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Abstract 

Starting from the fundamental equations governing the transport of charge 
carriers in the presence of the deep energy levels corresponding to lattice defects, 
as'vV9l1 as from the empiricallCMIS describing donor removal and acceptor-like centre 
creation during irradiation, the dependencies of the Fermi level position, carrier 
concentrations, resistivity and Hall coefficient on the neutron irradiation fluence of 
high resistivity silicon have been modelled. The free parameters of the model are 
the initial doping of the semiconductor, the energies levels in the band gap 
associated to the defects and their introduction rates. 

Based on this model, from the analYSis of experimental data for the 
dependencies of resistivity and Hall coefficient of n-type irradiated siticon versus the 
neutron fluence, the main responsible for the radiation effects has been K1entified 
to be an acceptor-like centre, situated at 0.4 eV below the conduction band edge. 
The same value of the position of the energetic level in the silicon band gap has 
been found for different sets of samples characterised by different initial doping 
concentrations. 

It has also been shown that during the short time annealing after irradiation, 
the donor and acceptor-like centres have different kinetic characteristics. 

• The originai tatk - in romaruan 
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Introduction 

By the most discussed effects observed in hiUIl roS lstlVlty sil icon oro Iho 
inversion of the conductIVIty typo after hoavy parllclu il r.}rll<ltIOIl , und, COlHluclud 
to this, the phenomena that determine the berlavlour of the semiconductor 
Immediately after irradlalion. 

It 'vVc3S previously sholM1 that resistivity and Hall coefficient measurements 
as a function on the particle fluence and on the selfannealing time are a good 
tool to have an insight on the phenomena produced in the silicon bulk at low 
electric field [1) 

Of particular interest IS to correlate the information obtained by different 
physical methods, e.g from the microscopical characterisation of the lattice 
defects produced in the semiconductor lattice by irradiation. So, it was stressed 
that, with the increase of the irradiation fluence, a great number of permitted 
energy levels in the sil icon gap could by detected, these corresponding to lattice 
defects [2]. 

The present paper proposes a simple model for the calculation of the 
resistivity and of the Hall coefficient of high resistivity irradiated silicon, starting 
from some simple hypothesis reguarding defect creation It is than shown that 
although a lot of deep centres are induced by irradiation, Ihe bohaviour ot Ih 
semiconductor, long time aftor irradiation, can be modo lied with only one centr e, 
acceptor-like, responsible for the inversion of the conductivity type Tile 
modelling of the behaviour of the matenal short time after irradiation 
necessitates the introduction of either some hypothesis on concentration of the 
deep acceptor-like centre , or the introduction of a donor-like centre 

Model 

As was previously mentioned, as a result of the interaction of the primary 
radiation defects (vacancies and silicon interstitials) with the impurities and 
defects already present in the lattice, a lot of defect centres are formed, all 
d1aracterised by deep energy levels in the gap (e.g.[3) for reactions and [2) for 
e review of the levels) Both donor and acceptor centres are produced In 
parallel to this effect, a removal of doping donors IS to be noted, due to the 
fonnation of the V-P centre [4] : The combined effect of these two processes is 
the modification of free carner concentrations, and corre lated of all macroscopic 
properties of the semiconductor. There is experimental evidence that irradiation 

could Induce the mverslon of !tIe conductivity type of n-type high resistivity 
silicon [5] . So, acceptor centres production seems to be preponderant on the 
donor ones 

The forthcoming Cjlli:Hltltatlve analysIs is va lid In the following slfnplifYlflg 
assumptions 

(I) only room temperature situation is analysed, vvhere all shallow donors 
are ionised; their concentration is Nd 

(ii) we refer to a stable situation In the latt ice , long time after irradiation, 
wtlen the selfannealing is completed. 

(iii) donor removal could be characterised by an exponential decrease of 
the donor concentration 'With the neutron fluence described by the equation 

N" - N'i) exp (- d ¢l) (1) 

\-,,!IUIO N Jv IS 1I1U IIlIllal dUPlllY 01 ti l t:! IIldl tJil iJ l , (I) IS til t:> 

(iv) dUring irradiation , one simple acceptor-like centre fo rms; it 1$ 

characterised by the energy level E, in the forbidden gap , and by the 
concentration NA Its concentration depends linearly on the irradiation fluence: 

NA - b ·¢I (2) 

The fundamental equations governing this process are the dependencies 
of the carrier concentrations of the Fermi level position, the occupation function 
on the deep acceptor centre [6], and the neutrality equation This way, in the 
hypothesis (1) -(2) , the Fermi level position as a function of the irradiation 
fluence could be determined. It has been shown in [7) that the shape of this 
curve is very senSitive to the acceptor level position , to the initial doping of the 
semiconductor and to the introduction rate of the deep acceptors Before 
irradialion , the Fermi level IS situated in the upper half of the forbidden band, 
corresponding 10 n·type malerlal. With Ihe Increase of the fl llence, it goes down, 
,lIld III U CUI Itlill lit lullCU It CI () S~OS Illu IIlllllISle I t'v~ l, ullur lhut lilt) I!lUIUIIUI Lloll Iy 
p-I ype 

In Fig . 1, the rnfluence of the different parameters on the dependence of 
the Fermi level position of the irradiation fluence is illustrated. The origin of the 
energy axis IS considered at the edge of the valence band. Higher inversion 
fluences correspond to acceptor-like levels nearer to the conduction band. The 
increase of the introduction rate of the deep centra decreases the value of the 
fluence Wiere the Fermi level crosses the intrinsic one , as more acceptors are 
produced, and correspondingly more electrons occupy them 

It is of high interest to illustrate the Inversion process from the dependence 
of the carrier concentrations (electrons and holes) versus the irradiation fluence, 
this being shown in Fig. 2 

As the Fermi level position is not a direct measurable physical quantity, II 
IS of high interest to characterise the influence of the irradiation fluence on, a 9 
the resistivity and Hall coefficient If the conduction mobilit ies of both electrons 
and holes , tlncJ It l (;j II~II fuctur mu cunsldered Independell t un the purt lcle 
fluence, the dependencies of the reSistivity and Hall coefficient on the neutron 



fluance are Illustrated In Figs 3 and 4 respectively, for the same parameters for 
ooich the position of the Fermi level on neutron fluence was represented in Fig 
1. The energetic position of the deep level influences very much the width of 
the resistivity and Hall coefficient vs fluence dependencies (In a semllog 
representation) Two orders of magnitude variation of the introduction factor of 
the deep level changes the point corresponding to the maximum of the resistivity 
in a f1uence range from 2 10'2 nlcm2 to 10'3 n/cm2 

, for the same Noo and E" 
The maximum of the resistivity corresponds to the intrinsic materia! At f!uences 
lower that the value corresponding to the maximum of the resistivity, the 
material is n-type, and at fluenees higher Itlat this value the material is p-type 

Experimental results 

The present model is to be utilised in ttle interpretation of the experimental 
data obtained for Itle dependence of the resistivity and of the Hall coefficient of 
n-type, irradiated silicon samples on the neutron fluence. As was previously 
reported [1] , the resistivity increases up to a maximum, and than decreases, 
while the Hall coefficient starts from low negative values , decreases up to a 
minimum, and than increases and changes sign in a very small fluence Interval 

The measurements of resistivity and Hall coefficient IN8re performed at 
room temperature using the four points probe method [8], at the Dipartimento 
di Energetica di Universita di Firenze, using the experimental set-up described 
in [9]. Four sets of square shaped samples, 1Ox1 0 mm2area and 1mm and 
respectively 400 ~m thickness, made on n-type, phosphorous doped, Wacker 
silicon, with low compensation, of initially 2-6 KOcm reSistivity, were used. The 
samples ...vere produced at the Brookhaven National Laboratory, USA. Each set 
was irradiated with fast neutrons of average energy 1MeV, in a separate run, at 
the University of LOINeIi [10] . The fluences ranged in the intervalS 10"_ 2 10'4 
n/cm2. 

The experimentally measured resistivity and I-Iall coeffiCient versus fluonce 
dependencies, reported In [1] are all of the shape of the curves ca lculated and 
represented in Fig 3 and 4 respectively, indicating an inversion of the 
conductivity type from n to p at fluenees around 10'3 n/cm2 

The measurements performed short time after irradiation evidence a 
different resistivity , and respectively Hall coefficient, vs the irradiation f1uence, 
as shown in FigS 

Discussion 

A superposition of the measured data (resistivity and Hall coefficient) for 
the samples of set 3a, irradiated with f1uences ranging in the interval 2 1012 

- 2 
n Icrrf, and of the calculated dependencies on f1uence of the resistivity and 

Hall coefficient are represented in Fig. 6, a and b respectively . The parameters 
used in the calculations are: the initial doping of the material Ndo = 3.S 10" cm-J 

, 

the donor removal cross section d =9 10-'4 cm2
, the energy of the deep level 

E,=0.72 eV measured from the edge of the valence band, and its introduction 
rate b =9 cm-' . 

So, from the multitude of the centres With deep energy levels in the gap, 
induced by irradiation, both the reSistivity and the Hall coefficient dependencies 
on the fluence havl~ been modelled wi th onl ').l one acceptor-like centre 

The behaviour of the res istivity and of the Hall coefficient short lime after 
Irradiation, as shown in Fig .S, could be understood with the formation, at 
irradiation, of a donor-like centre, that anneals-out at high selfannealing times, 
where a dependence of the type seen in Fig 5 is recorded each time [1]. More, 
the production of this deep donor-like centre must be a phenomenon with a 
fluenee threshold of formation , corresponding approximately to the minimum In 
the p(<D) dependence 

In rig 7 the calculdtuo ruslstlvlty vs nO ll trllll t l ll~ncu IS lopresollted It k lS 

boen suppostld that ttle dependence of ttw (j oep donor centres on tho f1UUllcu 
is of the type : 

hh · <I' (3)N = 
,J ", I -+ex p[ --0(4) ---4>,.)J 

All the previously nlentloned hypothesIs have been used, both on Itle 
shallow donor removal , and on acceptor-like centre creation The parameters 
used in the construction of Fig 7 are:NdO== S.10' 1 cm-) , EIlI ==072 eV, b=1 8 cm·' , 
bb==1 .S cm-' , Etd =04 eV, <1>0=4 1013n/cm2 

Summary and conclusions 

A calculation method for the resistivity and the Hall coefficient in tllgh 
reS istivity silicon was develored. starting from the hypothesis that the malll 
phenomena 1I1at take place dunng irradiation aru donor removal and acceptor 
creati on 

1 118 modellklS lJa€H1 foulld Ifll ea::;onablt:.l aglt.~oment Wlttl the experimental 
measurements, performed on three different se ~ 3 of samples, irradiated with 
neutron f1uences up to 2 10'4 nJcrn2

. The resistivity and Hall coefficient variation 
as a function of the neutron irradiation have been modelled with one acceptor 
centre, of energy E, == 0.72 eV, measured from the valenee band edge. 

The behaviour of the reSistivity and of the Hall coefficient short time after 
irradiation could be explained by the introduction of an unstable deep donor-like 
eentre, that forms after a threshold fluence, and that anneals out at long times 
after irradiation. 

Acknowledgements 

The authors would like to thank Zheng Li from the Brookhaven National 
Laboratory for helpful diSCUSSions on the parallel between the phenomena 
occurring in the electnca l neutral bulk and space charge reg ion of the p-n 
junctions after heavy particle irradiation , as wel l as for the preparation and the 
irradiation of the samples 

1014 



References 

1.U.Biggeri . E Burclll MLJruLLi , and S.Lazanu , Nucllns(r & Meth A360 (1995) 131. 


2.E.Borchi andMBli lzii, La Rivista del Nuovo Omen(o (1994) 


3, G ,Oavies , Ee l Iqlll owlus, RC:Nowman , and A SOalos , Somicond SCI 

9chn. 2 ( 19tJ7) !; :! I 

4 .U.Biggeri. E.BoI CI)i , MBruzzi. and S.Lazanu , Nucl PhysB (Proc Suppl.) 44 

(1995) 

5. J .WaUer, in Progr,.·ss Rep SECC 199 1 

6. W .Schockley al](1 r .La s!, PllYS. Rev 107 (1957) 392 

7.U.Biggeri. EBorc l)i , MBruzzi. and SLazanu. submitted to IEEE Trans Nucl.Sci 

8. L.JVan Der PaiN,,' Phylips ResRep 13 (1958) 1. 

9. U.Biggeri , EBoIClli , iJi Bruzz i, S.Lazanu , and R.Beuttenmulier Conf.Proc. of the 
Italian Phys. Soc. vol 46 (1994) 115 

10. G .H.R.Kege l, P ,. Bertone, DL.Case, D.JDesimone. CKJen, and C .Narayan, 
ConfProc of Ilw 1/, I ' , Ill P1ws Soc, vol 46 (1994) 8 7 

Romanian Conference of Advanced Materials 
Bucharest, November 13-15, 1995 

A phenomenological model 

for the behaviour 


of irradiated silicon 


S.IA/;:(1I111 


Illstitli te (}.ll'hJ'~'i(,l' alit! Technology oJ'illaleriaL,', 

Bucharest 


V.Biggeri, E.Borchi, M.Bruzzi 
University of Florence, Flo:'ellce, Italy 



Nd = N dO exp (- d ,¢» 

o65 r-, ---­

NA = b·Cl> 
Nl j( ) !.H.' \ I 

Et=O 56
Ec - EF) 06 

n N exp (- k T 
C B 

" 

:> 0 55 .~ 
~ J 

~EF - EV) 
p N exp (- k T 

v B 	 E 

~ 05 


A A " exp tF . EI) 
() ,1 ~ I

NA 	 kBT 

/J _ ~o u.-e... Or- rcLe¥ aLt... t;k e.­

A 


e... e.V ...:6.. e.J o4'L-------------------------------------------­
, I \ 2 	 ' 3 

10 
Fluence rn/cm ll2] 

A- - ~\l..~. o{ ~¥;~ 	 10 10 10 
'4 

CLc:.~~ 

o _ i k-k(!) ~c.4.·o~ h.a.-U 4 
hU 	d~ ~~~ - &:.~e 
~e «-f:ie 

~ ~ 6 f 

'-'-:=::':0:...; '"-­
-""­

000 ~=10 

••• •• - - 1 

, II {, t) I 



0 . 7 ~--~-----~----~;---------------------~----~--~~· 
0 .65rl----------~~~~.---~------~~~~--------------~~ 

c;. 
~ 

065 

.' 
I ••0.6 -, ­

1 ' 1 , 

C 0.6 ' C 

(. :;­
>055~' ~ 
~ (i) ; 
Qi U~'G. . •• 
> ~ 0 5SL 

'-t-c~ 
EE Q) 

Ll...~ 05 
000 Ndo=5e11 Et=0.56 . b=105 

.....- Ndo=1e12 . Et::O 56, b=1 


000 Et=O 4 
 Ndo=5e11 Et=O 7 b=1 
045 

0 45 , ""-Et::07 +++Ndo=1e1 2 Et=0 7, b=1 

I+++ Et=O 56 

l0 4 ,.,04' ~ 13 , ·1 

10 . 10 1(1
11 12 13 ' ·1 10" 

10 10 10 10 Fluence In/cm"21 
Fluence [n /cm"2] 

- t' u c:.~' a.-R cL 0 JikJ af
[ - e ft. e/l-~ I ~N.e. Of t'-e d~e~ IJ do 

t tke 41cvL t;'-'d 'nt CJvu'aJ 
~ to"L - ~~e a..e.K-b , 

~e a... Jc.t.. A..e.o{ r f&....e £'t; - e. k.&-~J & V<.e °1 ~ 

edi e of f&..e &n;;l..t:e. H-C~ 6 Q:. ;.c..c¥. of~e,:f ~~~ - -6'ke 


~e.. u..""'l<. (2. 



5 

2 5 x 10 
ox 10 "', ~ ce25, ~ . j 

Ndo=5e11 
o ~ : o 
5 " Ndo=5e11 o 

o . • b=1 
()

(J 22 

o 
 , I ' 

EE uu 'E 1 ::,°E 15 
L..c: 0Q. c) c. ~ ~ T c,~:~ c ·)~ U; .1 0iii 
CJl c 000 Et=O 4'en 000 b=1 0 :\ (l)

(lJ n::: ~ cr. " 
........ Et=O 7 
o 

o 
o +++ Et=O 56 

............ b=1 


+++ b=O 1 o 
'j050.5 

~I 
• . ' O:11~~' 

- . - . . --


Ol ­ot 
11 12 

1-; 
10 

10 10 10 10 

Fluence [n/cm ll2 j 


Nit ;:: 6. ~ E e 

_ __...__ 
 1: 13 1 ~ 

10 10 10 
luence !n /cm ll2 j 



~. 

000 E:=04 

........ E:=0.7 

+++ E:=056 

7 

5 X 10 


x 10 5
 

b=1 

\. 
~ ,. 
\ 
~. 

\

" '?J \ 

j 

I 


00 Ndo=5e11, Et=0.56 0 ' .'!"'"
2. 5r---,------,-.----,,..---,~--,--..---r-r--~-~-.--~,.--,-~ 

Ndo=5e11 
o o~ '\ ~..... Ndo=1e12, Et=0.56 0 f6 \ b=1 

,. ~ oo 0 o2 r .... Ndo=5e11, Et=0.7 o 
"1k * II""-'.:~:~.o ~ 

++ Ndo=1e12, Et=0.7 o 
~ 

o <-> \\. ~, M~)..~ E 1.5 
.Q..c 

Q. ~ o
(l) 

~ o 0° U: ~ 
oin ~ -10° 'u; IQ) 
o 


o 

~ 

cP 
I 

i o 
 -15 

° 05r ~ 8o 

I .:' .~~ [ 0;.0 ~ ~ __ __ , -20' -- <. '- ~' . .. - - ­
~ _~~ I 11 1:2 13 \,1 

l ' 13 ' 4 10 10 10 I() 
r . 12 

o 1010 10 10 
IllJO I Il':U 11'__ ll l"2 J 

Fluence In/cm"2) 



7 7 

X 10
5 'X 10 

5 1~----~~----~~~----~--~----~~~------~~~--~~ 

00 Ndo=5e11 . Et=0.56 

-- Ndo=1e12 . Et=056 

. Ndo=5e11 , Et=07 

0' ++ Ndo=1e12. Et=07o 
.- - , - ! t 

~. , 
o - - - T +T-t-~ ....-...~ • • 'T. o 

"-....: 
" 

u (j. () 

Ndo=t>e 1 , ~ -5 () ~ - ~ ~J 

E Et=56 E8 o ~ £ o 
:::; + \:::: ~ 

Cl)CD o \o o::: 00 b=1 0 (,)(,) o 
o~ -10 ~ -10 ..... b=1 

I I \++b= 1 o , 
-+c 

0; 

c o
-15 o-15o -r 

o'- I 
~-o~ .":,, 00 "iiI 

I 
, . -.1 _ , I -20 '-'----- " (l 

11 12 13 14 II I.' ,·1 
10 10 10 10 1D 10 III III 

Fluence [n/cm"2j Fluence In/cr' 2] 



,./ 

1. 
.I: 

5 

X 1 0 .,--.--,~_~-.,31 

2.5 

* - expo data set 3a Ic~
t 

I 
0
'6 

e8ft - calculated t '6 
~ 2 oE o 
·E 

S iX 10 
~. .- r-T t r- r 

.~ - exp.data set 3a 


GOO - calculated 


o
0'­

() 

o 
:l 

~ 

ou G 

~ -5 
.r: B"* :;>I E 

£o -toO 
:;1 .5 1 :t:: c# .jQ.l 

o: ~ 
QI uiii. iii ~ J1'0 . 10

(1) :r:~0::: 
o 

(?) 

~~ 
0 ' ·f· 15 

Co) E:.0.5 ~ 
(); Oct 

E, 

_20 ~1 - - ___ ~...I.---~~ o~!--~------~~~--~----~~~--------~~~~--~---
11 '2 1:; 14 15 '2 ,~10 10 10 10 10 10" 10 10 10 '4 

10 
Fluence [nJcm"2] Fluence [r.::m"2] 



10'2[~~~~~~~~l 

ca lculated with parameters of set 3a 

1 
0 

j 
I0 

11 
0 ~ 10 

'? 0 
< 
E 0 

~ 0 
0u 

c 0o cu 
c XQ3 ( X 

'C >CX ~ro 
X 


10 

U 10 

X 0- el cone 
x 

x \ A x - hole cone 
x 

x 
x 

x 

x109 
~__________~~ ____~~~~ ____________~_L____I 

11 13 14 15 
10 10

'2 
10 10 10 

Fluence [nicm"2] 

3.5", 10 " ·eftt- J 
Neff) : 

,. IO-/~C!.M~ 
d .:I 

Er 0.12.. e.V.3 

~ = 9 c hi-I 

L;.; t.r; w f..c 

.v..{ ; ~ ,~~ \-{ ~ d'4 ) 

,-/ ( - - . 4' ;..: 


~ ' 1.. 
/ I •• ~•

• - '1 ,1.,1 ...(. ,(" - _. ._- ­
c: ~d

(~ '4--f l~. '... 14 ·4 )f
... , .. I .. . 

,'Jd ,. . .'l ~ L ..: t. ~ '_ ,.; I 
4.. • ~- 6""!-.....~ ",-\. ': '-;. 

~ 4-. : ~. /t ,- '-I: 

5 
x 10 
- . , - , , • ' I35 

3 ~+'·-­
-- .-~.2 5 . .t 1. . ....E 

u 
C 

E 
.c 2" 
Q. ~t- + 

~ 
'> 
~ 15 
in 
Q)

a:: 

05-' 

o IL ____ ~__~~_~~~~L_____~~__~~~~~~___ 

12 13 14 
10 10 10 

Fluence [nfcm2
] 

15 
10 



Summary and conclusions 

• in a model with one deep acceptor-like centre: 
• the position of the deep acceptor trap 
influences the inversion f1uence and the width 
of the p(<D) and RH(<t» curves 
• its introduction rate changes the inversion 
fluence 

• the experimental dependencies of the resistivity 
and Hall coefficient on the neutron fluence have 
been modelled, supposing that the irradiation 
introduces one deep acceptor-like centre in the 
semiconductor band-gap, at ~ O.4 eV below the 
conduction band edge. 

• the short-time annealing can be modelled with 
another deep centre, donor-like, situated at ~O.4 
eV above the valence band edge. 


