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Abstract 

High temperatura annealing tn.:atment has been carried out on fast neutron irradiated 

silicon samples with temperatur~ up In 300 C. F1uences of irradiation up to 1014 n/cm2 were 

used. Before annealing, samples irradiated with t1uences higher than 1013 n/cm2 suffered the 
type conductivity inversion from n-type to p-type. The changes in resistivity and Hall 
coefficient during high annealing step have been measured by Hall effect analysis. Results 
indicate the possible creation of acceptors for low temperature annealing up to 150 C, and the 
Phosphorus release by E centres at annealing temperatures among 150 and 200 C. Heating samples 
up to 300 C allows recovering the resistivity to its value before inversion, with the 
peculiarity that bulk inverted to p-type after irradiation does not come back aftes annealing. 

+ now at HNR-Dubna 
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Annealing Effects on Resistivity and Hall 

Coefficient of Neutron Irradiated Silicon 


L Biggeri, E. Borchi. and M. Bruzzi 

DlparllmenlO di Energetica. Unrverwa· dl Frrenze. Via SMarta 50139 

Fl renze. Italy 

SLazanu 

lnsntule for AtomIC PhYSiCS. POBox .\,fG-6. Bucharest. Romanza 

~ow at JINR-Dubna 

High Temperature Annealing (/ITA) treatmenl has been carried OUI on fast-neutron irradiated silicon 
;amples with temperatures up 10 :;one Fluences of irradiation up to IxlO"nlcm' were used. Before 
Jilllealing. samples irradiated with 11uences 'hlgher than hlO"nlcm' suffered the type conductivity 
:n"rslon from n-I)-pe to p-type. The changes in the rcsisiti\'ity and Hall coefficient during each annealing 
slep have been measured by Hall effect analysiS Results indicate the poSSIble creation of acceptors for low 
temperature annealing up to 150C and the phosphorous release by E centres at annealing temperatures 
among 150C and 200e. Heating samples up to 300e allows the recovering of the sample resistivity to its 
,a1ue before irradiation. with the peculianty that bulks invened to p-type after irradiation does not come 

back to n-type after annealing. 

coefficient Rn increases and, for fluences
1. Introduction lugher than £, , it changes sign to positive. 

TIlls effect has been explained considering a 
The damage induced in silicon detectors 

change of the conduction type of the irradiated 
by incident radiation may be favourably 

bulk, initially n-~-pe, to p-type [2,3,4].
investigated by means of the Hall effect 

Increasing the irradiation fluenee, a decrease 
analysis [I). This technique allows the direct 

of the electron concentration seems to occur 
evaluation of the concentration of fn:e carriers which is correlaled to an increase of the hole 
inside the bulk of the irradiated device. 

concentration, to satisfy the mass action Jaw.
Previous Hall effect studies [2,H) have 

The maximum of the resistivity corresponds to 
shown a general increase in the resistivity with 

the nearly Intrinsic material. High
increasing the fluence of irradiation up to a 

Temperature Annealing (IffA) has been
value £, (of the order of 10" nlcm' for IMeV 

carried out in past by several experimental 
neutron irradiations ). For further irradiations 

groups [5,6,7,8) to study the correspondence 
the resistivity was seen to decrease. TIlls 

among the macroscopic damage of the
~ffect is accompained by a change in the Hall 

irradiated device and the radiation-induced
coefficient value Rn. Increasing the fluence, 

lattice disorder. In particular, efforts have
the absolute value of the negauve Hall 

been spent to observe the cleemc propenies 
recovery by leakage current and capacItance 
versus reverse voltage characu:nsucs after 
HT A processes 15,6). The release of deep 
levels after HT A has also been studted 15.8,9) 
by means of DLTS [10) and TSC techniques 
[II). Conversely, almost no infonnanons have 
been collected up to now on the possible 
recovery of both the resisti\'ity and the Hall 
coefficient with HTA by Hall effect analysis 
on lugh resistivity material. In this paper, the 
changes in resistivity and Hall coefficient 
occurred in neutron irradiated SIlicon samples 
after an high temperature annealmg process 
are presented. Results are discussed in terms 
of a possible recovery after annealing of the 
main radiation-induced lattice defects. 

2. Experimental Setup 

In the present stud,· square-shaped 
samples. IOxlOmm' area and lmm thickness. 
of n-type silicon of initial resisu\ll\ -l-6KQcm 
were used. The starting matenal was 
phosphorous doped silicon. \\ 1th low Initial 
compensation. The ohmic contacts m the 
comers were realised by alumJruum \acuum 
deposttion on the skratched Silicon surface. 
The samples have been produced at the 
Brookhaven National Laboratory. CSA. 

Neutron irradiation was performed at the 
University of Lowell, USA, \\ith fast neutrons 
of average energy 1 MeV, obtamed from 4 
MeV accelerated protons. by means of the 
reaction 7Li(P, n) [12]. Used neutron fluences 
are reported in table 1. Resistivity and Hall 
coefficient measurements were performed at 
room temperature (Rn, at the Dipartimento 
di Energetica di Firenze ( DEF ). Italy. The 
experimental setup [2] performs the analysis 

by a d.c. four point probe Van der Pauw 
method 113] 

The high L..'IT1perature annealing (HTA) 
process was penormed one year and an hal f 
after the neutron Irradiation. During this time 
the samples were mantained at room 
temperature. The changes observed in the 
resistivity for self annealing during this period 
are reported m 13) Du ring the HTA process 
the samples were kept inside the oven at 
annealing temperatures of 155, 207, 255 and 
307 C, \\ith steps of two hours each. All 
samples were measured before and after each 
annealing step ancr half an hour the annealing 
was finished . 

3. Experimental Results 

Figures I la) and (b) show the resistivity 
p and Hall coefficient It" dependence on the 
neutron fluence after irradiation and after one 
\'ear and half selfannealing. 

The increase m the resistivity below the 
fluence f,-Ix 10" nlcm' is followed for higher 
fluences by a decrease. The Hall coefficient 
increases its absolute value until £, is reached 
and then changes SIgn sWItching to posiuve for 
higher fluences We therefore conclude that an 
inversion from n-~'Pe to p-type of the bulk 
conductivir. occurred in the irradiated 
samples at -fluences lugher than Ix10" nlcm2 

To analyse the results obtained after the 
annealing process we divide the range of 
fluences in the following three regions: 

(a) f «t;, 
(b) f»£, 
(c) f - t;, 

table 1. Fluenee values a/neutron irrad,ation 
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Figure I (b). Hall Coefficient a/ler i"adwlion 
and be/ore annealing. 

The results of the resistivity and Hall 
coefficient analysis during the annealing 
process are summarized in the following 
sections. 

Fluence region (a) 

For fluences before the inversion of the 
conductivity type ( fJ, f, and f; J. the 

.t 

dependence of the r~'5lstivity on the annealing 
temperature is shO\\TI In figure 2 (a). A small 
Increase from room temperature (RT) to 150 
e is observable. followed by a considerable 
decrease between J 50 and 200 e. The 
resistivity is approXlIl1alely constant at higher 
temperatures. In the plot, the rcslsti,;ty value 
before the annealing process increases with 
the irradiation fluence this corresponds to 
the evolution of the bulk towards the 
intrinsic. After the J 50 e annealing, the 
higher resistivity has been measured for the 
higher irradiation fluence before inversion. 
The rate of the resistivity increase ,,;th 
temperature between RT and 150e is the 
same for fluences f, and f,. 
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Figure 2 (a). ResistiVity change after annealing 
lor samples irradiated wllh jluences: (-) fi; (-) 
/1; (-' -)h· 

Figure 2 (b) shows the dependence of the 
Hall coefficient by the annealing temperature 
in this fluence region. For fluences f\ and f2' 
the Hall coefficient IS approximately constant 
in the annealing temperature interval. starting 
from higher absolute values for higher 
irradiation fluences. A pronounced decrease 
in absolute value is measured between 150 
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.C"I~ure :: ,hi Hall CoeffiCient chan<!es aJler 
::nnea/mg ,for samples irradwled H Ifh 
..luences:I-1 I: (--) f·: I ) /3' 

and 200e. followed by a slower further 
mcrease. For the highest fluence of this 
group, f,. a monotonic increase of the R" 
absolute ,alue with increasing armealing 
temperature was measured. 

Fluence region (b) 

For fluences much higher than t;" fo and f" 
the behaviour of the resistivity, shown in 
figure 3 (a), can be summarised as a first 
decrease between RT and 150e, followed by 
increase between 150e and 200e and by 
slow decrease for higher temperatures. 

The Hall coefficient as a function of the 
annealing temperature for the same fluence 
group is shown in Figure 3 (b). The sample 
irradiated \\ith the fluence t;, shows a 
pronounced decrease between 150C and 
200e. Both the samples are characterized by 
an overall positive R" during the annealing. 
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Figure 3 (a). ReSIstIVIty changes after annealing 
lor jluences: (-) / .. ' (-) /,. 

Fluence region (c) 

In the fluence interval close to the inversion 
point, for fluences t and fs, the resistivity 
and Hall coefficient behaviour are reported 
as a function of the annealing temperature in 
Figures 4 (a) and (b) respectively. Between 
RT and 150e the resistivity decreases, as in 
the region (b) ( see figure 3 (a) ). Between 
150e and 200e, the resistivity decreases in 
the sample irradiated with the Oucnce f4 as 
for low fluences of region (a), wbilc it is 
approximately constant in the Sample 
irradiated with the fluence fs. The Hall 
coefficient before the high temperature 
annealing is high and negative for f4, and 
positive for f,. After anneaJing at 150e, 
nearly the same values for the R. and the 
same dependence on the annealing 
temperature were measured for the two 
fluences . 
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Figure 4 (a). Resistivity changes afler annealmg 
Jar samples irradiated with fluenees: (.j.r. . 1-) 

f' 

Of note is the fact that in this region an rugh 
inhomogeneity of the samples was observed. 
The succession of sign in the Hall voltages 
used to determine the hall coefficient changed 
in fuct during the annealmg steps. 
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Figure .J(b). flail Coelficient changes after 
annealing Jar samples Irradiated with fluences: 
I·J!,: (--)j,. 

4. Discussion 

In the forthcoming discussion the 
resistivity measurements have been used to 
dctermine the behaviour of the free carrier 
concentrations, while the Hall coefficient 
ones are used as a confirmation. Hall 
coefficient depends. m fact. on both the 
carrier concentration and the Hall factor [I J, 
whose both could vary with the irradiation 
fluence. In particular. the Hall f3ct0r depends 
on the scattering mechanism of charged 
carriers: as the high fluence irradiation 
produces different !)opes of defects, the 
number of which is increasing with the 
irradiation fluence, it is possible that the Hall 
factor changes with the fluenoe. Let us 
discuss now the results presented in the 
previous section. In the fluence region (a), 
the material is n-!)ope, and the resistivity 
before annealing InCreases with the 
irradiation fluence, corresponding to the 
evolution of the material bulk towards the 
intrinsic condition, by acceptor creation. 
This effect is enhanced by the heating 
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process from RT to 150C. The pronounced 
decrease of the resistivity between i 51) and 
:00C annealing temperatures, obser.ed in 
FIgure 2 (a). is related with the annealmg-out 
Ji the E centre or vacancy·phosonorous 
>:Dmplex [6J. This IS eqUiValent to 
pbosphorus liberation, and produces a 
rewvery of the n-type conductl\l{\ m the 
material bulk. At higher temperatures. the 
resistivity remains approximately ;;DOStant. 

The annealing-out of the divacanc\ \': is in 
fact not observed. In this range of 
resistivities, the Fermi level is Situated near 
the intrinsic level, so that the V, defect must 
be the neutral charge state. The resuits of 
Hall coefficient measurements suppon this 
lIlterpretation. The Hall coefficient 
corresponding to the n-type marenal is 
negative and is higher for lower e:.xtron 
>:Dncentrations. The phosphorous liberation 
by the E centres produces an increase m the 
dectron concentration and consequently a 
d.xrease in the absolute value of the Hall 
coefficient, as is clearly VISible in figure 2 (b) 
10 the 150C to 200C temperature region. In 
the high fluence region (b), the reststivity 
decreases from RT to 150C, and 10creases 
between 150C and 200C. As for the region 
(aL the decrease of the resismlt\ for 
anneal ing temperatures between RT and 
ISOC may be related to acceptor creation, 
while the decrease from 150 to 200 C mav be 
caused by the release of phosphorous from 
the E centre. In this region in filet the 
samples, before the annealing process, have 
already suffered the bulk inversion from n­
type to p-type. The acceptor creation so 
increases the hole concentration decreasing 
the resistivity, while the release of the 
phosphorous, increasing the concentration of 
electrons, which are minority carriers, is 
responsible of the increase the resisti\ity in 
the ISOC-200C range. For both the neutron 
fluences of this region, the Hall coefficient 
before the high temperature annealing is 
positive, corresponding to p-type material, 

the net increase m the hole concentration 
after annealing corresponds in the plot to a 
lowering of R" \\lth 10creasing the annealing 
temperature. The acceptor creation between 
RT and 150C is responSible of a sharp 
lowering in R", \\ rule between 150C and 
200C the E centre release causes a slow 
increase of the Hall coefficient. To discuss 
the intermediate fluence region (c), placed 
close to the inversion point, we observe that 
the resistivity and Hall coefficient 
dependences on the annealing temperature 
present similantles \\ ith both the extreme 
fluence regions la) and (b). In particular, 
between RT and 150C the resistivity 
decreases as in the rugh fluence region (b) 
This means that the two samples are 
definitely p-type after irradiation. 
Conversely, from (;OC to 200C the 
resistivity decreases for the fluence £. as in 
the low fluence region (a), wrule it remains 
constant for fs. Adding the fact that a strong 
inhomogeneity has been observed in samples, 
we may conclude that both the phosphorous 
release by the E centre and the acceptor 
creation, mechanisms occurring during the 
temperature annealmg, bring to the 
production inside the sample bulk of 
microscopic regions ofdifferent type (n or pl. 

By an overall \lew of the analysis, we 
observe that the dominant mechanisms during 
high temperature annealing are: the acceptor 
creation, dominant for temperatures up to 
approximately 15OC, and the E centre 
release, observed for temperatures at 150­
200C. MeasUTelllCllts discussed above 
evidentiate also two unportant f3cts: the first 
is that heating samples up to 300C allows the 
recovering of the sample resistivity value, 
and the second is that bulk inverted to p-type 
after irradiation does not come back to n-type 
after annealing. This suggests that created 
acceptors anneal out for higher temperatures 
than 300e. Lugakov and Lukashevich [4], 
analysing silicon samples type inverted after 
irradiation with ""Co. observed in fact a 

http:obser.ed


complete recovery of the sample type for 
temperatures over 600C. By concluding, we 
note that the acceptor creation meeharusm 
measured during the low heating stage up to 

150C IS probably the same responsible of the 
reverse annealing effect observed during the 
room temperature storage of the Irradiated 
samples. Heating the samples up to 150C 
simply accelerates the reverse annealing 
effect. keeping it clearly observable In the 
irradiated samples after short times. A 
detaJ.led work on the reverse annealing effect 
is presented in [14). 

5. Conclusions 

Annealing with temperatures up to 300C 
has been performed on silicon samples 
Irradiated with fast neutron fluences up to 
10"n1cm'. Before annealing, samples 
irradiated over IxI0 13n1cm' suffered the type 
conductiVIty inversion from n-type to p-type. 
The changes in the resistivity and Hall 
Coefficient have been measured after each 
annealing step. Results have been discussed 
keeping into account both acceptor crcanon 
durmg the low temperature stage of the 
annealing ( from room temperature to 150C ) 
and phosphorous release from the E centre 
(phosphorous-vacancy complex) at 
temperatures from 150 to 200C. The 
acceptor creation may be the same 
responsible of the reverse annealing effect 
occurring after long times of storage at room 
temperature in irradiated samples. Heating 
samples up to 300e allows the recovering of 
the sample resistivity to its value before 
irradiation, with the peculiarity that bulk 
inverted to p-type after irradiation does not 
come back to n-type after annealing. 
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