, As, Sb etc. to make an ‘n’ type semiconductor or with a trivalent 
material like B, Ga, In etc., to make a ‘p’ type semiconductor. The dopants reduce the local 
resistivity of the material and thereby increase the current flow to form a junction. Precisely 
doped semiconductors are required for manufacture of semiconductor power devices like 
thyristers, rectifiers, transistors and other components for use in high speed hybrid cars.  
 
The conventional methods (Czochralski process &  Floating zone crystal growth) used for 
doping involve adding of phosphorus atoms during the growth of silicon crystal. The resistivity 
governed by the impurity content will depend on the rate at which impurities are transferred from 
the melt to the crystal and are controlled by varying the crystal growth rate, its rotational 
movement, cooling rate and the oscillations of the temperature at solid-liquid interface of the 
crystal.  In this process, the homogeneity of doping and thereby the resistivity, varies by a factor 
of about two across the crystal and deteriorates the semiconductor quality [1].   
 
This doping can also be achieved by irradiating the silicon crystal in a reactor with thermal 
neutrons and converting some of the silicon atoms to phosphorus atoms by the process of 
transmutation. The quality of Neutron Transmutation Doped Silicon (NTD-Si), both from view 
points of dopant concentration and homogeneity has been found superior to the quality of doped 
silicon produced in conventional methods. The in-homogeneity of doping is in the range of 5 %, 
resulting in more accurate and homogeneous resistivity with complete elimination of hot spots 
[2].  In addition, the greater spatial uniformity, as well as the precise control over the resistivity 
achievable by using the NTD process, has led to a substantial increase in the breakdown voltage 
capability of thyristers. The resistivity distribution for NTD and conventional methods is shown 
below:                   
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Gas doping method has been developed in recent years to reduce resistivity variations in the 
silicon crystal as compared to other conventional methods. This slightly has reduced the demand 
of NTD silicon. 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 micro 
regions of a crystal.  Also, the radial resistivity gradient and the local uniformity achieved by 
NTD method are much superior.  
  
The production of NTD-Si is carried out exclusively in research reactors. It is because the 
appropriate conditions exist only in these type of reactors. In other words, the research reactors 
can easily and suitably be adopted for this work. Generally, the research reactors have suitable 
values of thermal neutron fluxes, ease of loading, unloading and handling of ingots and relatively 
attractive financial gains. Therefore, all the silicon irradiation facilities in the world have been 
built around research reactors. 
 
The general technology of neutron transmutation doping of silicon, characterization of NTD-Si 
material, recent R & D work, trial irradiations carried out at BARC and future plans for a large 
scale commercial production of NTD-Si are discussed in this report. 
   
2.0  History of NTD 
 
Lark-Horovitz first wrote on the possibility of producing NTD-Si in 1951 [3]. In 1961, first 
measurement of phosphorus distribution in silicon after neutron irradiation was carried out by M. 
Tandenbaum and A.D. Mills of Bell Telephone Institute [4]. In 1973 commercial application of 
NTD-Si for Thyristor production was made by a German Company. In 1974, a 2 inch diameter 
ingot was commercially produced by NTD method at DR2 (Denmark RISØ in cooperation with 
Topsil). A 3 inch diameter ingot was produced in 1976 at DR3. Subsequently in 1975, NTD-Si 
was produced at DIDO & PLUTO of Harwell (UKAEA). About half a dozen International 
Conferences/IAEA-RCA training courses have been held on the subject, latest, held in Indonesia 
(IAEA-RCA: Training course on neutron irradiation technology). Today, more than one hundred 
tons of NTD-Si is being produced per annum and the demand is still growing.  Presently China 
produces about 70 tons of NTD-Si every year. 
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3.0 Worldwide Demand 
 
The worldwide demand scenario for NTD-Si is indicated below [5]: 
1982: about 40 tons/year  
1991: Demand increased to 160 tons/year 
1992: Demand decreased because of gas doping technology development 
1999: Demand decreased to 70 tons/year  
2000: Demand increased again 
 
CCuurrrreenntt  ssttaattuuss  
  

••  DDeemmaanndd    >>  110000  ttoonnss//yyeeaarr  aanndd  iinnccrreeaassiinngg  
••  DDeemmaanndd  ooff  ssiilliiccoonn  iinnggoott  ;;    

––    44  iinncchh  ddiiaammeetteerr  iinnggoott  ::  ddeeccrreeaassiinngg  
––    55  iinncchh  ddiiaammeetteerr  iinnggoott  ::  mmaajjoorr  
––    66  iinncchh  ddiiaammeetteerr  iinnggoott  ::  iinnccrreeaassiinngg  
––    88  iinncchh  ddiiaammeetteerr  iinnggoott  ::  tteesstt  pprroodduuccttiioonn  

  
33..11  FFuuttuurree  ooff  NNTTDD  
  
RRaappiidd  iinnccrreeaassee  ooff  ddeemmaanndd  iiss  eexxppeecctteedd  dduuee  ttoo  ddeevveellooppmmeenntt  ooff  hhyybbrriidd  &&  hhyyddrrooggeenn  ffuueell  cceellll  
eennggiinneess  aanndd  dduuee  ttoo  iinnccrreeaassee  iinn  eelleeccttrriicciittyy  ggeenneerraattiioonn  bbyy  wwiinndd,,  ssoollaarr  &&  ffuueell  cceellll  ssyysstteemmss..  AAllssoo,,        
llaarrggee  ddiiaammeetteerr  ((66  iinncchh  &&  88  iinncchh))  ooff  ssiilliiccoonn  iinnggoottss  wwiillll  bbee  rreeqquuiirreedd  bbyy  tthhee  iinndduussttrryy..  
  
AA  rreecceenntt  ssuurrvveeyy  aanndd  eessttiimmaattee  bbyy  KKAAEERRII,,  SSoouutthh  KKoorreeaa  [[55]]  iinnddiiccaatteess  tthhee  ffoolllloowwiinngg::  

  
••  PPrroodduuccttiioonn  ooff  nneeww  ccaarrss  iinn  22000055  wwaass  aabboouutt  6600,,000000,,000000  ccaarrss//yyeeaarr..  
••  IItt  iiss  eexxppeecctteedd  tthhaatt  mmoorree  tthhaann  5500%%  ooff  nneeww  ccaarrss  wwoouulldd  hhaavvee  hhyybbrriidd  oorr  hhyyddrrooggeenn  ffuueell  cceellll  

eennggiinneess  bbyy  22003300..  
••  WWiitthh  iinnccrreeaassee  ooff  nnuummbbeerr  ooff  ccaarrss  iiff  tthhee  nnuummbbeerr  ooff  nneeww  ccaarrss  wwiitthh  hhyybbrriidd  oorr  hhyyddrrooggeenn  ffuueell  

cceellll  eennggiinneess  iiss  aassssuummeedd  ttoo  bbee  aabboouutt  5500,,000000,,000000  ccaarrss  aanndd  aass  oonnee  88  iinncchh  NNTTDD  ssiilliiccoonn  
wwaaffeerr  ooff  11  mmmm  tthhiicckknneessss  iiss  nneeeeddeedd  ppeerr  ccaarr,,  tthhee  ttoottaall  rreeqquuiirreemmeenntt  wwiillll  bbee  5500  kkmm  lloonngg  
iinnggoott//yyeeaarr  oorr  33,,666600  ttoonnss  ooff  NNTTDD  ssiilliiccoonn  iinn  22003300..  

••  IIff  ppoorrttiioonn  ooff  eelleeccttrriicciittyy  ccaarrss  iinnccrreeaasseess  aass  ppeerr  tthhee  ccuurrrreenntt  ffoorreeccaasstt,,  rreeaaccttoorrss  ccaannnnoott  ssaattiissffyy  
ffuuttuurree  ddeemmaanndd..  TThheerreeffoorree  ootthheerr  tteecchhnnoollooggyy  wwiillll  aallssoo  bbee  nneeeeddeedd..  

  
44..00  NNeeuuttrroonn  TTrraannssmmuuttaattiioonn    DDooppiinngg  ooff  SSiilliiccoonn    
  
NTD-Si is the process of creating impurity phosphorus isotopes from the host silicon atoms by 
thermal neutron irradiation. This permits better control on the spatial uniformity of doping. The 
30Si isotope which has been explored for the neutron transmutation doping occurs in 3.1 % 
abundance. After absorbing a thermal neutron, it produces an unstable isotope of 31Si which in 
turn decays into 31P by β− emission with half life of 2.62 hours. The basic reaction in the NTD is 
as follows 
                                                                            
  30Si (n,γ) 31Si    →     31P + β−  (t1/2 = 2.62 hr) 
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TThhee  ssiiddee  rreeaaccttiioonnss  aarree::  
                            3311PP  ((nn,,γ) 32P      →    32S + β−   (t1/2 = 14.3 days) 
                      31Si (n,γ) 32Si    →     32P + β−  (t1/2 = 172 years)               
          
The effective capture cross section of this reaction is about 110 mb for highly thermalised 
neutrons. Therefore, it is desirable to have highly thermalised neutron flux for silicon irradiation. 
Fast neutron can cause radiation damage in the crystal lattice of silicon. It is                         
therefore recommended that the ratio of thermal to fast neutron flux should be greater than 10.  
 
The side reactions reduce the production of phosphorus because of the very long half life of 32S 
and 32P. Since these effects are very small, they can be neglected for the calculation of dopant 
concentration. The actual problem is the residual radioactivity of irradiated silicon by 32P. Its half 
life of 14.3 days limits allowable fluence for practical application of the technology. The residual 
activity is explained in more details in section 9.0.  
 
The concentration of 31P dopant atoms in the silicon crystal will depend upon the thermal 
neutron fluence. It is estimated that for a fluence  of 1.0 x 1018 n/cm2, the concentration of 31P 
dopant in silicon will be about 3.3 ppb and the resistivity of the doped crystal will be about 25 
ohm cm. 
   
5.0 Resistivity –Neutron fluence relationship 
 
For n-type silicon the relationship between the dopant concentration of  P31 i.e Cph atom/cm3 and 
the resistivity,  ρ  can be written as: 
 
               ρ  = (Cph μe ε)-1 

 
Cph: concentration of phosphorus, atoms/cc 
ε : Electronic charge, 1.6×10-19 Coulombs 
μe : lattice drift mobility of electrons in silicon crystal lattice, cm2/s (various references  gave 
values for the mobility from 1220 to 1500 cm2/s)  

hμ  : lattice drift mobility of holes in silicon crystal lattice, cm2/sec (values varies from 400 to 
480 cm2/sec)   
 
Effect of dopant concentration in n-type starting material, it is assumed that:  CE=Cph+ CS     
 
Where Cph is the dopant concentration added during the irradiation and CS is the effective dopant 
concentration in the starting material. 
 
Cph is equal to number atoms of Si30 transmuted by neutron capture to Si31 which subsequently 
decays to P31 and can be written as 
 
         Cph = N30 σeff Φ t atom /cm3 
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Where N30, number of atoms of Si30 in the starting material in cm3 (1.544 x1021 atom /cm3) 
   σeff, effective capture cross section for Si30 in cm2  ( 110 mb for thermalised spectrum) 
     Φ, the thermal neutron flux (n/cm2/sec) 
     t,  irradiation time (sec) 
 

          effσ  = 

∫

∫
∞

∞

0

0

30

)(

)()(

dEE

dEEEc

φ

φσ
 

In which, capture cross section of Si30  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 Si31 

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 110 and 130 mb 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. The concentration 
of phosphorus added by transmutation is determined from the thermal neutron fluence using rate 
constant of about 1.7 x10-4 Cph / n/cm2. The variation of capture cross section with energy is 
shown in Figure below; 
 
                              Capture cross section of Si30 from ENFB-VI 

 
 
The resistivity is inversely proportional to the dopant concentration [5], which is shown in figure 
below.  
 
For the case of silicon, the dopant is boron for p type and phosphorus for n type semiconductor. 
The relation between resistivity and dopant concentration as per JAERI report [6] is 
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                          ρ= 1.3 x1016/ CB for p-type  
                          ρ= 5.0 x1015/ CPh  for n-type 
 
Where ρ = resistivity in Ω (ohm)-cm 
 
[CB] & [CPh] = boron & phosphorus concentrations respectively in atom/cc. 
 
Harwell report [7] shows the constants as per the following relation for n-type semiconductors: 
 
                        ρ= 4.63 x 1015 / Cph           
                                
The difference between JAERI & Harwell is 7.4%. 

Based on the relationship between resistivity and carrier concentration, the equations between 
the fluence tΦ , the target resistivity ρt and the initial resistivity ρo can be derived:  

     Φ t = K (
ot ρρ

11
− ) for initial n-type materials 

     Φ t = K (
h

e

ot μ
μ

ρρ
11

+ ) for initial p-type materials 

     K = 
eff

n

N
K

σ30  

    Kn = 4.63 x1015 (Harwell value),              σeff = 110 mb  
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Where, tρ  and oρ  are the respective targeted and initial n-type bulk resistivity of the 
sample/ingot (ohm cm), t is irradiation time (sec) and φ is the ‘thermal neutron flux’ (n/ cm2/ 
sec) and K is called the doping factor. 
 
The value of K depends on the following factors:  (a) drift mobility (b) neutron flux, and (c) 
effective capture cross sections. The calculated value of K is about 2.72 x1019. 
 
The basic objective of irradiation of a silicon ingot is to change its initial resistivity to a final 
desired lower value of resistivity which is governed by the amount of thermal neutron fluence.  
For the calculation of targeted resistivity, the following relationship is used:  

                               φ t ]11[1072.2 19
1

ot

K
ρρ

−×=  

K1= a calibration factor, usually equal to 1 but has to be adjusted periodically based upon the 
feedback of measured resistivity of the irradiated ingots. 
 
The variation in targeted resistivity as a function of neutron fluence for different initial value of 
resistivity of silicon ingots is shown in the Figure below. For lower range of fluence, it can be 
seen in the figure that the targeted resistivity of the ingot strongly depends on the initial 
resistivity value.  However, it becomes independent of initial value for fluence higher than 5.0 x 
1017 n/cm2.  

 
 
Hence, considering the irradiation of silicon ingots for longer than 2.5 hrs in Central Thimble 
of Cirus reactor, where the thermal neutron flux is about 6.0 x1013 n/cm2/sec, the targeted 
resistivity of the sample /ingot will be less than 50 Ω cm and it will become independent of the 
initial resistivity value of the ingot material. 
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For Φ t ρt   = constant   (for fluence > 5.0 x1017 n/cm2) 
 
It is also seen that if there is an error of + a % in measurements of true value of fluence, the 
corresponding error in targeted resisitivity will be –a %. The error in fluence can be caused due 
to temporal variation in thermal neutron flux at the location site of sample/ ingot; which could be 
a combined effect of several factors such as variation in reactor power, variation in moderator 
level or control rod movement, fuel burn up, change in core loading pattern, presence of other 
experimental assemblies near the site of silicon rig, xenon oscillations etc. Continuous 
monitoring of neutron flux is therefore required at the location of ingots. Control of the doping 
accuracy means to control the irradiation time or thermal neutron fluence; therefore, the methods 
are as follows:  
 

1. To set the irradiation time after the thermal flux is determined by cobalt foils or by 
resistivity of the post irradiated silicon ingots. 

2. To set the irradiation thermal neutron fluence by means of Self Powered Neutron 
Detectors (SPND) and integrators. For using this method, the SPND need to be calibrated 
by cobalt foils or Zirconium foils. 

 
In general, the second method is better because it can follow the change of reactor loading. The 
self powered neutron detectors produce current proportional to neutron flux. The current of the 
SPND 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, so that the required 
fluence corresponds to certain number of pulses.  
 
A SPND consists of a thin central rod of about 2 mm dia and 50 mm length of a suitable material 
like Co, V, Rh, Pt etc. which is insulated from an outer casing of inconel by a ceramic tube. The 
central rod, called emitter, emits hard beta particles by neutron interactions; and the outer casing 
which receives the beta particles is called collector.  A metallic shielded coaxial cable is used to 
monitor the signal (as shown in figure below).  At a thermal neutron flux of 6.0 x 1013 n/cm2/sec, 
a current of about 0.1 μA is produced by the detector. The sensitivity of SPND is also shown in 
Table below. 
 
 
 
 
 
 
 
 
 
 
 
 
                                        Rhodium Self Powered Neutron Detector  
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   *Sensitivity quoted for emitter of 1 cm length and typical diameter          
 
In practice the irradiation fluence is given by the activation of the cobalt or cobalt aluminum 
alloy foil attached to each ingot. This fluence can be used for determining the doping factor and 
calibration of the neutron self powered detectors. The accuracy of NTD largely depends upon the 
accuracy and stability of the self powered detectors. 
 
To achieve satisfactory neutron flux flattening and to neglect the reloading time, irradiation time 
should not be shorter than a few minutes.  The acceptable limit for thermal neutron flux is from 
5.0 x1012 to 2.0 x1014 n/cm2/sec.  
 
6.0 Doping Uniformity 
 
The uniform or homogeneous distribution of dopant in the silicon ingot is essential not only 
because a finished device has to operate at a uniform current density; but also, all the devices 
produced from the same ingot must have reproducibility characteristics. The overall in-
homogeneity in dopant concentration can be categorized in the following three parts [8]: 

Emitter 
material 

Nuclide of 
interest 

actσ at thermal 
energy  
[barns] 

T1/2 
(sec) 

β endpoint 
energy (MeV) 

Typical 
Sensitivity* 

(A/n/cm2/sec) 

Vanadium V-51 (99.750 %) 4.9 225 2.47 5×10-23 

Rhodium Rh-103 (100 %) 139 
11 

44 
265 2.44 1×10-21 

Reactions in SPND 

①,② : Neutron capture followed by beta decay 
3 : Interaction of prompt gamma-ray giving rise to a fast 

secondary electron 
4,5 : Interfering fast electrons arising from external gamma-

rays  

 

[Knoll, 1989]  
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6.1. Inherent Inhomogeneity 
 
Thermal neutron flux depression inside a ingot depends upon its size (radius) and the 
macroscopic absorption cross section (Σa) of its material. For a cylindrical ingot, the maximum 
variation in dopant concentration or flux in the ingot is shown in table below. 
 
                 Diameter (inch)         Max. flux variation (%)  
                               
                                3                    0.9    
                                4                    1.6 
                                5                    2.5    
                                6                    3.6 
                                7                    4.9  
                                8                    6.4 
 
6.2 Radial Inhomogeneity 
 
Radial flux distribution in the core is responsible for the radial inhomogeneity of the dopant in 
the sample. To minimize the inhomogeneity to acceptable limits, the ingot has to be located in 
the reactor at such a place where the radial thermal neutron flux distribution is flat, as at core 
center or in the reflector region near the core reflector boundary  or it can be eliminated by 
rotating the ingot radially during the period of irradiation. For in core irradiations and irradiation 
in reflected region, a heavy water moderated reactor is superior to the light water moderated 
reactor which has sharp flux gradients over small regions.  
 
6.3 Axial Inhomogeneity 
 
Axial inhomogeneity is caused due to the axial distribution of the thermal neutron flux in the 
core. The variation in dopant concentration in axial direction in the ingot will strongly depend on 
the length of the ingot and the relative elevation of the extremities of the ingot with respect to its 
placement in the core in relation to the extrapolated critical height. The axial variation in the 
ingot can be minimized by placing the ingot in flat region of vertical flux distribution or by 
inverting the ends of two-halves of the ingot after achieving 50% of the desired  fluence or by 
flattening the vertical flux distribution in the region of the ingot with the help of specially 
designed graded SS tube (DR-3,Denmark), or graded Ni tube  (RFR , GDR) , or by making use 
of graded B- doped aluminum tube (PLUTO and DIDO, England). 
 
An enriched uranium, light water moderated reactor has small extrapolated height and steep axial 
flux slopes, therefore this type of reactor is inferior to a heavy water moderated reactor where in 
core size is large and flux variation less. For example, a 1 foot long silicon ingot placed at 
vertical center of the extrapolated height in the swimming pool type reactor Apsara and heavy 
water moderated reactor Cirus will have a maximum axial deviation in dopant concentration of 
16.3% and 1.2 %, respectively.  
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6.4 Effect of initial resistivity 
 
The variation of initial resistivity [5] will cause variation in target resistivity in silicon crystal. 
This can be explained as follows:   

     Φ t = K (
ot

A
ρρ

+
1 ) = K (

h

e

ot μ
μ

ρρ
11

+ ) for p-type materials 

      2)(
o

t
t ρ

ρ
ρ

∂
∂

=∂   oρ∂     = A 2

2

o

t

ρ
ρ

 oρ∂  

       
o

o

o

t
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For irradiation of p-type silicon,   A=3.0, oρ = 3000 Ω -cm 
Initial resistivity variation=30% and Target resistivity =100 Ω -cm  
 
The variation in target resistivity for 30% variation in the initial resistivity will be about 3.0%. 
Therefore, the initial resistivity of un-doped silicon should be as large as possible.  
 
7.0 Nuclear Heating 
 
The heating produced in the silicon ingots due to core radiations is estimated to be about 200 
W/kg in Cirus and 400 W/kg in Dhruva reactor. This heating gives rise to the central temperature 
of the ingot. It is desirable that the temperature variation in the ingot should be kept low during 
irradiation so that the diffusion of already present chemical impurities, movement of neutron 
induced minority carriers and the lattice defects such as swirl are kept to a minimum. It is 
suggested that the ingot weighing more than 3 kg should be provided forced cooling. 
 
8.0 Radiation Damage 
 
When a silicon ingot is irradiated in the reactor, the reactor radiations (fast neutrons, thermal 
neutrons, and gamma rays) inflict a heavy radiation damage in the crystal. The collisions with 
fast neutrons (> 1 MeV) will result in a burst of knocked out atoms, which is termed as 
displacement spike; thus, creating a small region of vacancies and interstitials in the crystal [9]. 
Similarly, interactions with thermal neutrons, apart from displacement of atoms from their 
regular lattice positions by recoil mechanism and production of transmutations, will result in 
thermal spikes involving a few thousands of atoms in which local melting and turbulent atomic 
flow will occur in a small lattice volume. The core gamma rays, contrary to neutrons damage, 
will primarily produce extensive ionization and electronic excitation which in turn will lead to 
bond rupture, formation of free radicals, colouration etc and hence will promote chemical 
reactions with impurities  and constituents of the crystal material. 
 
In reactor irradiations, it has been noticed that the in-core fission spectrum ( hard spectrum) 
produces  about one thousand times more displaced silicon atoms than in a graphite moderated 
thermal spectrum (soft spectrum). Though, these defects are rectified by proper heat treatment to 
the silicon ingot after the irradiation, still it is worth while to have a highly thermalised neutron 
spectrum at the site of ingot irradiation. This can be achieved by irradiating the ingot in reflector 



 12

regions or in thermal column of the reactor. For in-core irradiation, the heavy water/graphite 
moderated reactors are preferable to light water moderated reactors as the thermal to fast     (>1 
MeV) flux ratio is usually about 30 for the heavy water moderated reactors and less than 5  for 
the light water moderated reactors.  
 
Immediately after the neutron exposure, the resistivity of the doped material will be extremely 
high and may lie in the range of 106 Ω-cm which is due to the radiation damage. The defect 
density in the crystal may be of order of 1017 defects/cc and will increase with higher fraction of 
fast neutrons in the neutron spectrum. Therefore, it becomes necessary to cure the crystal damage 
by a suitable heat treatment process. 
 
9.0 Residual Radioactivity 
 
The specific activity of irradiated silicon must be below the exemption limit for a radioactive 
material. Since the half life of the transmuted dopant 31Si is 2.62 hrs, it decays out sufficiently 
after about four days cooling. The activity of silicon ingot is mainly governed by 32P [10]. The 
specific activity increases very rapidly as the target resistivity decreases below 10 ohm cm. Since 
the half life of 32P is 14.3 days, very long cooling time is needed when the resistivity is less than 
a few ohm cm. For doping up to 10 Ω (ohm)-cm, NTD-Si can be treated as non-radioactive 
material (2 )/ kgciμ , irrespective of the neutron flux densities at which irradiation was carried 
out.   
 
The formation of 32P is calculated for the determination of optimum irradiation conditions from 
the simplification of the Batman equation. The time element appearing in the equation is 
replaced here by the expression shown in Eq. ( 1) where t is the time for 31P generation, φ is the 
thermal neutron flux and Cph is the concentration of  31P. 
 
                             t= Cph / 2.06x10-4 φ                                               ------------- (1) 
 
Using equation (2), given below,  it is possible to calculate the 32P activity per unit mass of 
silicon as a function of the neutron flux. 

   S= (
1

2
3111

A
LHW Φσσ )( )

)( 242

4

λλλ
λ

−
{[(exp(- 2λ Cph/KΦ) -1)  + ]222 )

2
/

(
Φ

−
Φ

KC
K
C phph λλ

 

- ( 2

4

2 )
λ
λ  [(exp (- 4λ Cph / KΦ) -1) + ])

2
/

( 244 Φ
−

Φ

KC
K
C phph λλ

}         -------- (2) 

Where  
W1         = Mass of the irradiated silicon in gm                   A1= Atomic weight of 30Si in gm mol-1 

H1       = Isotopic abundance of 30Si  in %/100                Φ  = Thermal neutron flux in n/cm2/sec 
σ1 & σ3  = capture cross sections of 30Si and 31P in cm2  Cph= 31P concentration in cm-3 

 L        = Avogadro’s number in mol-1                              2λ  = decay constant of 31Si in sec-1 

4λ       = Decay constant of 32P in sec-1                               K = 2.06 x10-4 
 S           = Specific activity of 32P in sec-1 gm-1 
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Doping up to 10 Ω (ohm)-cm, NTD-Si can be treated as non-radioactive material (2 )/ kgciμ , 
irrespective of the neutron flux densities at which irradiation was carried out. In the resistivity 
range above 10 Ω (ohm)-cm, the 32P activity can be considerably reduced by the use of lower 
thermal neutron flux. The reason for this lies in the fact that the production of 32P varies as φ2. 
However, the reduction of activity by the use of lower neutron flux has to be paid for by a 
marked increase in irradiation time.  The formation of 32P activity can also be reduced relatively 
when high fluxes are used.  The 32P activity in the case of silicon with resistivity below 0.1Ω 
(ohm)-cm can be reduced by 1-2 orders of magnitude, with respect to the most unfavorable case. 
The cause of this lies in the short irradiation times. Owing to the yet incomplete decay of the 31Si 
activity within the irradiation time, there are less 31P atoms available for further activation to 32P. 
Effect of neutron flux on 32P activity is shown in above Table. The estimated 32p activity after 
two days of cooling is shown in the figure below. 
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Activation products of impurities in silicon will be negligible because of high purity of silicon 
ingot. Other reactions such as 31Si (n,γ) 32Si → 32P+β- (T1/2=172 years) → 32S + β- (T1/2=14.3 
days) and  31P (n,γ) 32P → 32S + β- (T1/2=14.3 days) will also produce negligible radioactivity.  

Doping Thermal flux 
(n/cm2/sec) 

Irradiation time 
(days) 

Specific 32P 
Activity 

( )/ Kgciμ  

Decay time 
(days) 

Total time 
(days) 

 10Ω -cm 1012 

1013 

1014 

1015 

27 
2.7 
0.27 
0.027 

0.46 
0.62 
0.27 
0.04 

0 
0 
0 
0 

27 
2.7 
0.27 
0.027 

 1 Ω -cm 1012 

1013 

1014 

1015 

300 
30 
3 

0.3 

11 
56 
78 
37 

2 
36 
42 
27 

302 
66 
45 

27.3 
0.1 Ω -cm 1012 

1013 

1014 

1015 

3000 
300 
30 
3 

175 
1750 
12000 
19000 

59 
107 
146 
156 

3059 
407 
176 
159 
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According to the regulation on radioactivity protection and international standard, the exempt 
level of irradiated silicon ingots is defined as follows: 
    1. 32P specific ß-activity is less than 5×10-4

µCi/g; 
    2. Total specific activity for all emitting nuclides is less than 10-5

µCi/g; 
    3. Removable surface contamination is less than 10-4

µCi/cm
2
. 

 
10.0 Basic Requirement for NTD Irradiation Hole 
 
Since the neutrons contributing to NTD are thermal neutrons, the higher thermal neutron flux 
allows the shorter irradiation time. If the irradiation is very short, keeping very accurate 
irradiation time is difficult. Therefore, a very high flux would limit its application to relatively 
low resistivity only. On the other hand, if the flux is very low, long irradiation time is needed, 
which limits practical application of NTD. The resistivity of NTD–Si ranges from about ten to 
several hundred Ω-cm, and the average is about 50 Ω-cm. For a flux of 1013  n/cm2/sec, about 15 
hrs of irradiation is needed to obtain 50 Ω-cm.  
 
There are some important conditions which should be considered in the NTD of silicon. The first 
is to avoid the presence of chemical impurities which get activated during irradiation. The 
second is that the temperature at the irradiation position should be as low as possible. Fast 
neutrons cause defects in the crystal. Therefore, the fast neutron flux must be as low as possible. 
Gammas are major source of heat generation in the ingot. The temperature of ingot during 
irradiation should be below 180 deg C to avoid swirl. The steep gradient or sudden change of 
temperature would crack the ingot. From this point of view, the gamma flux should be as low as 
possible and the ingot must be sufficiently cooled during irradiation. 
 
11.0   Sample Handling  
 
The silicon ingots have to be treated very carefully to avoid surface damage during handling and 
also to avoid introduction of chemical impurities during and after irradiation. The pre-irradiation 
cleaning of the ingot is recommended with alcohol and then rinsing with de-mineralized water in 
order to reduce possible surface contamination. The ingot is then wrapped in a thin aluminum 
foil in order to protect it against gross contamination.  An aluminum wire is tied over the foil 
which serves as a handling hook during loading/unloading of the ingot in the irradiation 
container. 
 
Immediately after the irradiation, the ingot is highly radioactive, mainly due to short-lived 
activity of 28Al, and shows contact gamma dose rate of several thousands of R/h. The ingot alone 
with the container is then allowed to cool for about one week in storage facility, and thereafter 
the container can be handled without shielding. The expected dose rate from the container will be 
within the permissible level of  200 mR/h and for the silicon ingot, it will be less than 5 mR/h on 
contact. 
 
After the irradiation, the silicon ingot is taken out from the container and the aluminum wrapping 
foil is removed. The bare silicon ingot is then decontaminated by multiple etching in acid 
solution having 32% HCl +45% HF, mixed in ratio of 100:1 ;  or,  in the water solution of nitric 
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acid  /10%/ with addition of hydrofluoric acid / 1 % /. After that the silicon ingot is rinsed many 
times in high purity water, dried and insured that the non-fixed surface contamination is less than 
100 μμCi/cm2, before it is transported to annealing workshop.  
 
12.0   Annealing of NTD-Si 
 
It was invariably found after the neutron irradiation process that the silicon resistivity increases 
rather than reducing as desired. Immediately after irradiation, the resistivity of silicon generally 
exceeds 105 ohm cm while the mobility decreases to about 20 cm2/ sec. This is primarily due to 
radiation damage by fast neutron knock-ons and by atomic recoils after thermal neutron capture 
and gamma emission. Heat treating the silicon samples after irradiation is effective in annealing 
out this damage. The most satisfactory annealing process is : firstly, to heat up the sample in 
argon atmosphere at a constant temperature gradient of + 1 oC / min for 12 hours, then maintain 
the temperature at  about 750 oC for one hour and  finally cool down with a cooling rate -1 oC / 
min for 12 hours. It was seen that the more heavily doped starting material required relatively 
lower annealing temperature ( ≥ 550 oC) to recover the final resistivity as compared to annealing 
temperature above 700 oC for the more lightly doped starting material.  
 
During annealing process, care should be taken to ensure that external impurities arising from the 
surface contamination of the ingot and the surrounding environment such as moisture, oxygen, 
carbon, aluminum etc do not diffuse into the crystal. For this reason, proper handling and 
decontamination of the ingots and appropriate annealing treatment in high purity argon furnaces 
are required.  
 
Also, a high minority carrier lifetime is necessary in these semiconductor devices in order to 
obtain devices with acceptably low forward voltage drops during current conduction. A high 
minority carrier lifetime also results in low device leakage currents in the blocking state. These 
device features minimize the power losses in the devices which simplify the heat sinking of the 
devices, thus decreasing the system cost. Neutron transmutation doping, however, is known to 
produce silicon with lower minority carrier life time than float zoned (FZ) conventionally 
phosphorus doped (CPD) silicon. The low life time of NTD-Si may be related to and caused by:  
(i) impurities in the starting material; (ii) type of reactor used for neutron irradiation and; (iii) 
impurity contamination during silicon cleaning and crystal annealing after neutron irradiation. It 
was found that the life time was strongly dependent on (iii) and weakly dependent on (i) and (ii).       
 
A method for increasing the minority carrier life time while maintaining the restored electrical 
resistivity is achieved by cooling the heated annealed materials at a cooling rate less than about 3 
oC./minute to ambient temperatures. Literature indicates that the minority carrier lifetime after 
annealing at above 700 oC becomes more than 20 μ sec. It has also been observed that 
irradiation of silicon in a larger cadmium ratio region favors higher life time values due to the 
smaller level of the fast neutron damage.   
 
13.0 Trial Irradiation at Cirus & Apsara reactors 
 
Silicon irradiation was initially taken up at Cirus reactor and a total of nine samples were 
irradiated. One sample was irradiated at Apsara reactor.  Eight samples of size ranging from 34.5 
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mm dia & 6 mm height to 22 mm dia & 22 mm height loaded in piston ring assembly & normal 
aluminium capsules were irradiated in 4 inch vertical in-core irradiation position in Cirus 
reactors whereas one sample was irradiated in the thermal column of Cirus to have a highly 
thermalised neutron spectrum. Fluence levels varied between 2 x 1017 and 6 x 1017 n/cm2  and the 
corresponding resistivity values achieved were between 214 and 40 ohm-cm. Most of the 
irradiations were carried out in the 4 inch vertical in-core irradiation positions of Cirus as the 
irradiation time was reasonable due to higher flux available there.  
 
13.1 Cirus reactor 
 
Cirus is a 40 MWth vertical tank type, natural uranium fuelled, heavy water moderated (with 
helium as cover gas) and light water cooled research reactor with a maximum thermal neutron 
flux of 6.7 x1013 n/cm2/sec. The reactor vessel is cylindrical in shape with a diameter of 267 cm 
and height of 320 cm. There are 199 vertical tubes which are used to accommodate fuel rods, 
shut off rods and irradiation assemblies. The core reactivity is controlled by varying the 
moderator level in the reactor vessel.  
 
The centre-most vertical tube (Central Thimble) with a large diameter of 140 mm and six other 
vertical tubes (Vertical Experimental Holes) with diameter of 100 mm have been provided to 
accommodate relatively large sized in-core irradiation assemblies such as engineering loop, 
isotope production tray rods and are shown in Figure below. The remaining in-core lattice 
positions of 57 mm diameter can also be used for irradiation of small size assemblies. The 
maximum thermal neutron flux of the central thimble is about 6.5 x1013 n/cm2/sec; where as the 
maximum thermal neutron flux of a vertical experimental hole is about 5.3 x1013 n/cm2/sec. 
 
Radially, the reactor vessel is surrounded by two thick annular graphite regions, with a total 
thickness of about 900 mm. A 63 mm annular gap between the graphite regions, called j-rod 
annulus, is available for installation of 99 vertical assemblies. The maximum thermal neutron 
flux in j-rod annulus is about 1.0 x1013 n/cm2/sec at 40 MW operation. 
 
There are several 100 mm dia and 300 mm dia radial beam holes in the graphite reflector, which 
can also be used for irradiation of experimental assemblies. The thermal neutron flux at the 
innermost end of a radial beam hole is about 1.4 x1013 n/cm2/sec and it reduces exponentially 
along its length in the graphite region. For the purpose of irradiation of silicon ingots, any of the 
above mentioned experimental locations can be used. Characteristics of irradiation facilities in 
CIRUS are provided in the table below.  
 

Facility 4 inch dia  in-core 
position 

6 inch dia  in-core 
vertical position 

12 inch dia  radial 
beam hole 

Thermal Flux 
Φthermal / Φfast (1 MeV) 
Irradiation Environment 
Max Irradiation Temp 
Max Dia of Si Ingot 

Max length of Si Ingot 

5.3 x 1013 
30 
Air 

< 1800C 
75 mm 
400 mm 

6.5 x 1013 
30 
Air 

< 1800C 
115 mm 
400 mm 

1.0 x 1013 
30 
Air 

< 1800C 
125 -200 mm 

400 mm 



 17

Calandria Vessel

J - rod Annulus 

2729 25 131923 21 17 15 11 9 7 5 3

Inner Graphite Reflector  

Outer Graphite Reflector  

H

1

D

E

C

B

A

F

G

S

J

K

M

L

N

R

P

Q

N

Core

 
 
14.0 Details of Irradiation  
 
Details of a few irradiated samples are provided below. For calculation of target resistivity, 
doping factor has been taken as 2.7 x 1019. 
 
14.1 Irradiation & characterization of silicon sample # 1 & 2  
 
The Si sample (p- type) (34.5 mm dia x 6 mm height) with initial resistivity of 620 ohm cm and 
minority carrier life time of 1023  μ sec was irradiated in October 1993 in a 100 mm dia vertical 
position J-23 of Cirus reactor using an assembly made earlier for piston ring irradiation. 
Sample#1 was irradiated by varying reactor power in steps, but keeping moderator height nearly 
constant. Sample #2 was irradiated at nearly constant power but varying moderator height for the 
same fluence level, as was done for sample#1 to ensure reproducibility [11]. Radial rotation of 
the sample was not felt necessary because of its small diameter. The calculated thermal neutron 
fluence and corresponding target resistivity were 6.0 x1017 n/cm2 and 58.0 ohm cm respectively. 
 
After irradiation, the Al containers were cooled for about 1 week. The contact dose rate on the 
surface of silicon sample was less than 1.0 mR/hr. After properly cleaning, both the samples 
were annealed at similar temperature and atmosphere conditions. For annealing, the samples 
were heated under argon atmosphere with a constant temperature gradient of 1 oC/min for 12 
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hours, kept at 750 oC for 1 hour, and then cooled. Resistivity measurements were performed by 
Van der Pauw technique (two-probe method). After applying calculated finite dimension 
correction to the measured resistivity values of the samples, the lump resistivity of the ingot was 
worked out and the following were obtained: 

 
The measured lump resistivity of sample #2, when extrapolated to a fluence level of 6.0 x1017, 
becomes 40.4 Ω  cm, which gives a non-reproducibility deviation of 4.7 % w.r.t sample #1. 
 
It is important to indicate here that the finite dimension corrections applied to the measured 
values of thin wafers of samples (in order to work out the lump resistivity of corresponding 
infinite size ingots), were quite large and hence these corrections might have contributed good 
quantum of errors in arriving at the final values. Resistivity measurement was again carried out 
using four probe method with different probe spacing as indicated below: 
 

Sample Wafer 
thickness 

(mm) 

Probe 
spacing  
(mm) 

Finite- 
dimensions 

correction factor 

Wafer 
resistivity ( Ω  

cm) 

Lump resistivity 
(ohm cm) 

# 1 1.45 1.57* 
1.0** 

0.635 
0.85 

66.8 
50 

42.4 
42.5 

# 2 2.0 1.57 
1.0 

0.832 
0.935 

46.1 
41 

38.4 
38.3 

                           *BARC probe                                                 ** IIT probe   
 
The above table indicates that for Sample # 1, which has wafer thickness of 1.45 mm, the 
measured wafer resistivity was found to be 66.8 ohm cm, after using BARC four-probe with 
probe spacing of 1.57 mm. The value of finite-dimension correction factor for this measurement, 
which depends upon wafer thickness and probe spacing, was calculated as 0.635. This correction 
factor when multiplied to wafer resistivity of 66.8, gave the infinite- size (bulk) resistivity value 
of 42.4 ohm cm. Therefore, the applied correction was (1-0.635) x100%, that is, 36.5%; which is 
unacceptably a large number. Similarly, for the same sample, the applied correction for 1.0 mm 
probe-spacing becomes 15%. It has been noticed that if the ratio of wafer thickness to probe 
spacing is 10 or more, the finite –dimension correction factor becomes unity. Hence, it was 
concluded that the ingots of 25.4 mm height or more should be used for these measurements in 
future in order to eliminate this source of error [12].  
 
The calculated resistivity values of these samples were subject to some uncertainties in the 
calculation of neutron fluence due to reactor operating conditions. For example, the loading of 
samples at shut down state of the reactor and subsequent reactor start up had resulted in a 
significant variation in reactor power and moderator height during irradiation; thus introducing 
corrections in fluence values. 

Lump resistivity ( Ω  cm) 
 

Radial variation in resistivity (%) 
 

Sample Fluence 
(n/cm2)   

Calculated Measured Calculated Measured 
#1 6.0 x1017 58.0 42.3 ± 4 % < 0.2 % 
#2 6.4 x1017 53.4 39.7 ± 1% < 0.2 % 
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14.2  Irradiation & Characterization of Silicon Sample # 3 

With a view to minimize the above uncertainties in resistivity values due to variation of reactor 
power and moderator level, following improvements were incorporated for sample # 3; 
 

• A larger silicon sample (21.5 mm dia x 22.0 mm height) was chosen, so that the finite 
dimension correction factor becomes unity. 

• A new four-point probe with small probe-spacing of 0.625 mm was procured. 
• Loading & unloading of the sample was done at power operation using a normal tray 

rod. 
• Irradiation of the sample was carried out at constant reactor power and stable moderator 

height. 
 
The silicon sample # 3 with initial resistivity of 620 ohm cm (p-type) and minority carrier life-
time of 1023 μsec was irradiated in a normal on-power tray rod to permit on power handling for 
precise fluence control. The sample was enclosed in Mark-II aluminum capsule (22 mm diameter 
x 60 mm height) and was loaded in a tray rod located in Cirus core position J-23 (circle #8). The 
reactor was operated at 20.1 MW with equilibrium moderator height of 256.5 cm. The duration 
of irradiation was 4 hrs and 54 minutes. The calculated thermal neutron fluence and 
corresponding targeted resistivity were 5.3x1017 n/cm2 and 68.0 ohm cm respectively.  After the 
irradiation, the aluminum container was cooled for about one week in Tray Rod Facility (TRF). 
The dose rate on the surface of the container was 15 mR/hr.  Afterwards, the container was cut 
down to retrieve the silicon crystal and dose rate on it was < 1 mR/hr. 
 
After normal surface etching and cleaning of silicon crystal (at TPPED Lab, BARC), it was cut 
into a rectangular block for measurement of resistivity and minority carrier life time. The sample 
was annealed at different temperatures of 750, 850, 950 and 1100 oC, in argon atmosphere and 
resistivity and minority carrier life time were measured.   
 
14.2.1 Resistivity Measurements 

 
Resistivity was measured at the mid point of all the six surfaces of the silicon block at different 
annealing temperature. 
 

 Rectangular                          Bulk resistivity (ohm cm) 
 block surface      750  oC            850  oC        950  oC     1100  oC 
 number                      Group#1                              Group#2 
   
     1                       56.07              58.70            61.91        62.16                     
     2                       57.08              58.54            60.31        61.84 
     3                       56.73              58.93            59.15        62.19 
     4                       57.34              58.37            60.75        60.32 
     5                       56.12              58.29            59.36        59.14 
     6                       56.75              57.37            59.60        58.15    
Mean value of       56.81              58.64            60.53        61.63  
first 4 surfaces  
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From the Table,  
 
• The variation in resistivity in the first four surfaces (large surfaces of the rectangular 

block)  was < 1 % for group #1 and < 2 % for group #2 
•  Resistivity values at surfaces 5 & 6 (small surfaces) used for making metallic contacts 

are slightly lower than the values at the other surfaces due to metallic diffusion 
• There was a slow increase in resistivity with increase in annealing temperature. 
• Maximum measured resistivity variation ( axial or radial ) in the block is < 1%. 
 
14.2.2 Minority Carrier Life-Time Measurements 
 

•       Minority carrier life-time (Tp) at different annealing temperatures was also measured.   
•    Measurements were performed with or without light shine in order to saturate the   

shallow defect levels.  
•    Minority carrier life-time set-up was tested with an un-irradiated silicon crystal of 

specified Tp. Agreement between the measured Tp (977 micro-sec) and specified Tp 
(1,000 micro-  sec) was very good 

 
Group No.   Annealing Temp.         Minority carrier life time (μsec)                             
                                                            With light          without light 
      1                   750 oC                            38.5                    38.4 
                           850 OC                           39.0                    40.0                                
      2                   950 oC                            36.0                    36.6  
                          1100 OC                          28.8                    43.2       
         

14.2.3 From the Table, it can be seen that  
 

• For annealing temperatures of 750 oC and 850 oC, the values of Tp are stabilized, both for 
with and without light conditions, indicating absence of shallow defects.  

• The observed value of Tp for this sample is about 40. The value obtained as per reported 
in literature for NTD-Si is in the range of 40-100 μsec for the required range of 
resistivity. 

• Tp is decreasing for higher temperature beyond 850 oC with light conditions, indicating 
that some additional defects have developed in the crystal lattice at higher temperatures. 
This observation is consistent with the increasing trend of resistivity with increasing 
annealing temperature. 

• The value of Tp is increasing for higher temperatures beyond 850 oC for without back-
ground light condition.         

 
14.3 Irradiation and Characterization of Silicon Sample #5 & 6 
 
Sample no. 5 and 6 were irradiated at lower power level and different flux levels to get additional 
data on final resistivity and minority carrier life times achieved. Details are indicated in the Table 
below:         
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Parameters Sample –5 Sample -6 
Dimension 
Reactor Power 
φth(n/cm2/sec) 
Fluence 
Irradiation Time 
Calculated resistivity (ohm cm) 
Measured resistivity (ohm cm) 
Minority charge carrier (with 
light) life time (μsec) 

22 mm dia x 22 mm height 
14.5 MW 
2.27x1013  
8.17 x 1017 
10 hrs 
36.0 
33.6 (750 0C) -37.9 (650 0C) 
40.0 (650 0C) -25.1 (750 0C) 

22 mm dia x 22 mm height 
14.5 MW 
1.52 x 1013  
5.47 x1017 
10 hrs 
56.8 
83.5 (650 0C)-54.0 (750 0C) 
41.5 (650 0C)-18.0 (750 0C) 

  
14.4 Irradiation and Characterization of Silicon Sample #7 & 8 
  
Two identical cylindrical blocks were cut from the same single FZ grown silicon ingot which 
was used for sample #5 & #6. The dimensions of these blocks were 22 mm dia x22 mm height to 
accommodate the blocks in Mark-1 aluminum capsule (25 mm dia x44 mm height) container of 
Cirus.  These were further cut into rectangular shape with dimensions 12.2 x 12.6 x13.0 mm for 
sample #7 and 11.6 x12.7 x18.7 mm for sample # 8 [13]. The initial resistivity and minority 
carrier life-time of the material were 1200 Ω  cm(p-type) and 1500 micro-sec respectively. The 
sample was irradiated separately in on-power tray rods located in position E-11 & E-19 (circle 
#8) for different durations of irradiations. Both the irradiations were carried out at a constant 
reactor power level of 12.73 MW with equilibrium moderator height at 245 cm.  
 

Parameter Sample #7 Sample #8 
Duration of Irradiation 6 hr 32 minutes 2 hr 30 minutes 
Thermal neutron flux (n/cm2/sec 2.0 x1013 2.0 x1013 
Thermal neutron fluence (n/cm2) 4.7 x1017 1.8 x1017 
Calculated bulk resistivity ( Ω  cm) 67.6 242.0 

 
After the irradiation, the sample was cooled in TRF for about 12 days. The contact dose rate on 
surface of aluminum containers was about 5 mR/ hr. Thereafter, the containers were cut open to 
retrieve the silicon crystals. The contact dose on the bare crystal was <0.2 mR/hr. Swipe samples 
were taken from the bare crystals to measure the surface contamination and it was found to be 
within back ground level. 
 
After irradiation, the sample was cleaned in HNO3 +HCl and HF etchants to remove surface 
contaminants before annealing. Both the samples were annealed at different temperature in Iolar 
grade argon gas. To avoid the ingress of extraneous impurities in different annealing steps, 
special care was taken as was done for sample # 5 & Sample #6. For example, super-pure 
ingredients were employed for cleaning the samples; argon gas used in annealing furnaces was 
further purified by passing it over hot Titanium sponge; Teflon pipes were used for the transport 
of argon gas instead of metallic pipes; and the gas lines were provided with liquid nitrogen 
moisture traps.  During the annealing process, the samples were heated at a constant temperature 
gradient of 1 oC/min, then kept at constant annealing temperature for 2 hours, and later on cooled 
with a cooling rate of -1 oC/min, as was done for sample #3, 5 & 6. To save the time, annealing 
of both the samples was carried out simultaneously. After each annealing temperature, the 
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resistivity and minority carrier life-times were measured. The measurements were performed at 
annealing temperature starting from 650 oC onwards. 
 
14.4.1 Resistivity Measurements of sample # 7 
 
The resistivity measurements were carried out at the mid points of all the six surfaces of the 
silicon blocks by using a four probe resistivity tester with probe spacing of 0.625 mm. The 
measurements were also done by reversing the current direction. The average value of bulk 
resistivity and its spread at different annealing temperatures are given below: 

 
Annealing temperature       Bulk resistivity (ohm cm) 
         ( OC)                                              
 
           650                       97.18  (- 5.5 to 6.4 %)          
           670                       75.66  (- 7.7 to 4.0%)                           
           690                       71.71  (- 3.7 to 2.4%)           
           710                       68.11  (- 5.1 to 3.6%)           
           730                       70.26  (- 2.1 to 2.5%)           
           750                       70.23  (- 5.4 to 5.6%)           
           800                       70.22  (- 2.9 to 1.9%)            
           850                       69.50 (- 3.5 to 4.1%)         

 
The above values of resistivity versus annealing temperature (Figure -1) indicate that the 
resistivity value is almost constant in the annealing temperature range of 700 - 750 oC. Initial fall 
in resistivity from 650 - 700 oC range is due to insufficient recovery of radiation damage in the 
sample.  
 
14.4.2 Minority carrier life-time measurement of sample # 7 
 
After the measurement of bulk resistivity for an annealed sample at a given annealing 
temperature, the ohmic contacts were made on the two opposite surfaces of the silicon block for 
the measurement of minority carrier lifetime. The measurements were done for light shine and 
no light conditions. The results are: 

 
Annealing temperature       Minority Carrier Life time (micro sec) 
              (oC)                        With light                        without light 
 
           650                       251.8 (- 1.9 to 2.5 %)         580.5 (-12.2 to 10.9) 
           670                         72.9 (- 4.1 to 6.0%)          374.1 (-2.2 to 1.3%)   
           690                         34.8 (- 4.3 to 8.3%)            41.6 (-6.0 to 4.6%) 
           710                         17.8 (- 2.8 to 5.6%)            22.6 (-10.6 to 8.8%) 
           730                         25.5 (- 3.5 to 7.8%)            28.6 (-7.0 to 6.3%)   
           750                         24.5 (- 5.7 to 12.2%)          27.0 (-3.7 to 6.4%) 
           800                         24.5 (- 5.7 to 5.2%)            21.7 (-3.7 to 6.4%) 
           850                         16.5 (- 5.4 to 3.0%)            18.8 (-0.0 to 0.0%) 
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From the above Table, it is noticed that the values of minority carrier life time with light 
condition are lower than those without light condition, as was expected. It is also noticed that the 
minority carrier life time is a slowly decreasing function of annealing temperature, both for light 
shine and no light shine conditions, for the useful annealing temperature range of 700 - 850 oC. 
The plot of minority carrier lifetime (with light shine vs annealing temperature) is given in 
Figure-2. 
 
14.4.3 Resistivity Measurements of sample # 8 

The average value of bulk resistivity and its spread, at different annealing temperatures are given 
in the following Table. 
 

Annealing temperature       Bulk resistivity (ohm cm) 
         ( OC)                                
        
           690                            250.53 (-8.3 to 6.3%) 
           710                            224.44 (-6.5 to 7.6%) 
           730                            226.96 (-6.1 to 3.0%)  
           750                            214.73 (-2.1 to 5.0%) 
           800                            228.72 (-2.1 to 2.1%)  
           850                            229.67 (-2.0 to 2.2%) 

 
14.4.4 Minority carrier life-time measurement of sample # 8 
 
The minority charge carrier life time was measured in a similar way as was done for sample #7 
and following values were obtained.  

 
Annealing temperature         Minority Carrier Life time (macro sec)  
          ( OC)                             With light                         without light 
 
           670                         63.7(- 8.5 to 7.8%)              605.1 (-6.7 to 7.6%)   
           690                         34.8 (- 8.3 to 4.3%)             81.7 (-12.4 to 9.9%) 
           710                         35.6 (- 2.2 to 2.0%)             36.8 (-5.4 to 6.5%) 
           730                         32.9 (- 3.0 to 1.5%)             36.8 (-1.4 to 2.4%)   
           750                         33.8 (- 1.2 to 3.0%)             33.3 (-2.6 to 1.5%) 
           800                         26.2(- 4.2 to 5.0%)              28.5 (-3.5 to 1.8%) 
           850                         22.7 (- 11.0 to 8.4%)           25.6 (-3.9 to2.0%) 

 
14.4.5 The plot of resistivity vs annealing temperature is given in Figure -1. The behaviour of the 
sample is similar to that of sample#7 having minimum resistivity at 750 oC.  The plot of minority 
carrier life time (with light shine) vs annealing temperature for sample no. 8 is given in fig:2. 
The behavior of this sample is similar to that of sample no. 7. The vide difference in the 
resistivity values of the sample no. 7 & 8 has resulted in to different damage effects in the two 
samples. This is reflected in sample. 8, showing higher minority carrier lifetime than that of 
sample no.7.  
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14.5 Irradiation and Characterization of Silicon Sample #9 
  
All the earlier silicon samples were irradiated in an in-core position of Cirus reactor, where the 
neutron energy spectrum is well-moderated. After the irradiation, these samples were subjected 
to a standardized annealing procedure and their characterization was done. The behaviour of 
resistivity variation as a function of annealing temperature was found to be consistent. The 
measured resistivity values at an optimum annealing temperature of 750 oC were found to be in 
good agreement with calculated numbers.  
 
The minority carrier life-time (MCLT) was also measured as a function of annealing temperature 
and it was found to be fairely stable. At an annealing temperature of 750 oC, the measured value 
of MCLT was 20-30 μsec over a wide range of resistivity values. Though the spread range of 
minority carrier life time appeared to be consistent, information on the reliability of its 
magnitude was not available. Since the magnitude of MCLT is an index of the presence of 
residual radiation induced defects in the lattice crystal of silicon ingot after the temperature 
annealing, it was felt necessary to have more understanding of its behaviour; particularly, its 
dependence on the neutron energy spectrum. Since more damage in the silicon crystal is caused 
by the high energy neutrons, it was decided to irradiate a few more silicon samples in widely 
different neutron energy spectra. Therefore, two more samples were irradiated – one in Cirus 
Thermal Column (where the neutron energy spectrum is highly thermalised) and another sample 
in Apsara core (where the neutron energy spectrum is reasonably hard). 
 
Sample #9 was irradiated in the vertical centre of swimming pool type Apsara reactor core in the 
central position D-4. This sample was similar to samples #7 &  #8; and was cut into a rectangular 
block of dimensions : 14.8 x14.8 x14.6 mm. The initial resistivity and MCLT of the material 
were 600 ohm cm (p –type) and 1000 macro sec, respectively.  
 
The sample was irradiated at a reactor power of 300 KW to achieve the resistivity around 100 
ohm cm [13]. After irradiation, the sample was cooled for about one week. Contact dose rate 
from the bare crystal and surface contamination were within the back ground levels. Post 
irradiation handling and annealing procedure were identical to the one adopted for sample # 7 & 
sample #8. 
  
14.5.1 Resistivity Measurements 

 
 

 Annealing Temperature         Bulk resistivity                          
             (oC)                                 (ohm cm)  
            
            650                             166.88 (5.3 to 6.4 %) 
            690    104.18 (-3.2 to 3.3%) 
            710                99.86 (-2.9 to 4.5%)                   
            730                               98.63 (-2.3 to 4.5 %)    
            750                               99.45 (-5.0 to 5.3 %) 
            800                             101.43 (-5.0 to 4.0 %) 
            850                             101.78 (-5.4 to 4.0 %)    
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14.5. Minority carrier life time Measurement 
 

    Annealing temperature    Minority Carrier Life time (macro sec)                                              
          ( OC)                           With light                        without light 
 
           710                         19.3 (- 2.6 to 4.7%)               22.9 (-5.2 to 7.4%) 
           730                         18.3 (-5.5 to 10.4%)              22.2 (9.0 to 4.1%)   
           750                         20.2 (-6.9 to 7.4%)                21.2 (-4.7 to 2.4%) 
           800                         18.8 (- 0.0 to 0.0%)               18.3 (-5.4 to 2.7%) 
           850                         14.4 (- 0.0 to 0.0%)               15.4 (-6.5 to 3.2%) 

 
14.6 Summary of Irradiated Samples 
 
The plots of bulk resistivity and the minority carrier life time with light condition as a function of 
annealing temperature are shown in Figure-1 & Figure-2. It can be concluded that  
 

• The optimum annealing temperature is 750 0C 
• Behaviour of minority carrier life time with annealing temperature profile for all samples 

were found similar 
• Sample having larger resistivity also showed higher value of minority carrier life time 
• Behaviour of bulk resistivity – annealing temperature profile for all samples were found 

similier. 
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15.0 DETERMINATION OF RESISTIVITY FLUENCE CORRELATION CONSTANT 
 
The requirement of precise doping of targeted resistivity is achieved by accurately controlling 
the neutron fluence. The required neutron fluence needed to produce a desired targeted resistivity 
in the silicon ingot is calculated by using the following formulae; 

φ  t = ]11[
ot

C
ρρ

−  for initial n-type material and φ  t = ]11[
h

e

ot

C
μ
μ

ρρ
+  for initial p-type material 

where C is the resistivity fluence correlation constant (also known as doping constant ) : tρ  & 

oρ  are the targeted and initial resistivity  values of the silicon sample , respectively; eμ  & hμ  
are the drift mobilities of the electron & hole and  t is the irradiation time. It is therefore required 
to know the precise value of the doping constant C. 
 
It is obvious from the nature of the above correlation that the plot of neutron fluence   (φ  t) 

versus inverse of targeted resistivity ( 
tρ

1 ) will give a straight line behaviour [10]. The 

magnitude of the slope of the curve will represent the correlation constant ( C ). However, the 
magnitude of the intercept with y-axis (fluence-axis) will depend upon the value of the initial 
resistivity and the type of the basic material used for the sample ( i.e n-type or p-type). 
Therefore, a single straight line can not be drawn for the samples having different values of oρ  
and types. To overcome this difficulty, it is desirable to lump these variables into a single 
parameter such that the above formulae are reduced to a single general formula, as given below: 
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φ  t = C 
∗ρ

1  where  ∗ρ is the effective resistivity, defined as:
∗ρ

1  = 
ot ρρ

11
−  for initial n-type 

material and 
∗ρ

1  = 
ot ρρ

11
+

h

e

μ
μ

 for initial p-type material 

Now, the plot of φ  t  vs 
∗ρ

1  will be a straight line passing through the origin. The slope of this 

line gives the values of C. In our case, all the silicon samples were of p-type, but with different 
values of initial resistivity. Therefore, general formulation of resistivity –fluence correlation 
indicated above has been adopted. 
 
15.1 Determination of Neutron Flux 
 
The value of thermal neutron flux φ  in Circle # 8 of Cirus reactor, where all the silicon sample 

were irradiated, is represented by the formulation: φ  = 5.30 x1013 ( )
40
P ( )

3.18
3.313

+h
 sin ( )

3.18+h
zπ  

Where P is the reactor operating power in MW, h is the equilibrium moderator height in cm and 
z is the elevation of location of the silicon sample w.r.t zero flux level. The numerical constant 
5.3 x1013 n/cm2/sec represents the value of empty hole thermal neutron flux in Circle # 8 at mid 
elevation of the core for reactor operation at 40 MW with moderator height of 295 cm (with 
extrapolated height =313.3 cm). This value has been assessed for the present core loading 
consisting of 182 fuel rods, 5 tray rods, 2 adjuster rods, 2 plugged positions , 1 Pressurized Water 
Loop (PWL) and 1 central thimble and is in good agreement with the measurements performed 
by gold foil activation. If the core loading differs or the location of silicon rig is changed from 
Circle # 8, the value of this constant has to be suitably modified. For the above trial irradiations, 
all the silicon samples were irradiated in Circle # 8 for a fixed core loading. 
 
In order to minimize the uncertainty error in the calculation of fluence, all the silicon samples 
were irradiated and removed from the core during reactor operation at constant power and at 
xenon equilibrium moderator height for a precise duration of irradiation. 
 
15.2 Results of Measurement 
 
The following Table gives the calculated value of thermal neutron fluence and corresponding 
measured bulk resistivity of the silicon samples annealed at temperature of 750 oC as per the 
standard procedure: 
 

Sample identification 
number 

 thermal neutron 
fluence (n/cm2) 

  Measured bulk 
resistivity tρ ( Ω  cm)        

∗ρ
1  

3 5.30 x1017 56.81 2.091 x10-2 

5 8.17 x1017 33.61 3.146 x10-2 
6 5.47 x1017 54.00 2.023 x10-2 
7 4.70 x1017 70.53 1.596 x10-2 
8 1.80 x1017 214.73 0.637 x10-2 
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The plot of neutron fluence versus   
∗ρ

1  is given in Figure-3. The slope of this curve gives the 

value of the doping constant C, which is equal to 2.64 x1019. For comparison, the results 
obtained at other reactors are given below [6]. 
 

Reactor                   Reactor characteristics                                       Doping Constant 
 
DIDO/PLUTO         HEU fuelled, D2O moderated                                    2.54 E+19 
Harwell, U.K           Irradiated rigs in Graphite/ D2O reflector  
 
SAPHIR                  Swimming pool type, HEU fuel,                                 2.63 E+19             
Switzerland             light water moderated, Irradiation in  
                                light water reflector 
 
IEA-R1                    Swimming pool type reactor , HEU fuel,                    2.75 E+19    
Brazil                       light water moderated, irradiation in reflector 
 
 
CIRUS                      Nat. U, heavy water moderated,                                 2.64 E+19   

             INDIA                     Irradiation in in-core location    
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16.0 Design of Irradiation Assemblies for Large Sized Ingots 
 
The most important part of the neutron doping process is the design of the irradiation assembly 
which depends upon its location in the reactor core. For Cirus reactor, as stated in section 13.0, 
two separate design philosophies have been considered, one for an axial hole in which the silicon 
ingot will be irradiated in-side the core and other for a radial hole where the ingot will be placed 
out-side the core in reflector region of the reactor. The operational requirements of these designs 
are given below: 
 
16.1 Vertical Irradiation Assembly 
 
In the design of vertical irradiation assembly, the following special features were incorporated. 
 

- On power installation and removal of the ingot assembly was possible in about 1 
minute. 

- Provision was made for installing one SPND with the assembly. 
- For irradiation in a 4 inch diameter experimental hole, radial rotation of the 

assembly was possible manually in a few equi-radian-segment steps to achieve 
uniform surface irradiation. 

- Forced air cooling was provided to the assembly. 
- The ingot basket was detachable from the assembly for removing the silicon 

ingot.  
 
In  view of above operational requirements, an irradiation assembly for a 4 inch diameter vertical 
hole was designed [14] and is shown in Figure-4. The general material of construction was 
chosen as 1S aluminum which had low level of undesirable chemical impurities from reactivity 
and long lived activity considerations. Functionally, the irradiation assembly consists of the 
following three parts: (i) Basket unit, (ii) SPND unit and (iii) Outer sheath assembly 
 
The basket unit and SPND unit are mobile parts which can be loaded or unloaded during reactor 
operation. However, the outer sheath assembly can be handled during reactor shut down only. 
The top sections of both basket unit and SPND unit are similar in all respects and serve as 
shielding plugs for core radiations which will be, otherwise streaming through the irradiation 
hole. The filling materials of these shielding plugs are aluminum at lower end and dry sand or 
wood at upper end.   
 
In basket unit, an aluminum basket with 77 mm inner diameter and 300 mm length is attached to 
the lower end of the shielding plug through a Bayonet connection. These dimensions of the 
basket will enable loading of silicon ingot of diameter upto 75 mm and a length of about 300 
mm. Similarly, in SPND unit, a vanadium or cobalt emitter SPND of about 50 mm in active 
length will be suspended from the shielding plug. The outer sheath which is placed between the 4 
inch diameter calandria tube and the mobile basket & SPND units serves purposes of protecting 
the calandria tube against basket rubbing and channelises the coolant flow. 
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 To cool the various parts of the assembly, an upward forced air cooling flow of about 25 scfm 
can be provided. The choice of air as coolant is based upon the fact that it gives low surface 
contamination of ingots and insignificant reactivity load.  
 
Since there is very low flux gradient in the radial direction of the core, radial rotation of the 
assembly becomes prudent way to smoothen out the surface exposure effect. Generally, one 
manual radial rotation during the entire irradiation period, split into a few equal-time steps would 
be sufficient. 
 
Design of irradiation assembly for 4 to 4.5 inch diameter silicon ingot for the central thimble is 
being taken up. No radial rotation will be required for this. 
 

 
 
                                 Figure-4:  Basket Unit for Silicon Irradiation  
 
The above vertical silicon irradiation assembly has been designed to accommodate the silicon 
ingots upto 3 inch diameter when installed in a 4 inch dia vertical experimental hole. If an 
irradiation assembly is to be designed for loading in central thimble, then the maximum diameter 
of the silicon ingot will be limited to about 4.5 inch.  
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16.2 Horizontal Irradiation Assembly 
 
For silicon ingots of larger diameters in the range of 5 to 8 inch, feasibility of their irradiation in 
a 12 inch dia radial beam hole of Cirus reactor has been looked into. The salient features of the 
assembly design are given below: 
 

- The silicon ingot will be enclosed in a cylindrical- shaped, perforated basket, 
made of 1S aluminum and an overall length of about 300 to 400 mm. Both ends 
of the basket will have identical hooking arrangement. It will be pushed in the 
graphite reflector region of the reactor. 

- The loading and unloading of the basket will be performed at shutdown state of 
the reactor. 

- During irradiation of the ingot, the both beam hole gates will be kept closed and 
wooden plug will be in position. 

- Normal J-rod annulus air cooling will be sufficient to cool the loaded basket. 
- A SPND assembly will be installed in j-rod annulus over the basket for 

continuous monitoring of neutron fluence. 
- The expected average thermal neutron flux in the ingot location will be about    

5.0 x1012 n/cm2/sec at 40 MW of reactor operation. Therefore, a typical duration 
of irradiation of ingot will be about 1-3 days. 

- The silicon basket with the ingot will be inverted after achieving 50% of targeted 
irradiation level. However, there is no need of radial rotation of the basket during 
irradiation. 

- After the irradiation, the basket along with the silicon ingot can be cooled in the 
inversion flask or in any other storage facility for about 1 week, to reduce the 
induced radio-activity. Afterwards, it can be handled without any shielding. 

 
17.0 Present Status 
 
An on-power irradiation assembly, as explained earlier, had been designed for its installation in a 
4 inch diameter vertical experimental hole and was subsequently fabricated.  However, further 
irradiation could not be taken up as larger size silicon ingots were not available.  
 
The feasibility of irradiating silicon ingots in a 12 inch diameter radial beam hole of Cirus 
reactor has been worked out from operational and safety considerations. It is noticed that with a 
simple engineering design of an irradiation assembly, fairly large-size silicon ingots in the range 
of 5 to 8 inch diameter can be irradiated with negligible reactivity loss, with ease-in-handling and 
in low radiation background. However, this irradiation mode involves relatively long irradiation 
periods and basket inversion. Even then, the concept of ingot irradiations in a beam hole can be 
exploited for a large scale commercial production of NTD-Si. Engineering design of the 
assembly is being taken up.  Similarly the feasibility of irradiating silicon ingot in a 300 mm 
diameter radial beam hole of Dhruva reactor is also being considered.   
 
With the preparations cited above, it is possible to take up the commercial production of NTD 
silicon in a big way. 
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Conclusion 
 
A few trial irradiations with small size silicon samples have been carried out during 1992-94 in 
in-core irradiation position of Cirus reactor, in order to gather some practical experience in 
various stages of the doping of silicon. Measurement of thermal neutron flux, in-core 
performance testing of SPND, management of induced radioactivity and associated radiation 
field, standardization of annealing process, characterization of the doped material by way of 
measuring of bulk resistivity and minority carrier life time and determination of fluence 
resistivity correlation constant have been carried out.  
 
The silicon samples for the above experimentation were provided by TPPED. Further 
irradiations could not be carried out as the required silicon samples were not available. Heavy 
Water Division is now developing the methodology for making silicon ingots of required size for 
irradiation. 
 
It is proposed to carry out large scale NTD-Si irradiation after some more trial irradiations in the 
4 inch diameter vertical irradiation assemblies and 5.5 inch ID Central Thimble of Cirus reactor. 
The maximum size of silicon ingots will be 3 inch dia. x 18 inch length in the 4 inch diameter 

assembly and 4.5 inch dia x 18 inch length in central thimble. On power loading, radial rotation, 
fluence control by SPND and air cooling of Silicon ingots during irradiations are the design 
features of silicon assembly. Four horizontal beam holes, each with a diameter of 300 mm can 
also be used for larger size NTD-Si production based on these trials. This will however require 
development of sample end reversal facility. 
 
Acknowledgements: 
 
Authors are thankful to Shri. S.K. Sharma, Former Director, Reactor Group, Dr. M.K. Gupta, 
Former Associate Director, E&I Group, Shri S.K. Marik, Head RRSD, Shri S.C Sabharwal, 
Head, Spectroscopy Division, Shri Mahendra Nath, Former Head, RPNES, RRSD, Shri V.N. 
Acharya, Former Head, TSS, RRSD, Shri A.P. Srivastava, Head, DESS, RRSD, Shri R.N. Jindal, 
RPDD, Shri V.R. Katti, TPPED and Cirus Operation Staff for guiding and performing trial 
irradiations of silicon samples. 
 
References 
 
[1] Mahendra Nath, Production of Neutron Transmutation Doped Silicon Techniques &   

Practices, Internal Report, BARC, 1991. 
[2] T.G.G. Smith, Neutron Transmutation Doping of Semiconductor Materials, Plenum Press, 

New York, pp 83, 1984.  
[3] Lark-Horvitz, Nuclear-bombarded semiconductor, In: Proc. Semiconductor Materials Conf., 

Univ. Reading, Butterworths, London, 1951. 
[4]  M. Tanenbaum and A.D. mills, J. Electronics. Soc. Vol. 108, pp 171, 1961. 
[5] IAEA/RCA Regional Training Course on Neutron Irradiation Technology, June 4-15, 2007, 

Serpong, Indonesia. 
[6] Research Reactor Department, Tokai Establishment, Japan Atomic Energy Research 
       Institute, Research Reactor utilization hand book, pp. 187-205.  



 33

[7]   N.W.Crick, Silicon irradiations at the Harwell Laboratory of the U.K. Atomic Energy 
       Authority, ibid, pp. 119-126. 
[8]   Silicon Transmutation Doping Techniques and Practices, IAEA-TECDOC-456, Proc. 
       Consultant Meeting Organized by the IAEA and held in Otwock Swierk, Poland, 20-22 
       Nov. 1985.  
[9]   J.M. Meese, Defects in Semiconductors, Naragan and TY Tan, Proceedings of the Materials 
        Research Annual Meeting. 
[10]  E.W. Hass and J.A. Martin, Nuclear Transmutation Doping from the Viewpoint of 

Radioactivity Formation, Kraftwerk Union AG, Erlangen, Germany 
[11]   Mahendra Nath, Irradiation & Characterization of Silicon samples #1 & 2, 
        RRSD/RPNES/C-5(a) 3301/1993, July 12, 1993.  
[12] Mahendra Nath,  NTD-Si Progress Report, RRSD/RPNES/C-5(a)/ 8226/1994, Sept 5, 1994. 
[13]  Mahendra Nath,  Measurement of NTD-Si Samples, RRSD/RPNES/C-5/ 2060/1994, May 

6, 1996. 
[14]  A.P. Srivastava, V.N. Acharya & Mahendra Nath , Design of an in-core silicon irradiation 

assembly in Cirus reactor, Ref:RSMD/RPNES/G-18/3/97, 1997.  
 
   
 
 
 


