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The object of this research program is to develop a neutron detector for the 
detection of high neutron fluxes at high temperatures thereby using the SiC 
diodes. 

A number of grown SiC pin junctions, obtained from the Philips Research 
Laboratories, have been irradiated in the B R I reactor. The change of their 
electrical characteristics and of the shortcircuit photocurrent can be explained 
by assuming tha t the intrinsic region, which is slightly pdoped before irradia
tion becomes slightly ηdoped upon prolonged irradiation, hereby reaching a 
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relatively low limiting value of electron concentration. This would correspond 
to a shift of the Fermi-level of the intrinsic region to a position in the lower 
par t of the upper half of the forbidden energy gap. Not much annealing is found 
on measuring the change of the electrical characteristics upon pulse annealing. 
Because of the smallness of the width of the space-charge layer (about 1 
micron), the grown SiC diodes could not be used as detectors. 

In order to obtain a fundamental understanding of the influence of the 
defects introduced upon fast neutron irradiation on the electronic behaviour 
of SiC, radiation damage studies have also been made on p- and η-type single 
crystals of SiC by means of resistivity and Hall effect measurements. Upon 
neutron bombardment p-type SiC is converted to η-type material. This indi
cates tha t the predominant defect is an effective donor state which is located 
at about 0.24 eV below the conduction band. The η-doped material remains of 
the same type after various periods of exposure. 

The relaxation processes of defects during heat t reatment have been exami
ned by the isochronal pulse annealing technique. No measurable annealing 
occurs below 400 °C. Photospectrometric measurements on the other hand 
reveal an annealing process starting at 300 °C. 

relatively low limiting value of electron concentration. This would correspond 
to a shift of the Fermi-level of the intrinsic region to a position in the lower 
par t of the upper half of the forbidden energy gap. Not much annealing is found 
on measuring the change of the electrical characteristics upon pulse annealing. 
Because of the smallness of the width of the space-charge layer (about 1 
micron), the grown SiC diodes could not be used as detectors. 

In order to obtain a fundamental understanding of the influence of the 
defects introduced upon fast neutron irradiation on the electronic behaviour 
of SiC, radiation damage studies have also been made on p- and η-type single 
crystals of SiC by means of resistivity and Hall effect measurements. Upon 
neutron bombardment p-type SiC is converted to η-type material. This indi
cates tha t the predominant defect is an effective donor state which is located 
a t about 0.24 eV below the conduction band. The η-doped material remains of 
the same type after various periods of exposure. 

The relaxation processes of defects during heat t reatment have been exami
ned by the isochronal pulse annealing technique. No measurable annealing 
occurs below 400 °C. Photospectrometric measurements on the other hand 
reveal an annealing process starting a t 300 °C. 



E U R 4 3 1 . e 

EUROPEAN ATOMIC ENERGY COMMUNITY - EURATOM 

SOLID STATE NEUTRON DETECTOR 

by 

S. AMELINCKX (C.E.N.), R. DE CONINCK (C.E.N.), 
M. DENAYER (C.E.N.), A. GIJS (C.E.N.), 

M. HEERSCHAP (EURATOM), P. NAGELS (C.E.N.), 
and L. VAN GOOL (C.E.N.) 

1964 

EURATOM/UNITED STATES AGREEMENT FOR COOPERATION 

EURAEC Report No 587 established by the 
Centre d'Etude de l 'Energie Nucléaire C.E.N., Mol (Belgium) 

Euratom Contract No 079-61-10 RDB 





Supervisor S. Ame I inckx (S .CK» ) 

Research Associates M. Heerschap ( E u r a t o m ! 

P. Nage Is ( S „ C . K . ) 

R. De C o n i n c k !S„C„K, , ) 

M, Denayer ( S . C . K . ) 

Technical Ass i s t ance A. G i j s (SoCoK. ì 

Lo Van Gooi ( S „ C K „ ) 

c/349/63 3 -

Imputation budgétaire 6t 2121 

Ro2292 



T A B L E O F C O N T E N T S 

Pages 

¡NTRODUCTION 

2 „ RADIATION DAMAGE AND ANNEALING STUDIES OF GROWN SiC p~n JUNCTIONS 9 

2 * 1 . I r r a d i a t i o n f a c i l i t y 9 

2 o 2 , V o l t a g e  c u r r e n t c h a r a c t e r i s t i c s measu r ing c i r c u i t Î 0 

2 u 3 u The change o f t h e e l e c t r i c a l c h a r a c t e r i s t i c s and o f t h e photo ! 0 

c u r r e n t o f grown SIC pη j u n c t i o n s upon r e a c t o r ' i r r a d i a t i o n 

a t 80 'C 

2o4o A n n e a l i n g o f I r r a d i a t e d SiC ρ n j u n c t i o n s  \2 

2»5o R e a c t o r i r r a d i a t i o n o f g rown SiC d i o d e s a t a t e m p e r a t u r e o f !2 

500^0 

2 „ 6 U P h o t o s p e c t r o m e t r i c measurements ¡3 

3U RADIATION DAMAGE IN SINGLE CRYSTALS OF SILICON CARBIDE !3 

3 U I o I n t r o d u c t i on ; 3 

3o2 „ VAN DER PAUW's method ¡4 

3 .3» E x p e r i m e n t a l >4 

3<.4„ R e s i s t i v i t y and Ha M c o n s t a n t measurements o f SiC s i n g l e s5 

c r y s t a Is 

3 „ 5 . Neu t ron i r r a d i a t i o n o f SiC s i n g l e c r y s t a l s ¡Q 

3o6o Pu ise a n n e a l i n g i n p  and η  t y p e SiC a f t e r n e u t r o n e x p o s u r e ¡9 

REFERENCES pi 

0/349/63  4 



LIST OF FIGURES 

F i g . I . 

F i g . 2 . 

F i g . 3 . 

F i g . 4 . 

F i g . 5 . 

F i g . 6 . 

F i g . 7. 

F i g . 8 . 

F i g . 9 . 

F i g . 10. 

F i g . I I . 

F i g . 12. 

F i g . 13. 

Schematic view of the oven in the BRI r e a c t o r . 

V o l t a g e  c u r r e n t c h a r a c t e r i s t i c s measuring c i r c u i t . 

Schematic r e p r e s e n t a t i o n of the change of the forward and reverse cha 

r a c t e r i s t i c s of a SiC pη j u n c t i o n upon r e a c t o r i r r a d i a t i o n , , 

Change of the reverse c u r r e n t a t a b ias vo l t age of 0.9 v o l t and of the 

" f o o t " a t a b ias vo l t age of 0.8 v o l t . 

Change of the forward c u r r e n t of j u n c t i o n Phh a t a b ias vo l t age of ! „7 

v o l t and of a j u n c t i o n Ph a t a b ias v o l t a g e of 2 v o l t s . 

Change of the s h o r t  c i r c u i t pho tocur ren t upon reac to r i r r a d i a t i o n of a 

sample j u n c t i o n of s e r i e s H75 and P15. 

Ini versus vo l t age curves of the forward c h a r a c t e r i s t i c s of j u n c t i o n 

Phh a t va r i ous doses of reac to r i r r a d i a t i o n , obta ined by s u b t r a c t i n g 

the " f o o t " f rom the o r i g i n a l c h a r a c t e r i s t i c s . 

Change of forward c h a r a c t e r i s t i c upon pulse a n n e a l i n g . 

Change of reverse c h a r a c t e r i s t i c upon pulse anneal ing» 

Change of the forward and the reverse c u r r e n t a t a constant b
!
as vo l t age 

of a grown SiC diode du r i ng reac to r i r r a d i a t i o n a t a temperature of 500°C : 

Surface conduc t ion a f t e r heat t rea tment at l000
o
C. 

Change of pho tocur ren t of a grown SiC diode a t 500"C dur ing reacto?· 

d i a t i on. 

■ra~ 

F i g . 14. 

F i g . 15. 

F i g . 16. 

F i g . 17. 

F i g 0 18. 

F i g . 19. 

F i g . 2 0 . 

F i g . 2 1 . 

Fig» 2 2 . 

F i g . 2 3 . 

F i g . 24 . 

F i g . 2 5 . 

F i g . 2 6 . 

Change of t r a n s m i s s i o n of a SiC s i n g l e c r y s t a l upon reac to r i r r a d i a t i o n 

and subsequent a n n e a l i n g . 

Arrangement of probes f o r r e s i s t i v i t y and Ha l ! measurements. 

The f u n c t i o n f 
fR I used f o r de te rmin ing the s p e c i f i c r e s i s t i v i t y , 

 Apparatus f o r the Ha l l and r e s i s t i v i t y measurements. 

 Specimen ho lder f o r h igh tempera tu res . 

 C i r c u i t of the oven r e g u l a t o r . 

 C ryos ta t of a l l  m e t a l c o n s t r u c t i o n . 

 C o n d u c t i v i t y of ptype SiC v s . ~= . 

 Hole c o n c e n t r a t i o n of ptype SiC v s . ψ . 

 Hole c o n c e n t r a t i o n m u l t i p l i e d by fLQ13.2 V S o J. ^ 

 H a l l m o b i l i t y of ptype SiC v s . T . 

 Rec iproca l Ha l l m o b i l i t y of ptype SiC v s . γ . 

 C o n d u c t i v i t y and e l e c t r o n c o n c e n t r a t i o n of η type SiC v s . i= . 

 Ha I I mob i I i t y of η type SIC v s . Τ 

c/349/63  5 



F i g . 27 . - C o n d u c t i v i t y of n- type SiC as a f u n c t i o n of temperature before and a f t e r 

i r rad i a t i o n . 

F i g . 28 . - C o n d u c t i v i t y and c a r r i e r concen t ra t i on of p-type SiC as a f u n c t i o n of 

temperature before and a f t e r i r r a d i a t i o n . 

F i g . 2 9 . - C o n d u c t i v i t y of p-type SiC as a f u n c t i o n of temperature before and a f t e r 
i r r a d i a t i o n and w i t h new c o n t a c t s . 

F i g . 30 . - Ha l l m o b i l i t y of p- type SiC as a f u n c t i o n of temperature before and a f 
t e r i r rad i a t i o n . 

F i g . 3 1 . - Pulse anneal ing curve of p-type SiC a f t e r neutron exposure . Conduc t i 
v i t y as a f u n c t i o n of tempera tu re . 

F i g . 3 2 . - Recovery of c o n d u c t i v i t y in p-type SiC a f t e r neutron exposure. 

F i g . 33 . - C o n d u c t i v i t y and f r e e c a r r i e r concen t ra t i on of p-type SiC a t pulse tem
pe ra tu re . 

F i g . 34 . - Pulse anneal ing curve of η-type SiC a f t e r neutron exposure . C o n d u c t i v i t y 
as a f u n c t i o n of tempera tu re . 

F i g . 3 5 . - Pulse anneal ing curve of η-type SiC a f t e r neutron exposure . Free c a r r i e r 
concen t ra t i on as a f u n c t i o n of tempera tu re . 

F i g . 36 . - Recovery of c o n d u c t i v i t y and e l e c t r o n concen t ra t i on in η-type SiC a f t e r 
neutron exposure. 

c/349/63 - 6 -



S O L I D S T A T E N E U T R O N D E T E C T O R 

SUMMARY 

The object of this research program is to develop a neutron detector for the detection of high 

neutron fluxes at high temperatures thereby using the SiC diodes . 

A number of grown SiC p-i-n junctions, obtained from the Philips Research Laboratories, have been 

irradiated in the BRI reactor . The change of their electrical characteristics and of the short-circuit 

photocurrent can be explained by assuming that the intrinsic region, which is slightly p-doped before irra^. 

diation, becomes slightly η-doped upon prolonged irradiation hereby reaching a relatively low limiting value 

of electron concentration . This would correspond to a shift of the Fermi level of the intrinsic reg!on to 

a position in the lower part of the upper half of the forbidden energy gap . Not much annealing is found on 

measuring vthe change of the electrical characteristics upon pulse annealing» Because of the smaliness of 

the width of the space-charge layer (about 1 micron) the grown SiC diodes could not be used as detectors „ 

In order to obtain a fundamental understanding of the influence of the defects introduced upon 

fast neutron irradiation on the electronic behaviour of SiC, radiation damage studies have also been made 

on p_ and η-type single crystals of SiC by means of resistivity and Hall effect measurements . Upon neutron 

bombardment p-type SiC is converted into η-type material „ This indicates that the predominant defect is an 

effective donor state which is located at about CK2M· eV below the conduction band _ The n.-doped materia! 

remains of the same type after various periods of exposure . 

The relaxation processes of defects during heat treatment have been examined by the ¡sochrona: p u s e 

annealing technique^ No measurable annealing occurs below 400°C » Photospectrometric measurements on the 

other hand reveal an annealing process starting at 300°'- « 

1. INTRODUCTION 

The ob jec t of t h i s research program is t o develop a neutron d e t e c t o r f o r 

the d e t e c t i o n of h igh neutron f l u x e s a t h igh temperatures thereby using SIC as a 

base ma te r i a l . From the f a c t t h a t SiC pη j u n c t i o n s s t i l l ma in ta in t h e i r r e c t
r
f y ' n g 

p roper t i es at 500°C and t h a t a ra the r high photovol tage develops upon gamma i r r a d i a 

t i o n we concluded t h a t i t might be poss ib le t o develop a SiC neutron d e t e c t o r meeting 

the above requirements . 

The range of α  p a r t i c l e s in SiC is of the order of some tens of microns . Wi th res 

pect t o the s i g n a l  n o i s e r a t i o e s p e c i a l l y a t 500°C the depth of the ρ n I r r a d i a t i o n 

chamber has t o be of the same order of magnitude thereby aiming at a h igh e f f i c i e n c y 

of charge c o l l e c t i o n ; t h i s e f f i c i e n c y depends on the reverse v o l t a g e , the mob i ' i t y 

and the l i f e t i m e of the charge c a r r i e r s . 

Large s i n g l e c r y s t a l s of SiC are grown in a Lely furnace from t e c h n i c a l grade SiC . 

The impur i t y c o n t e n t , mainly c o n s i s t i n g of A l , which is a c t i n g as an a c c e p t o r . Is of 

the order of 10 /cm* . The acceptors are p a r t l y compensated by N 2 , which is a c t i n g 

as a donor . By overcompensating the Al i m p u r i t i e s by N2 du r ing the process of growth 

of the c r y s t a l s a pη i o n i z a t i o n chamber is formed of which the impur i t y content of 

the ηconduct ion par t is of the order of 10 ^ /cm* „ On basis of the behaviour of the 

e l e c t r i c a l c h a r a c t e r i s t i c s i t is supposed t h a t the pη j u n c t i o n has a ρ 1  n s t ruc

t u r e . From the magnitude of the e x t r a p o l a t e d s a t u r a t i o n c u r r e n t , we concluded t h a t 

the w id th of the i o n i z a t i o n chamber is of the order of the d i f f u s i o n length I,.e„ 

about I micron thereby t ak i ng a m o b i l i t y of 100 cm^/V.s and a l i f e t i m e of ! 0'"^ s u 
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The depth of these grown p-η j u n c t i o n s , which are d e e p - l y i n g , is t o o 

smal l t o be of p r a c t i c a l importance . 
The w id th of the space-charge layer can be extended by d im in i sh ing the impur i t y 
content by severa l orders of magnitude and/or by apply ing the i o n - d r i f t techn iques 
of PELL [ l ] . The last p o s s i b i l i t y has not been examined so far by the P h i l i p s Re
search Labora to r ies whereas the best s i n g l e c r y s t a l s of s u f f i c i e n t s i z e have s t i l l 
an impur i t y concen t ra t i on of about 10' ' / c m ' . 

The a l t e r n a t i v e is t o make p-η i o n i z a t i o n chambers at the su r face of the 
c r y s t a l s , f o r instance by d i f f u s i o n of acceptor impu r i t i e s in η-conduct ive c r y s t a l s . 
The w i d t h of the space-charge layer can be made of s u f f i c i e n t magnitude by using 
c r y s t a l s of h igh p u r i t y and/or app ly ing the PELL mechanism thereby running i n t o the 
same d i f f i c u l t i e s as mentioned f o r grown p-η j u n c t i o n s . 

However, the j u n c t i o n can be of the order of some tens of microns in 
c r e a t i n g a graded j u n c t i o n by s u i t a b l e d i f f u s i o n techniques as can be demonstrated 
by e t ch ing techniques . 

The P h i l i p s Research Labora tor ies obtained in the mean t ime a s u b s t a n t i a l 
amount of knowledge about the d i f f u s i o n technique . The product ion of p-η b a r r i e r s 
of s u f f i c i e n t q u a l i t y , however, is s t i l l under e x a m i n a t i o n . A change of the research 
program slowed down the progress so cons iderab ly t ha t we decided not t o prolong the 
c o n t r a c t . The e l e c t r o n i c s f o r the d e t e c t i o n of p a r t i c l e s as w e l l as r e l a t e d appara
tus as f o r the measurements of the capac i t y and the l i f e t i m e w i l l not be reviewed 
here . 0 u ' " t e a n e f f o r t is made t o study the r a d i a t i o n damage and anneal ing process 
by measuring the change of the e l e c t r i c a l c h a r a c t e r i s t i c s of grown p-η j u n c t i o n s and 
by H a l l , r e s i s t i v i t y and photospect rometr ic measurements of homogeneous m a t e r i a l . 
These measurements and t h e i r t h e o r e t i c a l exp lanat ions are a l l reviewed in the next 
paragraph along w i t h the apparatus f o r i r r a d i a t i o n of c r y s t a l s , the automat ic r e 
cord ing of the e l e c t r i c a l c h a r a c t e r i s t i c s and the Ha l l and r e s i s t i v i t y apparatus . 
They are now used fo r o ther purposes as we l l . Part of these measurements, e s p e c i a l l y 
the H a l l , r e s i s t i v i t y and photospect rometr ic measurements, w i l l be cont inued a f t e r 
the end of the con t rac t . 

The aim of the r e s i s t i v i t y and Hal l e f f e c t measurements was t o ob ta in a 
fundamental understanding of the in f l uence of the de fec ts introduced upon f a s t neu
t r o n i r r a d i a t i o n on the e l e c t r o n i c behaviour and t o e s t a b l i s h the reasons f o r the 
d e t e r i o r a t i o n of the semiconductor devises . Rad ia t ion damage s tud ies on homoge
neous ma te r i a l of SiC were s t a r t e d on n- and p-type mate r ia l . What is descr ibed 
here is a repor t on an i n v e s t i g a t i o n s t i l l going on, so t h a t no complete p i c t u r e of 
the var ious problems can be g iven . The f i r s t r e s u l t s ind ica ted t h a t p-type SiC is 
converted i n t o η-type upon neutron i r r a d i a t i o n . So, i t can be concluded t h a t the 
predominant de fec t produced by t h i s bombardment is an e f f e c t i v e donor s t a t e which 
is located at about 0.24 eV below the conduct ion band . The η-type m a t e r i a l remained 
of the same type a f t e r var ious per iods of exposure „ 

An exact value f o r the number of de fec ts produced fo r a g iven bombardment 
cannot be g iven . However, f rom the measurements the conc lus ion can be drawn t h a t 
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the a b i l i t y of SiC t o w i t hs tand r a d i a t i o n damage is not b e t t e r than f o r germanium 

or s i I icon . 

The r e l a x a t i o n processes of de fec t s dur ing heat t rea tment have been exa 

mined by an isochronal pulse annea l ing techn ique . I t has been found t h a t no mea

surab le annea l ing of the neutron bombarded m a t e r i a l occurs below 400° C „ From the 

Ha l l and r e s i s t i v i t y measurements i t f o l l o w s as w e l l t h a t upon i r r a d i a t i o n w ' t h a 

f l u x of less than l o ' ^ nvt^ the n and pconduct ive par ts of the pη j u n c t i o n s wi 

not be a f f e c t e d by f a s t neutron i r r a d i a t i o n so t ha t the change of the e l e c t r i c a ' 

c h a r a c t e r i s t i c s is governed only by a s h i f t of the Fermi leve l of the i n t r i n s i c or 

near ly i n t r i n s i c reg ion . From the change of the c h a r a c t e r i s t i c s we concluded t h a t 

the e l e c t r o n c o n c e n t r a t i o n is approaching a r e l a t i v e l y low l i m i t i n g va lue upon p ro 

longed i r r a d i a t i o n so t h a t the Fermi leve l is approaching a p o s i t i o n In the
 !

ower

part of the upper h a l f of the f o rb i dden energy gap . 

Not much annea l ing is found on measuring the change of the e l e c t r i c a ^ cha 

r a c t e r i s t i c s upon pulse annea l ing . Above 800° C one has t o be c a r e f u ! In drawing 

conc lus ions as is demonstrated by a change of the e l e c t r i c a l c h a r a c t e r 'ist 'es u 

The photospec t romet r ic measurements on the o ther hand revea! an anneaMng process 

s t a r t i n g a t 300°C as f a r as the sho r t wave leng th of the spectrum is concerned u 

At 900" C a res idue ¡s s t i I I l e f t . 

2 . RADIATION DAMAGE AND ANNEALING STUDIES OF GROWN SiC ρ n JUNCTIONS 

2.1ο I r r a d i a t i o n f a c i l i t y 

An oven a l l ow ing t o reach temperatures up t o 500" C and t o be "nser

ted 

i n t o a v e r t i c a l channel of r eac to r BR I was cons t ruc ted . 

The aims of the oven are ; 

! ) t o c rea te the possib i I i t y of measuring r a d i a t i o n damage at cons tan t tempera 

t u res so t h a t semiconductor temperature e f f e c t s are e l i m i n a t e d 

2) t o examine a t which temperature the r a d i a t i o n damage ra te may eventua l 'y be 

balanced by the anneal ing r a t e . 

The oven ( F i g . I ) is composed of th ree par ts ;: the reac to r ρ ! ug f i ' 'ed 

w i t h lead, boron and p a r a f f i n , the guide tube and the oven i t s e l f whose par ts can 

e a s i l y be separated . The whole c o n s t r u c t i o n is of pure aluminium (99o99 % : 

The temperature is measured inwards and outwards w i t h i ronconstantan thermocouples, 

The heater (80 % Ni and 20 % Cr) which is wound on a p y r o f i l i t e core Is about 300 

ohms „ The sample w i t h i t s two measuring w i res can be Inser ted or wi thdrawn dur ing 

the work ing per iod of the reac to r by s l i d i n g i t th rough a h e l i c a l l y wound aium η urn 

Inner tube . The c o n s t r u c t i o n of the lower part of the guide tube is such t h a t a ' 

oven w i res can e a s i l y be connected or d isconnected . 

The e l e c t r o n i c apparatus c o n s i s t s of the oven r e g u l a t i o n and c o n t r o ' sup 

ply w i t h the temperature measuring set . 
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2 . 2 . Vo l t age cu r r en t c h a r a c t e r i s t i c s measuring c i r c u i t 

A c i r c u i t ( F i g . 2 ) i s c o n s t r u c t e d whereby t h e v o l t a g e  c u r r e n t c h a r a c t e 

r i s t i c s o f pη j u n c t i o n s a r e drawn a u t o m a t i c a l l y by an XY r e c o r d e r . 

The v o l t a g e a c r o s s Rs i s p r o p o r t i o n a l t o t h e c u r r e n t t h r o u g h t h e d i o d e , 

w h i l e o v e r t h e r e s i s t o r R2 p a r t o f t h e v o l t a g e ove r t h e j u n c t i o n p lus t h e v o l t a g e 

o v e r Rs is measured . For a t o t a l v o l t a g e of 100 V a c r o s s t h e d i o d e , t h e e r r o r i n 

v o l t a g e measurement due t o a d d i t i o n a l v o l t a g e ove r Rs is o n l y 5 mV upon 100 V 

(5 mV is t h e F . S . D . o f t h e r e c o r d e r ) i . e . an e r r o r o f 5 * 10~
5
 . For a v o l t a g e of 

I V t h e e r r o r i s s t i l l o n l y 0 . 5 % . For v o l t a g e s o f I V o r less t h e f u l l s c a l e 

d e f l e c t i o n is no t a lways reached so t h a t t h e t o t a l e r r o r can a lways be kep t be low 

0o5 t o I % . 

The g r e a t e s t advan tage o f t h i s sys tem l i e s in t h e f a c t t h a t , as w e ! ! as 

t h e power s u p p l y , t h e t w o i n p u t s X and Y can be grounded . T h e r e b y , t h e b l e e d e r 

R ι  R « s h o u l d not be made o f very h i g h r e s i s t o r s because i t does no t a f f e c t t h e 

c u r r e n t o r v o l t a g e t h r o u g h t h e d i o d e . S e v e r a l c u r v e s can be drawn on t h e same papei 

so t h a t changes can e a s i l y be f o l l o w e d . 

2o3o The change of the e l e c t r i c a l c h a r a c t e r i s t i c s and of the pho tocur ren t of grown 

SiC pη j u n c t i o n s upon r e a c t o r i r r a d i a t i o n a t 80 lC 

S e v e r a l SiC pη j u n c t i o n s w h i c h a r e grown in a Le ly f u r n a c e and whose 

p r o p e r t i e s a r e d e s c r i b e d by GREEBE and KNIPPENBERG [2 ] [3 ] have been i r r a d i a t e d In 

t h e BR! r e a c t o r o The change o f t h e c h a r a c t e r i s t i c s and t h e s h o r t  c i r c u i t p h o t o 

c u r r e n t upon r e a c t o r i r r a d i a t i o n have been measured . The c o n c e n t r a t i o n o f t h e a c 

c e p t o r s i n t h e s e c r y s t a l s i s abou t 10 / cm* ; t h e i r i o n i z a t i o n e n e r g y is abou t 

0 . 3 eV „ The· η  c o n d u c t i v e p a r t o f t h e j u n c t i o n i s formed by overcompensa t I ng t h e 

a c c e p t o r s by n i t r o g e n d o n o r i m p u r i t i e s o f w h i c h t h e c o n c e n t r a t i o n i s a b o u t ! 0 ' , ' c r 

and t h e i o n i z a t i o n ene rgy 0 . 0 8 eV . GREEBE and KNIPPENBERG suppose t h a t t h e s e j u n c 

t i o n s have a p  i  n s t r u c t u r e , t h e w i d t h o f t h e j u n c t i o n b e i n g abou t e q u i v a l e n t t o 

t h e d i f f u s i o n l e n g t h . W i t h i n t h e range o f o u r i r r a d i a t i o n (< l o ' ^ n v t f i t h e amount 

o f I r r a d i a t i o n produced d e f e c t s may be e x p e c t e d t o be s m a l l compared t o t h e h i g h 

c o n c e n t r a t i o n o f c h e m i c a l i m p u r i t i e s a l r e a d y p resen t b e f o r e i r r a d i a t i o n , , s o t h a t 

t h e n  and p  c o n d u c t i v e p a r t s o f t h e j u n c t i o n w i l l no t be a f f e c t e d by i r r a d i a t i o n 0 

The change of s t r u c t u r e o f t h e j u n c t i o n w i l l be governed o n l y by a s h i f t 

o f t h e Fermi l e v e l o f t h e " i n t r i n s i c " r e g i o n and an e v e n t u a l change of t h e r a t i o ä/L·, 

where d i s t h e w i d t h o f t h e i n t r i n s i c r e g i o n and L i s t h e d i f f u s i o n l e n g t h In t h i s 

r e g i o n , a c c o r d i n g t o t h e c a l c u l a t i o n s o f HERLET and SPENKE [4 ] . 

I t has been found so f a r t h a t p  t y p e SiC s i n g l e c r y s t a l s c o n v e r t i n t o 

η  t y p e upon r e a c t o r i r r a d i a t i o n so t h a t t h e p redominan t r a d i a t i o n produced d e f e c t 

g i v e s a d o n o r s t a t e . The change o f t h e leakage c u r r e n t a c r o s s t h e j u n c t i o n upon 

r e a c t o r I r r a d i a t i o n ( F i g . 4 ) may be i n t e r p r e t e d , however , as a d e c r e a s e o f leakage 

c u r r e n t a c r o s s η  t y p e m a t e r i a l by assuming t h a t less e f f e c t i v e a c c e p t o r s t a t e s a r e 
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formed along w i t h the donor s t a t e s , the e l e c t r o n c o n c e n t r a t i o n approaching a r e l a 

t i v e l y low l i m i t i n g va lue upon prolonged i r r a d i a t i o n . 

The gross fea tu res of the change of the c h a r a c t e r i s t i c s which a l i j u n c 

t i o n s e x h i b i t upon reac to r i r r a d i a t i o n , are shown schema t i ca l l y in F i g . 3 . The f o r 

ward c h a r a c t e r i s t i c becomes s teepe r , reaching i t s s teepest p o s i t i o n at a dose of 

about l o ' ^ nvt.c . The forward c u r r e n t decreases again upon f u r t h e r exposure, r*apld !y 

becoming bad at doses of more than 5 * ! 0
1 5

 nv t^ . The reverse cu r ren t and the 

" f o o t " [3] on the o ther hand decrease upon reac to r i r r a d i a t i o n as is shown in more 

d e t a i l in F i g . 4 . Both are p a r t i y asc r ibed t o leakage c u r r e n t s across η type ma

t e r i a ! as a l ready mentioned . 

In F i g . 5 is represented the change of the forward c u r r e n t at a constant 

bias vo l t age of 2 v o l t s of one on the samples du r ing i r r a d i a t i o n in the reac to r and 

of j u n c t i o n Ph  h, the values of which have been borrowed from F i g . 7 o in both 

cases the shape depends on the vo l tage «, 

The change of the s h o r t  c i r c u i t photocur ren t upon i r r a d i a t i o n w i t h u l t r a v i o l e t Mght 

and brought about by reac to r i r r a d i a t i o n of a sample j u n c t i o n of s e r l e s H75 and of 

P15 is shown in F i g . 6 . 

The change of the photocur rent of the j u n c t i o n of s e r i e s H75 may be ex 

p la ined by assuming t h a t i t is due t o a change of the d i f f u s i o n 'ength in the " ' in 

t r i n s i c '
1
 reg ion by a s h i f t of the Fermi leve l and t h a t the " i n t r i n s i c " ' reg 'on s 

s l i g h t l y pdoped before I r r a d i a t i o n , becoming i n t r i n s i c or near ly i n t r i n s i c at the 

maximum photocur rent . The i n t r i n s i c reg ion becomes s l i g h t l y ηdoped upon f u r t h e r 

exposure, the e l e c t r o n c o n c e n t r a t i o n approaching a r e l a t i v e l y low l i m i t i n g value 

The t r a n s i t i o n layer of the j u n c t i o n of s e r i e s P—15, e x h i b i t i n g no max'mum
 !

'n the 

pho tocu r ren t , may be considered t o be I n t r i n s i c or near ly i n t r i n s i c before I r r a d i a 

t i o n w i t h i n the range of our i r r a d i a t i o n s (< 10 ' * n v t ^ ï , becoming s l i g h t !y n doped 

upon i r rad i a t i on . 

The forward c h a r a c t e r i s t i c is hidden in the low c u r r e n t range by the h"gh 

leakage c u r r e n t so t h a t the measurements are s i g n i f i c a n t only in an in termedia te ■ ~ ir-■ 

rent range, which is r a t he r narrow . In F i g . 7 is represented the change of the In I 

versus vo l tage curve of the forward c h a r a c t e r i s t i c , a f t e r hav'ng sub t rac ted the 

leakage c u r r e n t , of j u n c t i o n Phh which is d i s p l a y i n g a maximum in the photocur rent 

curve . The s lope of the semi  log p lo t is q /1 .68 kT before I r r a d i a t i o n , which 3 

t ha t of the t r a n s i t i o n region between regions w i t h the s lopes q/2kT and q/kT „ This 

ind ica tes t h a t the i n t r i n s i c reg ion is s l i g h t l y pdoped,. the c o n c e n t r a t i o n of the 

holes being about 10 /cm* as may be es t imated f rom the c o n d i t i o n t h a t the c u r r e n t 

at the t r a n s i t i o n reg ion of the c h a r a c t e r i s t i c is about equ i va len t t o the s a t u r a t i t i : 

cu r ren t of the p*p b a r r i e r . The s lope becomes suddenly q/kT at a dose of i O
4
" nv t * 

where the photocurrent reaches i t s maximum value,, which has been cons idered t o occu

when the t r a n s i t i o n layer of the j u n c t i o n becomes i n t r i n s i c or near ly i n t r i n s i c , 

The increase of the s lope may be exp la ined by assuming t h a t the d I f f u s
:
o n 'ength 'in 

the i n t r i n s i c reg ion has become much la rge r than the w id th of t h i s reg
r
on ., Upon 

f u r t h e r exposure the s lope decreases again approaching a l i m i t i n g value of q / ! u 6 6 kT, 
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which is t h a t of a t r a n s i t i o n region of the forward c h a r a c t e r i s t i c , i n d i c a t i n g t h a t 
the " i n t r i n s i c " reg ion is s l i g h t l y η-doped, the concen t ra t i on of the e l e c t r o n s being 
about I 0 l 2 / c m 5 . The decrease of the s lope may be due t o a decrease of the d i f f u s i o n 
length compared t o the w i d t h of the i n t r i n s i c region . 

The s lope of the semi - log p lo t of the forward c h a r a c t e r i s t i c of j u n c t i o n 
Ph-i » which d i s p l a y s a photocurrent curve w i thou t a maximum, is q /2 .32 kT before i r 
r a d i a t i o n approaching q II kT upon prolonged i r r a d i a t i o n . The s a t u r a t i o n c u r r e n t 
t i n t e r c e p t w i t h the cu r ren t a x i s ) increases s low ly upon i r r a d i a t i o n , approaching a 
I imi t ing va Iue of 6 x I O - 1 9 A/cm2 at a dose of IO1 5 n v t f , which has been found t o 
occur w i t h a l l j u n c t i o n s . The increase of the s a t u r a t i o n cu r ren t may be due t o an 
increase of d / L , causing an increase of the forward cu r ren t at a constant b ias ,vo I -
tage as is shown in F i g . 5 . Upon s t i l l f u r t h e r exposure the forward c h a r a c t e r i s t i c 
r a p i d l y becomes bad, which may be due t o a f u r t h e r decrease of the d i f f u s i o n ' e n g t h , 
so t h a t the vo l t age drop across the i n t r i n s i c region is not n e g l i g i b l e anymore 

2o4o Annealing of i r r a d i a t e d SiC ρ·-η j u n c t i o n s 

In F i g . 8 and 9 is presented the change of the forward and the reverse 
c h a r a c t e r i s t i c upon pulse anneal ing . The diode has been i r r a d i a t e d w i t h a dose of 
10 nvt-p at 80° C . The pulses are of 30 minutes du ra t i on . The re ference tempera 
t u r e is 0°C, whereas the diodes are heated under an i ne r t atmosphere . 

3.5. Reactor irradiation of grown SiC diedes at a temperature of 500 C 

The change of the c h a r a c t e r i s t i c s is measured du r ing i r r a d i a t i o n in the 
BR! reac to r at a temperature of 500°C . A d i f f i c u l t y encountered with t h i s type of 
measurements is the per iod of ten t o twenty minutes before the temperature of the 
c r y s t a l Is s t a b i l i z e d at a temperature of 500°C ; t h i s t ime is los t f o r the record ing 
of the c h a r a c t e r i s t i c s . 

The r e s u l t s are represented in F i g . 10 and are expressed as the change η 
c u r r e n t in the forward d i r e c t i o n at a constant vo l tage of 1.6 v o l t and the change In 
reverse c u r r e n t at a b ias vo l tage of 0.9 v o l t . 

a t 80 'C 
No increase in the forward c u r r e n t is observed in con t r as t t o the r e s u l t s 

The reverse cu r ren t remains p r a c t i c a l l y constant from 8 χ lo ' 4 " t o 5 x l o ' ^ n v t f 

Anneal ing of any importance has not been observed . 

A diode which has been sub jected t o a f l u x of about Ι θ ' ^ n v t f is heated 
du r ing 15 minutes at a temperature of I000°C in i t s o r i g i n a l quar tz con ta i ne r and 
s low ly cooled down . 

The c h a r a c t e r i s t i c s were measured, a l though the t ime dur ing which the 
c r y s t a l was held a t I000°C was very sho r t . They are represented in F i g 0 I ! t o de
monstrate how ca re fu l one has t o be in drawing conclus ions from anneal ing s tud ies 
at temperatures above 7 0 0 - 8 0 0 ° C . 
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The decrease in r es i s t ance of the diodes is due t o su r face c o n d u c t i o n , which might 
have been brought about e i t h e r by d e p o s i t i o n of S i , which has been evaporated f rom 
the qua r t z c o n t a i n e r , or by s e l e c t i v e evapo ra t i on of Si or C f rom the SiC s u r f a c e . 

A f t e r the d iode has been sand-b las ted no s i g n of annea l ing was observed . 
The brown c o l o r a t i o n has disappeared however . 

The change of the photocur ren t is measured a t a temperature of 500°C 
du r ing i r r a d i a t i o n in the BRI r e a c t o r . The r e s u l t is represented in F i g . 12 . 

2.6. Photospectrometric measurements 

The r e s u l t s of the pho tospec t romet r i c measurements, which have been ob
ta ined so far w i t h the a id of a Beckmann photos pect rometer type DK-I , are represented 
in F i g . 13 . The curves are normal ized a t a wave- length of 2500 m\l . I t f o l l o w s f rom 
t h i s f i g u r e t h a t between 400 and 800 ηιμ (w id th energy gap 400 ιημ) c o l o u r cen t res are 
in t roduced upon r e a c t o r i r r a d i a t i o n . They p a r t l y anneal out whereas a t a tempera
t u r e of 900°C a res idue is s t i l l l e f t . 

C o n t i n u a t i o n of these measurements may in c o r r e l a t i o n w i t h Ha l l and r e s i s t i v i t y mea
surements g ive impor tant r e s u l t s concern ing the derfects in t roduced upon r e a c t o r i r 
r a d i a t i o n and t h e i r annea l ing behaviour . 

3 . RADIATION DAMAGE IN SINGLE CRYSTALS OF SILICON CARBIDE 

3 . 1 . I n t r o d u c t i o n 

In t h i s repo r t a sho r t review w i l l be g iven of the e f f e c t s of f a s t neu
t rons on the e l e c t r i c a l p r o p e r t i e s of s i l i c o n c a r b i d e . The c r y s t a l s used f o r these 
exper iments were i r r a d i a t e d in the S-92 f a c i l i t y of the BRI research reac to r . 
The research In t h i s f i e l d is s t i l l going on, so t h a t no complete p i c t u r e of the 
va r ious problems can be g iven . 

An i n v e s t i g a t i o n on r a d i a t i o n damage in s i l i c o n ca rb ide by f a s t neutrons has been 
made by AUKERMAN et a l . [ δ ] · . They s t u d i e d the behaviour of SiC diodes upon neutron 
i r r a d i a t i o n and found SiC t o be a promis ing ma te r i a l f o r dev ice a p p l i c a t i o n s in r a 
d i a t i o n f ie Ids . 

They observed however, only a s l i g h t annea l ing of the damage a f t e r one hour at 320~C = 
In view of the annea l ing behaviour of the change of length of SiC specimens repor ted 
by PRIMAK et a l . [6] i t was expected t o have a more rap id recovery at 500°C . The re
s u l t s of t h i s research program are summarized in the f o l l o w i n g f o u r chapters „ 
In the f i r s t s e c t i o n , a sho r t d e s c r i p t i o n of the method and the apparatus used f o r 

the measurements w i l l be g i v e n . In the second and t h i r d par t a summary is g iven of 
the c o n d u c t i v i t y and Hal l e f f e c t measurements c a r r i e d out on p- and n~type hexagonal 
s i l i c o n ca rb ide before and a f t e r i r r a d i a t i o n . 

Isochronal pulse anneal ing exper iments on i r r a d i a t e d c r y s t a l s are repor ted in the 
last chapter . 
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3 . 2 . VAN DER PAUW1s method 

We decided t o use VAN DER PAUW's method [7] f o r measuring the r e s i s t i v i t y 
and the Ha l l constant . This method is based upon a theorem which holds f o r a plane-
p a r a l l e l sample of a r b i t r a r y shape w i t h f o u r smal l contac ts a t i t s c i rcumference 
(see F i g . 14) . The s p e c i f i c r e s i s t i v i t y can be der ived f rom the measurement of two 
pseudo-res is tances : 

' 34 

I , 
and 

13 
'II Ir 12 -"24 

where V 3 4 and V j 2 are the p o t e n t i a l d i f f e r e n c e s between the con tac ts 3-4 and 1-3, 
and J 1 2 r esp . I2A_ the c u r r e n t through the con tac ts 1-2 and 2-4 . I t has been shown 
by VAN DER PAUW t h a t the s p e c i f i c r e s i s t i v i t y is a f u n c t i o n only of the two r e s i s 
tances R j and R j j and of the th i ckness of the p l a t e l e t d : 

" Ri 
Ρ - τ — : " " f 

II 

The fune t ion f 
R I 

RIJ 
<I 

is g iven by VAN DER PAUW in g raph ica l form ( F i g . 15) . 

Because Rr and R r r are measured in d i f f e r e n t par ts of the sample, a change of , 

w i t h temperature ind ica tes t h a t the specimen is not homogeneous . 
To reduce the in f luence of con tac t s of f i n i t e s i z e , and t o l i m i t the chance of 
meeting inhomogeneit i e s , VAN DER PAUW suggested t o use a f o u r leaf c l o v e r shaped 
sample . 
The Ha l l c o e f f i c i e n t can be determined on the sample by measuring the change of the 

ν Ι Λ res i s tance ^·ΤΓΓ ~ y ^ when a magnetic f i e l d is app l ied pe rpend i cu la r l y t o the 

sample R·, = 
123 

χ d χ 
Δ R III where H is the magnetic f i e l d s t r e n g t h 

3o3o Experimental 

The SiC s i n g l e c r y s t a l s , of hexagonal s t r u c t u r e , were obta ined f rom the 
P h i l i p s Research L a b o r a t o r i e s . They are grown in the Lely furnace using t e c h n i c a l 
grade s i l i c o n carb ide as s t a r t i n g ma te r i a l . The p-type c o n d u c t i v i t y is main ly due 
t o the presence of aluminium which ac ts as an acceptor cent re . These acceptor l e 
ve ls are p a r t l y compensated w i t h n i t r o g e n ac t i ng as a donor impur i t y . 
I t was found by the P h i l i p s Research Laborator ies t h a t a Ni-Mo a l l o y was a good c o n 
t a c t i n g m a t e r i a l , showing an ohmic behaviour on η-type ma te r i a ! and on p-type mate
r i a l a f t e r the a d d i t i o n of smal l amounts of a l u m i n i u m . 

Molybdenum s t r i p s spot welded t o p la t inum s t r i p s are a l l oyed in a h igh- f requency 
furnace on f o u r d iagonal po in ts of the p l a t e l e t using the n i c k e l a l l o y „ A f t e r t h i s 
t r e a t m e n t , the c r y s t a l s are sand-b las ted t o c lean the sur face . 

Appara tus 

MEASURING CIRCUIT ( F i g . 16) 

The s p e c i f i c r e s i s t i v i t y and Ha l l constant are determined by means of a 
d i r e c t - c u r r e n t method and constant magnetic f i e l d . The p o t e n t i a l d i f f e r e n c e s between 
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t h e c o n t a c t s , t o be known a c c o r d i n g t o VAN DER PAUW's method a r e measured w i t h t h e 

a i d o f a D i e s e l h o r s t p o t e n t i o m e t e r u s i n g a g a l v a n o m e t e r as z e r o  d e t e c t o r . An e r r o r 

may be i n t r o d u c e d by t h e r m o e l e c t r i c e f f e c t i f t h e t e m p e r a t u r e o f t h e spec imens Is 

no t u n i f o r m . T h i s e r r o r can be e l i m i n a t e d by r e v e r s i n g t h e c u r r e n t and a v e r a g i n g 

t h e two r e a d i n g s . The c u r r e n t , measured w i t h a M i c r o v a m u l t i r a n g e g a l v a n o m e t e r , , is 

d e l i v e r e d by a number o f lead a c c u m u l a t o r s w h i c h a r e p l a c e d in a t h e r m o s t a t . , In o r 

d e r t o e l i m i n a t e v o l t a g e f l u c t u a t i o n s . A s w i t c h i n g s y s t e m e n a b l e s t o choose one 

p a i r o f c o n t a c t s f o r t h e c u r r e n t f l o w , t o r e v e r s e t h e c u r r e n t and t o t r a n s f e r t h e 

probe v o l t a g e t o t h e measu r i ng c i r c u i t . 

The H a l l e f f e c t measurements were p e r f o r m e d in a f i e l d s t r e n g t h o f 5400 gauss „ 

SPEC IMEN HOLDER ( F i g . 17 ) 

The spec imen h o l d e r d e s i g n e d f o r h i g h t e m p e r a t u r e measurements c o n s i s t s 

o f an a l u m i n a rod w i t h 6 h o l e s w h i c h c o n t a i n f o u r p l a t i n u m c o n t a c t w i r e s and a 

p l a t i n u m  p l a t i n u m / r h o d i u m t h e r m o c o u p l e . The rod is mounted i n a me ta l head w l v c h 

c o n t a i n s 6 vacuum s e a l e d t h r o u g h  l e a d s and a c o n n e c t i o n f o r a h i g h vacuum s y s t e m a 

The sample h o l d e r Is s u r r o u n d e d by an a l u m i n a t u b e w h i c h can be e v a c u a t e d t o abou t 

! 0""
5
 mm Hg . 

OVEN AND OVEN REGULATOR ( F i g . 18) 

The oven c o n s i s t s o f a p y r o f i l i t e t u b e w h i c h c a r r i e s a n o n  i n d u c t i v e 

w i n d i n g o f p l a t i num w i re . The t h e r m a l i n s u l a t i o n is s m a l l so t h a t t h e oven reaches 

i t s e q u i l i b r i u m s t a t e in a s h o r t t i m e . The t e m p e r a t u r e has t o be kep t c o n s t a n t w i t h 

in na r row l i m i t s , e s p e c i a l l y f o r H a l l e f f e c t measurements . The oven t e m p e r a t u r e 

s t a b i l i z e r , w h i c h has been b u i l t , i s based on a b r i d g e s y s t e m in w h i c h t h e o
w

en re 

s ¡ s t a n c e f o r m s one arm o f t h e b r i d g e . 

CRYOSTAT ( F i g . 19) 

For measurements a t low t e m p e r a t u r e s a me ta l c r y o s t a t has been c o n s t r u c t e d 

T h i s c r y o s t a t c o n s i s t s o f a c e n t r a l c o p p e r t u b e w h i c h c a r r i e s a h e a t e r o f c o n s t a n t a n 

w i r e . The c o p p e r t u b e is in t h e r m a l c o n t a c t v i a a t h i n c o p p e r s h e e t w i t h t h e can 

t h a t c o n t a i n s t h e l i q u i d n i t r o g e n . The c e n t r a l t u b e and t h e can c o n t a i n i n g t h e re 

f r i g e r a n t a r e s u r r o u n d e d by a vacuum j a c k e t . By a d j u s t i n g t h e c u r r e n t t h r o u g h t h e 

h e a t e r , t h e t e m p e r a t u r e can be v a r i e d c o n t i n u o u s l y between l i q u i d n i t r o g e n and oom 

t e m p e r a t u r e . 

3 . 4 . R e s i s t i v i t y and Hall cons t an t measurements of SiC s i n g l e c r y s t a l s 

E x t e n s i v e s t u d i e s on t h e e l e c t r i c a l p r o p e r t i e s o f SiC s i n g l e c r y s t a l s we"e 

made by BUSCH [ δ ] , BUSCH and LABHART [ 9 ] , LE LY and KROGER [ | 0 ] a n d by VAN DAAL, 

KNIPPENBERG and WASSCHER [ l l ] [ 12 ] [ 13 ] o f t h e P h i l i p s Research L a b o r a t o r i e s 

BUSCH and LABHART d e t e r m i n e d t h e t e m p e r a t u r e dependence of t h e r e s i s t i v i t y and Ha" ' 

c o n s t a n t i n a t e m p e r a t u r e range f r o m 100° t o I 100° Κ f o r η  t y p e ( g r e e n ) and ρ t y p e 

( b l a c k ) s i l i c o n c a r b i d e found among t h e c o m m e r c i a l c r y s t a l s . They n o t i c e d a max mum 
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In the Ha l l m o b i l i t y f o r both type of c r y s t a l s , at about 300'K . The decrease in 
m o b i l i t y towards lower temperatures was a t t r i b u t e d t o a t r a n s i t i o n t o impur i t y band 
conduct ion „ 
The e l e c t r i c a l behaviour of pure n- and p-type s i n g l e c r y s t a l s of SiC doped w i t h 
n i t r ogen and aluminium dur ing growth in the Le ly furnace was i nves t i ga ted by L.ELY 
and KROGER. They determined the energy leve ls of the impu r i t i es added t o the c r y s 
t a l s : 

- the depth of the N donor level l i es in between 0.06 and 0.085 eV below the 
conduct i on band ,: 

- the i o n i z a t i o n energy f o r the Al impur i t y is about 0.27 eV . 

Cont inu ing the work of LELY and KROGER, VAN DAAL and co-workers made an ex tens ive 
study of the e l e c t r o n i c conduct ion in p-type SiC between 300J and I 500 "K „ They ex 
p la ined the temperature dependence of the Ha I I m o b i l i t y as a consequence of d i f f e 
rent s c a t t e r i n g mechanisms, e . g . o p t i c a l , a c o u s t i c a l , p i e z o e l e c t r i c and Impur i t y 
s c a t t e r i n g „ 

A f i r s t aim of our Ha l ! e f f e c t and r e s i s t i v i t y measurements was t o compare our re
s u l t s w i t h those obtained by H.J . VAN DAAL on specimens of the same growth „ 
The agreement was very good . 

ρ TYPE SI LI CON CARBIDE 

The s p e c i f i c r e s i s t i v i t y and Hal l c o e f f i c i e n t of a number of p- type s l n g i e 
c r y s t a l s of SiC were determined in a temperature range from 300' Κ t o ! 300 ο Κ„ 
Fig» 20 shows the logar i thm of the c o n d u c t i v i t y of t h ree of these c r y s t a l s as a 
f u n c t i o n of the inverse temperature . 

In Fig,, 21 the number of f r ee holes is p l o t t ed versus the inverse temperature u The 
c o n c e n t r a t i o n of the f r ee holes has been c a l c u l a t e d from the Ha l ! c o e f f i c i e n t R 
using the c l a s s i c a l formula ρ - 2—~ ΪΓ~ ° ^he curves of log ρ vs . j - can be in ter 
preted as f o l l o w s ; the s t r a i g h t par t at in termedia te temperatures is connected w ; t h 
the l i b e r a t i o n of charge c a r r i e r s from impur i ty cen t res , which causes the exponen
t i a l change of the f r ee hole c o n c e n t r a t i o n w i t h -~ . 
At high temperatures ρ tends t o a constant value N A -N D „ due t o the exhaust ion of the 
acceptors . The bending of the c o n d u c t i v i t y curves a t high temperatures is then a iso 
exp la ined in the same way constant number of charge c a r r i e r s and reduc t ion of the 
m o b i l i t y w i t h increas ing temperature . 

' , l n3 i3 /2 
!n F i g . 22 we have p l o t t ed log - y - j ρ as a f u n c t i o n of the inverse temperature u 

From the s lope of the s t r a i g h t par ts of these curves the a c t i v a t i o n energy of the 
Impur i ty cen t res has been deduced . Fur thermore, a g raph ica l ana l ys i s of these curves 

developed by VAN DAAL et a l , enables us t o evaluate the number of acceptors NA and 
donors NQ „ This method is based on the formula f o r p a r t l y compensated acceptor !e 
ve ls 

Ρ ' Ρ + ND) _ ε 

NA - ND - ρ 

where ρ ~ number of f r ee holes 
NA = number of acceptors 
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Nr) = number o f d o n o r s 

Nv = d e n s i t y o f s t a t e s 

g = m u l t i p l i c i t y r a t i o be tween v a l e n c e band and a c c e p t o r l e v e l . 

In F i g . 23 t h e H a l l m o b i l i t y i s g i v e n as a f u n c t i o n o f t h e a b s o l u t e t e m p e r a t u r e „ 

A t 300° Κ μ l i e s between 28 and 42 cm
2
 V


' s ~ ' f o r t h e d i f f e r e n t c r y s t a l s „ The mo

■ ο I I 

b i l i t y d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e and becomes a b o u t 2 . 7 crrr V ' s"' a t 

I 000 'Κ . 

The most i m p o r t a n t d a t a w h i c h can be deduced f r o m t h e c u r v e s a re c o l l e c t e d "n 

Tab l e i . 

TABLE ! 

1 

2 

3 

4 

5 

Ac t i v a t ion 

e n e r g y 

eV 

0 .31 

0 .32 

0.31 

0 . 2 0 

0 . 2 6 

Mob i 1 i 

2 
C ITT 

a t 

V "
1 

30C 

42 

28 

34 

37 

28 

t y 

s "
1 

1° κ 

Mob i 1 i t y 

cm 

a t 

v  i 51 

1 000° κ 

2 . 8 

2 . 6 

• 

2 . 8 

3 . 0 

10 

N
A 

' 8 cm" 

1 0 

4 . 2 



16 

! ! 

3 
10 

N
D 

! 8
 cm 

2 

0 ,7 



2o8 

5 . 7 

3 
V

N
A 

0 .2 

o :? 

0 , 1 6 

0 50 

VAN DAAL has made a c o m p l e t e a n a l y s i s o f t h e Ha I I m o b i l i t y c u r v e s In p  t y p e c r y s 

t a l s o The t e m p e r a t u r e dependence o f t h e H a l ' m o b i l i t y can be e x p l a i n e d by assuming 

t h e p resence of d i f f e r e n t s c a t t e r i n g mechanisms ; s c a t t e r i n g by o p t i c a ' phonons 

a c o u s t i c a l mode, p i e z o e l e c t r i c a I , and i m p u r i t y s c a t t e r i n g . 

In F ig , , 24 we have p l o t t e d r e c i p r o c a l Ha I I m o b i l i t y f o r t h e t h r e e c r y s t a l s as a 

f u n c t i o n o f t h e i n v e r s e t e m p e r a t u r e . The f u l l l i n e s r e p r e s e n t t h e e x p e r i m e n t a y 

found v a l u e s . T h e „ b r o k e n l i n e s r e p r e s e n t t h e t h e o r e t i c a l c u r v e s f c s c a t t e •■"nq bv 
θ 

o p t i c a l phonons ( e T  l ) . In t h e t e m p e r a t u r e range between ! 3 0 0
r
K and 450 K t h e ex 

p e r i m e n t a l ly f o u n d Ha I I m o b i l i t y c u r v e c o i n c i d e s we ! ! w i t h t h e t h e o r e t i c a l cu r  ' e fo r


s c a t t e r i n g o f h o l e s by o p t i c a ! phonons . 

nΤΥΡΕ S ILIC0N CARBIDE 

The c o n d u c t i v i t y and e l e c t r o n c o n c e n t r a t i o n c u r v e s ' .F igo 25 i' o f t h e n· t y n e 

s i n g l e c r y s t a l s have t h e same shape as t h e p  t y p e spec imens , As a consequence how

e v e r , o f t h e lower a c t i v a t i o n e n e r g y o f t h e d o n o r i m p u r i t i e s ( a b o u t 0 , 0 8 eV. t h e ma 

ximum i n t h e c o n d u c t i v i t y i s reached a t a lower t e m p e r a t u r e . 

The Ha I I mob i l i t y o f t h e e l ec t r o n s ( F i g . 2 6 ) goes o v e r a max I mum a t 2 5 0 ' K 0 F o " lo

wer t e m p e r a t u r e s t h e r e is a v e r y s t e e p d r o p , w h i c h has been I n t e r p r e t e d by BUS
r
H and 

LABHART as a t r a n s i t i o n t o i m p u r i t y band c o n d u c t i o n . At room t e m p e r a t u r e μ "s o f t h e 

o r d e r o f 200 cm
2
 V


' s " " ' , w h i c h i s abou t a f a c t o r o f f i v e h i g h e r t h a n f o r t h e ρ t y p e 

c r y s t a Is „ 
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3 . 5 . Neutron i r r a d i a t i o n of SiC s i n g l e c r y s t a l s 

R e s i s t i v i t y and H a l l c o e f f i c i e n t measurements as a f u n c t i o n o f t e m p e r a 

t u r e have been p e r f o r m e d on one η  t y p e and t h r e e p  t ype s i n g l e c r y s t a l s o f S iC a f 

t e r i r r a d i a t i o n i n t h e BRI r e a c t o r . 

nΤΥΡΕ SI LI CON CARBIDE 

The η  t y p e s i n g l e c r y s t a l , used f o r t h e e x p o s u r e , had a d o n o r c o n c e n t r a 

t i o n o f a b o u t 3 x I O
1 7

 atoms c m ~
3
, a m o b i l i t y of 183 cm

2
 V~' s "

1
 a t room t e m p e r a t u r e 

and an a c t i v a t i o n ene rgy o f 0 .065 eV f o r t h e dono r i m p u r i t i e s ( c a l c u l a t e d f r o m t h e 

s l o p e o f t h e log n v s . i c u r v e ) . I t was i r r a d i a t e d in t h e BR! r e a c t o r a t r e a c t o r 
I F> —9 

t e m p e r a t u r e ( 8 0 ' C ) w i t h an i n t e g r a t e d f a s t n e u t r o n f l u x n v t f = 3 . 8 x 1 0 cm 

A f t e r e x p o s u r e t h e r e s i s t i v i t y was measured as a f u n c t i o n o f t e m p e r a t u r e i n t h e 

range f r o m 300 t o 700" K . A s e m i  l o g p l o t o f t h e s p e c i f i c c o n d u c t i v i t y vs „ r e c i p r o 

c a l t e m p e r a t u r e b e f o r e and a f t e r i r r a d i a t i o n i s shown in F i g . 27 . I t was found 

t h a t t h e r e s i s t i v i t y was marked l y i n c r e a s e d upon i r r a d i a t i o n . The s l o p e o f t h e 

log σ v s .  c u r v e c o r r e s p o n d s t o an ene rgy o f abou t 0 .47 eV ( c a l c u l a t e d u s i n g t h e 

f o r m u l a e " " κ τ ) . T h i s v a l u e , o r t w i c e t h i s v a l u e , r e p r e s e n t s t h e d e p t h o f t h e 

e l e c t r o n t r a p s i n t r o d u c e d in η  t y p e SiC upon f a s t n e u t r o n I r r a d i a t i o n , , The Ha ' 

c o e f f i c i e n t was d e t e r m i n e d a t o n l y one t e m p e r a t u r e , 550" Κ . T h i s measurement I n d i 

c a t e s t h a t t h e spec imen remained η  t y p e m a t e r i a l a f t e r t h e exposu re n v t f = 3  8 x 

I 0
! 6

 c m "
2

. The H a l l m o b i l i t y in t h e η  t y p e s i n g l e c r y s t a l is dec reased by a f a c t o 

o f t w o upon i r r a d i a t i o n . 

B e f o r e exposu re t h e m o b i l i t y a t 550°K i s 70 cm
2
 V "

1
 s "

1
 » I t Is d e c r e a s e d t o 33 cm 

V"'
!
 s ~ ' a f t e r I r r a d i a t i o n , r e s u l t i n g f rom add I t Iona I s c a t t e r i n g by t h e newly i n t r o 

duced l a t t i c e d e f e c t s . 

pΤΥΡΕ S IL ÌC0N CARBIDE 
, -f r 

Three p  t y p e s i n g l e c r y s t a l s were g i v e n an exposu re o f n v t ^  2 . , 2 x i 0 cm ■ 

a t r e a c t o r t e m p e r a t u r e . The e l e c t r i c a l p r o p e r t i e s of t h e s e c r y s t a
:
s b e f o r e n e u t r o n 

bombardment a r e summar ized in T a b l e 2 . 

TABLE 2 

., κ, σ Hole c o n e . M o b i l i t y 
N
A D ΔΕ 

Specimen , a , I H ^
 Ω

~ '
 c m

~ '
 a t

 300" Κ cm
2
 V~'s"~ 

χ I 0
 I b

c r r r
5
 χ l O  ^ c n v  9 I R χ eV 

a t 3 0 0 ° Κ χ Ι 0 ^ χ l O ^ ^ c m

·

5
 a t 3 0 0 ' K 

| 10 2 0 . 9 4 1.7 42 0 .3 

2 II 5 .7 1.6 3 . 6 28 0„26 

3 16 2 . 8 30 57 37 0 , 2 0 

The a c t i v a t i o n ene rgy f o r the a c c e p t o r c e n t r e s i s c a l c u l a t e d f r o m t h e s l o p e o f t h e 

9 

n o 3 , 3 / 2 
og ρ l

1
^—] v s .  c u r v e 
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F i g . 28 and 29 show the temperature dependence of the s p e c i f i c c o n d u c t i v i t y of spe 

cimens I and 2 a f t e r reac to r I r r a d i a t i o n in the temperature range from 300° t o 700° K. 

As in the case of η type SiC the r e s i s t i v i t y was markedly increased a f t e r i r r a d i a t i o n , 

For specimen I the s lope of the log o" vs0 =L curve is near ly l i n e a r over the whole 

temperature range, i n d i c a t i n g one group of de fec ts , This s lope corresponds t o an 

i o n i z a t i o n energy of about 0„24 eV „ However, the bending of the c o n d u c t i v i t y curve 

of specimen 2 suggests t h a t more leve ls cou ld be present „ 

The Ha I I c o e f f i c i e n t as a f u n c t i o n of temperature was determined on one ptype 

s i n g l e c r y s t a l (specimen I ) „ 

In F i g . 28 the f r ee c a r r i e r c o n c e n t r a t i o n is p l o t t e d aga ins t the inverse tempera tu re . 

The measurement i n d i c a t e s ; t h a t ptype SiC is conver ted t o ηtype SiC by 

the a c t i o n of the de fec ts Introduced by f a s t neutron i r r a d i a t i o n „ Here a d i f f i c u l t y 

a r i ses s ince the con tac ts on the i r r a d i a t e d specimen were these t h a t are ohmic, on 

ρ type ma te r i a ! „ Non~ohmic behaviour gene ra l l y r e s u i t s in r e c t i f y i n g p rope r t i es of 

the con tac ts „ The in f luence of the con tac ts on the i r r a d i a t e d ptype ma te r i a l has 

t o be f u r t h e r i nves t i ga ted „ 

The log η vs , | curve has a l i n e a r s lope which corresponds t o an a c t i v a 

t i o n energy of 0,20 eV or twice t h i s vaiue . At 380° Κ the ptype sample had a hole 

concen t ra t i on of 3 * Ì0" cm"'' 0 As a r e s u l t of the neutron bombardment an ntype 

sample w i t h an e l e c t r o n c o n c e n t r a t i o n of 4 x 10 c m
 3

 at the same temperature is 

obtained „ The m o b i l i t y of the 5r?adiated ptype m a t e r i a l has a ra the r unusual be

haviour 0 The m o b i l i t y was s l i g h t l y g rea te r a f t e r exposure : before I r r a d i a t i o n 

μ  26 cm
2
 V '

!
 s" '

!
 a t 380° K, a f t e r i r r a d i a t i o n μ = 32 cm

2
 V "

!
 s~

!
 at 380" Κ „ 

Increase In temperature f rom 380 Κ t o 700°K ( F i g . 30} r e s u i t s in a f u r t h e r increase 

i η mob Ι Η t y o An ex ρ lanat Ì on of t h i s behav i our cannot ye t be g I ve n „ A f t e r the f I r s t 

temperature cyc le t o 700° K the r e s i s t i v i t y of the i r r a d i a t e d specimens seemed t o i n 

crease ,, This e f f e c t was found In the case of o ther semiconductors as e0g» germanium 

a f t e r neutron i r r a d i a t i o n and was exp la ined as a r e s u i t s of c l u s t e r i n g of de fec t s „ 

Four new contac ts were a l l o y e d on samples 2 and 3 In the h igh f requency furnace „ 

A f t e r t h i s thermal t rea tment '2 min a t I500°CI) the specimens were again ptype and 

the o r i g i n a l c o n d u c t i v i t y and hole c o n c e n t r a t i o n were near ly res to red ( F i g , 29) . 

3.6c Pulse anneal ing in p and n type SiC a f t e r neut ron exposure 

in order t o I n v e s t i g a t e the r e l a x a t i o n processes of de fec ts dur ing heat 

t rea tmen t , pulse annea! ing exper iments were performed on the i r r a d i a t e d specimens 

on which H a i l  and r e s i s t i v i t y measurementsvvœre c a r r i e d out as a f u n c t i o n of tem

pe rat u re 0 

Extensive s t u d i e s of annea l ing of r a d i a t i o n damage, performed on a number of semi 

conductors,, have shown t h a t seve ra ! complex r e l a x a t i o n processes can occur ; in many 

cases i n t e r p r e t a t i o n is very d i f f i c u l t „ However, these anneal ing exper iments have 

y ie l ded In fo rmat ion about the nature of de fec ts produced by I r r a d i a t i o n and on the 

mechanism of t h e i r remova! 0 
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The pulse anneal ing experiments were c a r r i e d out on the η-type s i n g l e c r y s t a l , which 
has received a f a s t neutron dose n v t f = 3 . 8 x IO 1 6 c m - 2 , and on one p-type c r y s t a l 
(spec imen I ) t o which an exposure of n v t f = 2.2 x IO 1 7 cm - 2 was g i ven . Isochronal 
temperature pulses of about 30 minutes were g iven in the temperature range between 
100 and 900°C, the c o n d u c t i v i t y and Ha l l c o e f f i c i e n t were then measured a t a refe
rence temperature . 

p-ΤΥΡΕ SI LI CON CARBIDE 

The r e s u l t s of the pulse anneal ing experiment are shown in F i g . 31 ; the 
c o n d u c t i v i t y of the specimen was determined a t the pulse temperature and at a r e 
ference temperature of I 8 . 5 ° C . This curve reveals t h a t no recovery in c o n d u c t i v i t y 
is observed below 400° C . 

The recovery of the c o n d u c t i v i t y as a f u n c t i o n of the anneal ing temperature is shown 
in F i g . 32 . I t can be seen t h a t measurable anneal ing occurs above 400°C . A f t e r 
t h i s thermal c yc l e the c o n d u c t i v i t y is increased by about two orders of magnitude 
but the o r i g i n a l c o n d u c t i v i t y of the specimen, before i r r a d i a t i o n o~ = 9 „ 4 x 10 ~5 

ohm - ' cm - ' a t room tempera tu re , is f a r f rom being res tored . 

The Hal l c o e f f i c i e n t of the conver ted p-type sample was determined only a t the p u s e 
temperature . The f r ee c a r r i e r c o n c e n t r a t i o n as a f u n c t i o n of the inverse va lue of 
the annea l ing temperature is shown in F i g . 33 . Here again a marked increase "n the 
f r e e c a r r i e r c o n c e n t r a t i o n , assoc ia ted w i t h the removal of de fec ts is found above 
400°C . The o r i g i n a l p-type m a t e r i a l , converted i n to η-type by i r r a d i a t i o n , remained 
η-conduct ive dur ing the whole heat t rea tment . 

n-ΤΥΡΕ SILICON CARBIDE 

The r e s u l t s of pulse anneal ing f o r the η-type specimens are shown In 
F i g . 34 and 35 . Here a reference temperature of 290° C has been chosen f o r the mea 
surements of the c o n d u c t i v i t y and the Ha l l c o e f f i c i e n t . The recovery of conduct ; 
v i t y and e l e c t r o n c o n c e n t r a t i o n as a f u n c t i o n of the pulse temperature is shown in 
F i g . 3 6 . The anneal ing behaviour of the η-type specimen seems t o be essen t ia ! ' : y the 
same as t h a t of the converted p-type sample . I t can be concluded t h a t only above 
400°C a re lease of t rapped e l e c t r o n s occurs , fo l lowed by disappearance of the elee 
t r o n t r aps . 

Fur ther i n v e s t i g a t i o n s about t he isothermal anneal ing of i r r a d i a t e d s i l l 
con c a r b i d e , in order t o s tudy the a c t i v a t i o n energy f o r motion of the mobile de fec ts 
and the nature of d e f e c t s , w i l l be performed . 
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Fig. 1 

Schematic view of the oven in the BR1 reactor. 
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Diode 

Fig. 2 

Voltage-current characteristics measuring-circuit . 
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Schemat ic representat ion of the change of the forward and reverse 
character is t ics of a SiC p-η j unc t i on upon reactor i r rad ia t ion . 
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Change of the reverse current at a bias voltage of 0.9 volt 
and of the "foot,, at a bias voltage of 0.8 vol t . 
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Change of the forward current of junct ion Phh at a bias voltage 

of 1.7 volt and of junc t ion Ph at a bias voltage of 2 vol ts. 
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Fig. 6 
Change of the shor t -c i rcu i t photocurrent upon reactor 

irradiation of a sample junc t ion of series H-75 and P-15. 
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Fig. 7 
In i versus voltage curves of the forward characteristics of junct ion Ph-h 

at various doses of reactor i rradiat ion obtained by subtract ing the "foot,, 

from the or iginal characteristics. 
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Fig. 8 
Change of forward characteristic upon pulse anneal ing 
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Fig. 9 
Change of reverse characterist ic upon pulse anneal ing 
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Surface conduction after heat t reatment at 1000 °C 
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Change of photocurrent of a grown SiC diode at 500'C 
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Fig. 13 
Change of t ransmission of a SiC single crystal upon reactor i r radiat ion and subsequent annealing, 
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Fig.14 
Arrangement of probes for res is t iv i ty and Hall measurements 
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Fig. 15 
•RI The f u n c t i o n f ( i i i ) used for determining the specific resistivity. 

C/349/fc 





Fig. 16 

Apparatus for the Hall and res i s t i v i t y measurements. 
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Fig. 17 
Specimen holder for high temperature 
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Fig. 18 
Circuit of the oven regulator. 
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Fig. 19 
Cryostat of al l -metal construct ion. 
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Hole concentrat ion of p-type SiC vs 1/T. 
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Reciprocal Hall mobi l i ty of p-type SiC vs 1/T 
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Conduct iv i ty and electron concentrat ion of ηtype SiC vs 1/T 

C/349/R3 





500 

300 

200 

υ 
Φ 
(Λ 

Ε υ 

>, 100 

ο 

70 

50 

30 

20 

ο 

\ ° 

c \ 

100 200 300 500 1000 1500 

Fig. 26 
Hall mobility of n-type SiC vs 

C/349/63 





ι υ 

1 

,_̂  
'E υ 

·< 1«ί 

C
on

du
ct

iv
ity

 
δ,

 IO
 

io3 

io'4 

id5 

io6 

, n 7 

\ 3.« 

. - · — ■ — " * " " — * ' " ^ 

Before irra 

χ IO
16

 nvt f 

η -<ype SiC \ \ 

diation 

\ \ A 

1 2 3 4 5 6 

c . 0 - 10
3
/T 

Fig. 27 
1/63 Conductivity of n-rtype SiC as a function of temperature before and after irradiation 





'ε 
° 19 

w 10 
c o 
m 
l _ —̂ 
C 
φ 
υ c o υ 
L. 
Φ 

ns 
υ 
φ 
Φ 

10 18 

10 17 

10 16 

10 
15 

10 14 

10 13 

10 12 

C/349/63 

Conductivity 

Carrier cone 

10; 1 2 3 

Fig. 28 τ 
Conductivity and carrier concentration of p-type SiC as a 
function of temperature before and after i r radiat ion. 
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Fig. 29 
Conductivity of p-type SiC as a function of temperature 
before and after i rradiat ion and wi th new contacts. 
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Hall mobility of ptype SiC as a funct ion of temperature 
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Recovery of conduct iv i ty in p-type SiC after neutron exposure. 
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Conductivity and free carr ier concen t ra t ion of p - t ype SiC at pulse 
tempera tu re . 





Pulse annealing curve of n type SiC after neutron exposure. 

Conduct iv i ty as a funct ion of temperature. 
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Recovery of conduct iv i ty and e lec t ron concent ra t ion 

in ηtype SiC after neutron exposure. 
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J To disseminate knowledge is to disseminate prosperity — I 

| general prosperity and not individual riches — and with prosperity 

disappears the greater part of the evil which is our heritage from 
darker times. 
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