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1. INTRODUCTION 

As it has been mentioned in LOI of. the L3P and CMS 

experiments at. the LHC a large scale application of silicon 

pad detectors is supposed for calorimetry. The ENDCAP 

electromagnetic calorimeter for the L3P experiment contains 

silicon pad detectors with actfve area of 690 m2 . /l, 2 1 For 

the . ENDCAP hadron. calorimeter at the CMS experiment the 

active area of silicon pad detectors is 400 m2 .l3 1, 
There is another application of silicon detectors 

inner tracking systems. ,Strip Si-detectors .with a pitch of 

200 microns are considered an alternative to microstrip gas 

chambers .for the inner tracking system in high energy physics 

experiments. The total area should. be not less than several 

hundred meters of such detectors. Basing on the Dubna •silicon 

Program the following activity is carried out:. detector 

topology and technology elaboration and research. of the 

detector radiation hardness. This . program also includes R&D 

in the following directions: 

pad detectors for calorimetry; 

- photodetectors for the ENDCAP electromagnetic 

calorimeter; 

strip detectors with a pitch more than 200 microns for 

inner tracking systems and preshowers. 

Guidelines of this program are formulated in the'P34 R&D 

proposal (the Dubna Silicon Program)( 4 / 

For the integrated luminosity of 104.2 cm - 2 corresponding 

to 10 years of LHC running the application of silicon pad 

detectors used as an active media in the calor~metry requires 

to study · the radiation hardness up to fluences of 

6. 0*1013 cm .,.._2 The main consequences for silicon pads exposed 

in the fast neutron irradiation fields are: 

- radiation damage of a silicon bulk 

generation of damaged regions and 'point 

deep levels in the forbidden gap; 

decrease of thecarrier lifetime; 

resulting in 

defects with 

leakage current increase due to the bulk generation of 

. ,. ___ ..,. ... _ ---~- ... --·-,--............. 
,• : .. •:' e:c;"r.: ;,.,:.l: t:r::.~cyt ,. 
:.- t<';:',il-L'ii./1 ~• r'""l°''"' :>,"'l'•'\'fll~ '"' ~ .. ,', .. :-,.,,.- ,, ,,_l,; . .:J,.,;~.,11j,\6t-..,~ I 

l ~•-- ,_ H" ~.~--f• ~ ~. t,,1.:il; .. 11;•!U it::. 'ih 
... ..___ ~::==::c...~ 



carriers.which is characterized by the coefficient of 

4.0*l0-17 Aicm; 

- ch~nge. of the effective impurity concentration and 

inversion of the conductivity type of. the detector 

bulk (the primary n-type conductivity is-inverted into 

the p-type conductivity due to the ·donor removal and 

acceptor-like behavior of the defects_created ·by fast 

neutrons); 

change of the full 'depletion voltage • during 

hence, the operative voltage applied irradiation ·and, 

to.the detector; 

decre~se: ~f the charge collection efficiency/ 5 I and 
0increase . of the . r_everse bias voltage for the full 

charge collection of . non-equilibrium' charge carriers 

cr~ated by the minimum ionizing partic~es (m. i.p.). 

The aim of theinvestigat"ion was. formulated as follows: 

measurements of.electrical parameter~ of the detectors 

under fast neutron irradiation; 

silicon bulk degradation· researchi using different 

methods to develop the detector• topology and 

technology. 

_The experimental results are accompanied by physical 

comments on the observed effects and methods of the 

investigation. 

2. SILICON DETECTORS AND INVESTIGATION METHODS 

Since 1990 using. "Dubna Silicon Program" the radiation­

hardness study of Si-detectors has been carried out . on · the 

fast neutron.beam with the average energy of lMeV at the JINR 

Fast Pulsed Reactor. Detectors were manufactured· ·of . the 

Float-zone high-resistivity silicon supplied by two companies 

(WACKER, initial resistivity of 4-10 kOhm*cm and ZTMF, 

Zaporojie Titanium Magnezium Factory, Ukraine, 1-4 kOhm*cm). 

Fig .1 presents the design lay-out of the experimental 

silicon pad detectors developed and produced in.Russia.(ELMA, 

Zelenograd) and Dubna. 
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technology development 
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Si-detector topology 

produce detectors 

and 

with 
parameters adequate to the e·xperiment requirements and still 

preserving the low cost of detectors at _the same time. The 

cost of silicon pad detectors is 2 CHF/cm2 if 500 m2 are 

required and it reduces to 1.2 9HF/cm2 
- if 2000 m2 including 

the pri~e of the raw _material. 

Fig. 2 shows the reverse current ( I rev ) distribution. for 

detectors at the bias voltage U of 20%. more than the full 

depletion voltage (Um). 

To determine the initial lifetime -c-r of the minority 

carriers and. its alteration after. irradiation we .have used 

the carrier injection-· extraction method. Deep levels in the 

silicon bulk caused by neutro~ irradiation defects, such as 

vacancy-oxygen (V-0), vacancy-phosphorus and divacancies in a 

single- and double- minus charged state (VV-, vv=) have been 

measured with the Deep. Level Transient Spectroscopy (DLTS). 

The Shockley-Read-Hall model has been used. to determine a 

contribution of neutron irradiation defects to the increase 

of the detector reverse current. The redistribution of the 

electric field in the detectors and, accordingly, the 

kinetics of the charge carrier transportation have ,been 

investigated with the Transient Current Technique ( TCT) : 6
/ 

Changes of the charge collection efficiency have been studied 

with the precise a-particle spectroscopy:7
/ The co~du~tiyity 

type inversion phenomenon has been confi"rmed .. by the 

following: 

-· temperature dependence of the Hall constant measured 

upon special satellite samples; 

- electrical (C-V) measurements; 

- analysis of . the current pulse response to the pulse 

generation of charge carriers near the front and back 

sides of the detector. 

Table 1 ·represents the summarized data upon the full set 

of silicon detectors used in the irradiation research. 
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3. IRRADIATION FACILITIES 

Neutron irradiation of samples has been carried out at 

JINR facilities using·• the Fast Pulsed Reactor: 81 Pulse 

duration_wa·s 245µs at•FWHM with.frequency of 5 Hz. The energy 

spectrum is shown in Fig.3.• Resonant and epitherrnal neutrons 

and ;-rays are absorbed by the filter consisting of Pb - 2 cm 

thick and BC - 1·crn thick,-while fast ·neutrons at· the energy 
4 . 

E >0. 5 MeV are not absorbed. For· this' energy· range the flux 
n . . 

uniforrni ty . of better than 3+5% · Ts kept · in· the area of 

10*10 crn2 and that is acceptable fo;_'detectorexposing. 

The fast neutron flux equal to 3if108
: nicrn2 *s is 

controlled with the standard activation:'rnethod 'of. intensity 
· . • • .. 1 ,•58' . \ .. ·" 

measurements' using ;-decay of · Co arisen from 
58 Ni(n,p)-58 Co nuclear reaction with the; eri.ergy thre.shold of 

3. 45 Mev;. At the same t'irne epi thermal neutron flux in the 

energy· · range · En>10 eV does not exceed o·. 5*106 n/crn2 *S 

depending on ene'rgy as "'1/E. The fast neutron ·dose absorbed 

in Al is 0. 19 rad/min while ;-'-ray dose (E "'2+2. 5 MeV)' does not 
. . .. . . 

exceed· o. 013 Gr/min. The last one' is ·measured by ionizing 

chambers with Al walls. 

The neutron flux and energy spectrum in the exposed area 

are determined using·· a set of activation detectors:91 The 

mean energy of, the fast neutron· energy· spect'rurn is 1. 35 MeV 

with a summary error of S20%. 

4. DEGRADATION OF SI BULK PROPERTIES UNDER NEUTRON 

IRRADIATION 

Degradation of Si detector characteristics under 

irradiation is determined by changes in electrical parameters 

of a starting semiconductor as well as the Si-SiO
2 

interface. 

The generation of radiation defects in the crystal lattice 

leads to the decrease of the rninori ty carrier lifetime· and 

generation lifetime which is followed by the reverse current 

growth and increase of the charge carrier loss. The. o_ther 

aspect cif the defect generation consists fn non-rnono_tonous 

alteration of the effective impurity concentration Neu and 

4 

adequate change of the full- depletion voltage. Hence, the 

investigation of the defect formation is essential. 

The peculiarity of the damage induced by fast neutrons 

is connected with the primary defects (vacancies and 

interstitials) accumulated within the local damaged regions. 

The defects generated in the periphery of the regions can 

escape and join the impurities. The interstitials, as the 

most mobile defects, can escape from the center of the 

regions whereas vacancies interact with some defects or 

elements. Thus, under neutron irradiation the defect 

formation results in both: the generation of point defects 

and defect accumulation in the damaged regions. (cl~sters). 

Clusters reduce the _potential relief fluctuations in the 

crystal lattice:10
• 

111 Formation of the potential relief 

causes changes of electrical properties different from those 

induced by charged particles or ;-rays. 

To investigate bulk degradation the Hall effect and DLTS 

measurements have been carried out. The DLTS method is widely 

used to study the point· defects with deep energy levels in 

the forbidden gap112
-

161 and estimate changes in the 

generation ·rate of charge carriers. ·The Hall effect 

measurements provide additional information about the deep 

level generation in the Si bulk. 

It should be stressed that the data obtained with these 

two methods differ because of the details in the measurement 

procedure and sample 

measurements have been 

samples made of the 

manufacturing. 

carried out on 

bulk material. 

The Hall effect 

special satellite 

In this case the 

measurement mode requires a low bias voltage and practically 

meets quas i-equi 1 i br i urn conditions of the neutral bulk. As 

for the· ·oLTS method, the· measurement procedure implies the 

charge carrier emission into the space charge region of the 

p-n junction under alternating bias voltage that is far from 

the steady-state conditions. Besides, to manufacture the p-n 

junction in the Si detector includes thermal treatment of the 

initial semiconductor. This introduces thermal defects and 
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changes the impurity and defect distribution. Hence, the Hall 
be· considered· a direct characteristic of 

rather than the DLTS data. Thus, in 
effect data should 

the bulk material 
for neutron 

Hall effect 
addition to the numerous DLTS data available 

irradiated detectors, the application· of the 
measurements to investigate the degradation phenomena 

developed in the present work seems to be interesting. 
The dependence of free electron concentration n on 

reciproca~ temperature 1/T has shown that the·initial samples 

(from Wacker Si) contained not only phosphorus (10
12 

cm
3

) 

boron, 
slightly compensated by acceptors (presumably 
4*1010 cm3 ) but also some deep donor, E -0.24 eV, at 

• C 

concentration of about 5*1011 cm
3 

(Fig. 4, curve 1). At the 

smallest observed fluence t=2. 0*10
11 

cm
2 

the phosphorus 

concentration diminishes by the value of 2.5*10
11 

cm
3 

while 

concentration of compensating acceptors increases by the same 

value (Fig. 4, curve 2). A possible explanation is in the 

partial conversion of phosphorus into deep acceptor 

E-center (V-P) by means of capturing vacanc:es escaped .from 

the local neutron damaged regions. 
one could expect 

converted into the 
At .the fluence of 3.3*10

12 
cm

2 

phosphorus to be almost completely 
E-center. Indeed, the temperature dependence of electron 

concentration (Fig.4, curve 3) reveals the deep level 

E;-0,45 eV close to the conventional position of the 

E-center. The initial deep donors become partially 

compensated with the E-centers induced by radiation ( deep . 
concentration of about 10

12 
cm

3 
) • At the room acceptors at 

temperature the Fermi level is much lower than the E-center. 

Then the E-centers are neutral and the saturated electron 

concentration should be 
of 5*1011 cm3 

•. That is 
13 -2 

close to the deep donor concentration 

indeed the case up to the fluence of 

1. 0*10 cm electron 

with the 
At the higher fluenc.e of 3. 0*10

13 
cm

2 
the 

concentration essentially decreases as compared 
previous case which indicates that either initial deep donors 
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are partly lost or some acceptors are generated at the energy 

levels below the E-center level. However, the further 

increase of the fluence up to 5. 0*10 13 cm2 leads to the 

increased electron conce~tration so that the previously 

observed curve ( Fig.4, curve 3) is restored. Thus, the 

further damage leads either to the generation of donors (at 

the levels above the E-center ievel) or disappearance of the 

acceptors produced earlier. 

It should be mentioned that the Hall effect data have 

shown the n- type conductivity of_ samples at all the fluences 

observed. On the other hand, the c-v dependence measured for 

the irradiated detectors produced from the same silicon 

ingot, reveals that the overall concentration of the charged 

centers in the depleted region gradually decreases with 

fluence. And after the fluence of · 8. 0*10 12 cm- 2 it starts 

increasing. After removal of the electrodes we have carried 

out the Hall effect measurements of such "inverted" detectors 

and found then-type conductivity: the Hall curves are quite 

similar to curve 3 in Fig.4. 

This apparent. contradiction can be explained as_ follows. 

The induced acceptor centers are distributed homogeneously in 

the bulk and partially clustered in the local damage regions. 

Due to the high concentration of defects in the clusters the 

energy bands are bent forming the potential barrier · in the 

vicinity of the cluster~ 10
' 

11
/ Hence, the local Fermi level 

may be lower than the acceptor level and it -means that the 

acceptors are only partially charged. In the Hall effect 

measurements the external voltage is rather low, so, the 

potential barrier can not be disturbed and the holes are 

captured within the clusters. Hence, the total charge of the 

free holes may be lower "t;han the electron charge from the 

uniformly distributed donors. The sample conductivity will be 

of n-type despite of the lower donor concentration. As for 

the C-V and DLTS measurements the external electric field is 

usually much stronger than the local field of the cluster. 

And that is why the holes do escape from the cluster leaving 
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all the cluster acceptors charged: 17
/ 

The results discussed above have been obtained for the 

detectors and samples irradiated at 16°c. 

The DLTS measurements have been carried out on detectors 

twice: just after irradiation and then after the following 

annealing for 30 days, both at the room temperature. The DLTS 

spectrum of the defects induced at the fluence of 

2. 0*10 11 cm- 2 is shown in Fig. 5. The parameters of deep 

levels (activation energy Eaand capture cross-section u) 

presented in Table 2 are calculated.taking into account the 

effective impurity concentration determined from the low 

frequency (0.1-1 kHz) C-V measurements. To identify the 

defects the isochronal annealing is taken into consideration. 

One should note that some energy levels of the defects 

induced by radiation represent superposition of two 

complexes with the vary_ing ratio of components. Besides, 

there are some peculiarities connected with the detector 

origin: 1 u Only energy level E2 can be undoubtedly attributed 

to the double minus charge state of the divacancy (vv=) while 

E1 and E3 may contain two defect complexes. Annealing of 

defect E1 occurs mainly in the temperature range of 

180-2S0°C. We can refer it to the C -C complex rather than 
I s 

the A-center (V-0). It was established earlier that energy 

level E3 represents the sum of two components: the E-center 

(V-P) and the single minus charge state of the divacancy 

(VV-) : 18
/ Annealing of E3 occurs in the wide temperature 

range of 100-2S0°c without· any vivid concentration decrease 

at 150°C inherent to· the E-center annealing. Since · the 
. . 0 

divacancy annealing takes place at T>300 C, the monotonous 

decrease of the E3 concentration should be attributec:\'to the 

di vacancy annealing in the l~cal damaged regions with the 

reduced activation energy of thermal annealing. 

It is more diff~cult to analyze the defects induced by 

radiation with deep levels in the lower half of the forbidden 

gap (Fig. Sb). The DLTS spectra are affected considerably, 

first, by the self- annealing process and, next, experimental 
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requirements, namely, the high injection current density in 

the filling pulse. It should be noted that methodical aspects 

of the DLTS measurements on the hi°gh resistivity Si 

compensated by deep levels, are out of the scope of the 

present paper. In the_ measurements carried out · just after 

neutron irradiation two main deep levels have been observed: 

H1 (C) and H2 (C -0 ). The feature of their behavio~ in the 
_ I , I l · _ .-.. 

irradiated Si crystals consists in the carbon-related defect 
· ' • /12 19 20/ ' 

transformation. ' ' In our case the decay ot: 

interstitial carbon happens even at the room temperature and 
. . 

it is followed by the -concentration increase of the carbon 
related complexes which include C : C -0 , C -C The 

l 1- l l s 
analysis of this phen_omenon in the detectors irradiated· by 

ex-particles has sho~ that in 'Fz Si the decay rate is 

affected essentially by the detector manufacturing 
/19/ • procedure. 

Another peculiarity of the DLTS spectra consists in 

appearance of two additional peaks in the lower half of the 

forbidden gap if to use the high injection current density in [ ,, • J • 

the positive filling pulse. Energy level E +0.20 eV · is, 
V 

probably, connected with the positive charge state of the 

divacancy (VV) while the origin of energy level E +o'.27 eV 
, ·., ' V • 

(u=4*10-
14

cnf) is not clear yet; the similar peak was 

observed in the high resistivity Si irradiated by 
deutrons:20

/ 

It is very important to analyze the contribution of deep 

'levels into the reverse current of detectors. The generation 

rate· of the .center can be evaluated from the carrier 

lifetime -reff according to the Shockley-Reed-Hall generation 

theory: 

'l: 
eff 

where:· 

E -E 
t l 

u exp ---
n kT 

u u 
Vth p n 

E -E 
1 t 

+ u exp 
p 

kT 

N 
( 1) 

t 

9 



v - thermal velocity, _ 
th _ --, -- , 

N - concentration of deep levels, 
t - ' - -

E
1 

- energy in_the middl~ of the forbidden gap,_ 

E - activation energy of the deep level. 
t -. - - ' -. -

The results of the calculation allow one to arrange the 

observed deep levels in the de;reasing-- ''ord~~ of their 
/16/ ' - : -

gene~ation activity: 

of the_ deep levels 

E3qH1qH2qE1. - The total contribution 

should 

density, . especially for 

actiyation energy. 

the 

take into 

defects 

account the 

with the 

defect 

largest 

Additional information. on the bulk property p.egradation 

has been obtain~d from the' direct measurement~--~f the charge 

carrier lifetimes. - The generatio:n lifetim~ has be_en measured 

on MOS samples from the inversion-of the Si co~ductivity type 

in the vicinity of the Si-Si02 interface arid the linear 

dependence of ( 1: ) -l on f 1 uence with 
gen 

"[; -8 -2 -1 
K "'2*10 cm *S has been ·revealed. 

damage 

The 

constant 

carrier 
· gen 

:irijection-~xtr~ction method has been used to determine the 

minority carrier l
0

ifetime, the dama·ge constant is 
-8 -2 -1 

5*10 cm *S 
We suppose \:tiat the data on the transformation of the 

' . ' 
carbon related defects are very important in practic~. It can 

be considered as a possible model of the reverse annealing 

and_ long term transformation of the detector 

characteristics:
22

' 

5. STEADY STATE CHARACTERISTICS OF IRRADIATED DETECTORS 

The alteration of the detector characteristics under 

fast neutron irradiation consists in the following: 

of 

- non-monotonous change of the bulk resistivity and 

effectiv~ impurity concentration; 

- conductivity type inversion; 

reverse current increase; 

- change of the full depletion voltage; 

- decrease of the charge collection efficiency. 

The aspects' of the degradation problem, namely 

I-V and c-v characteristics; the effective 

IO 

• 

changes 

impurity 

__ I 

I 

j 
I 
\ 
} 
I 
:.:. ,r 

concentration and radiation damage constant have been widely 

investigated and numerous data are available for different 

types of detectors:23 - 25 ' The aim of our study is to get 

quantitative information on the pad detectors manufactured by 

ELMA of two materials with different quality. 

The typical set of I-V characteristics of detectors made 

of Wacker Si 

c 2*1012 +6*id
3 

and irradiated ·at different neutron fluences 

cm2 ) is presented in Fig. 6a. One can compare 

I-V characteristics of the detectors before and three days 

after irradiation presented in Fig.7a,b, respectively. Before 

irradiation the reverse currents of the ZTMF Si detectors 

exceed those of the Wacker Si detectors with the higher 

initial resistivity .(measurements have been carried out at 

the same bias voltage for the both types of the detectors). 

After irradiation at the fluence of 3.0*1012 cm 2 which ,is 

close to the inversion point the reverse current ratio turns 

into its opposite. As 

I = 
rev 

where: 

efl SW 
"[; 

eff 

s - p-n junction area, 

(2) 

W - thickness of the space charge region, 

1: - effective carrier generation lifetime, 
eff 

one should suppose that for the Wacker Si detectors the 

increase of W near the inversion point prevai_ls the dec·rease 

of 1: . Hence, the alteration of the reverse current ratio 
eff 

is attributed mainly to the evolution of N rather than to 
eff 

the decrease of 1: 
eff 

The reverse current damage coefficient a -is determined 

according to the relation: 

t.I=aV~ (3) 

where V=SW volume of the space charge region. The 

dependence of the reverse current per volume on fluence_ 

measured· two days after irradiation is shown·- in Fig. 8. For 

the Wacker Si detectors a is 2*10-17 A/cm which is in the 
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range of experimental data for, different t'ypes . of detectors. 
I . . ,, . , , . 

Other data which may, be ,used to; .. determine ex are 

presented in Fig.9. At the fixed fluence the product 

IC=ecc n S2 /-c is a constant .independent on voltage. 
O 1 eff · · , , . 

Nevertheless, the experimental value is constant only for the 
- - ' ' . ' ' 

Wacker . Si detector~, irradiated at : larg·~ . fluences. The 

relation IC=const can be considered as the test of the 
, ' 

detector quality: its experimental validity would confirm the 

dominant contribution of the bulk degrad~tion in comparison 

with other effects. 

The; C-V characteristics of the .Wacker, .Si detectors 

irradiated at different fluences and measured at low 

frequency are shown in Fig. 6b .. The curves demonstrate· the 

compensation of the . semiconductor conductivity resulting in, 

the decrease of N and U , and. their following increase 
eff FD · , • 

after the .inversion. At UFD the detector capacitance/ is 

~100 pF. The full depletion voltage UF
0 

found from C-V 

characteristics as a function of fluence, is shown in Fig.10. 

The results on irradiation of detectors kept under the 

reverse bias voltage are presented in Fig.11. The difference 

in the reverse current as a function of fluence for the 

detectors irradiated with and without the applied bias 

voltage, is negligible and ·it is a: subject. for further 

investigation. 
In conclusion we should emphasize that despite of the 

numerous and detailed results of C-V measurements on 

irradiated detectors ( including the present work), the non­

monotonous evolution of the effective imp_urity concentration 

under neutron irradiation with the minimum at the presumed 

inversion point is . not a satisfactory confirmation of the 

conductivity· type inversion., Only • the results of the 

ex-particle spectroscopy and TCT measurements would prove the 

evidence of the electric field redistribution from the 

p+-side to the .n+-side of the detect.or confirming the 

adequate change in the sign of the effective impurity 

concentration. In a scope of the cluster model the difference 

12 
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in the effective impurity and free carrier concentrations and 

their signs may be connected with the filling of deep levels 

in the forbidden gap and _possibility of_ holes to escape 

through the potential barrier of the cluster. 

6. DEGRADATION OF CHARGE COLLECTION EFFICIENCY , UNDER 

NEUTRON IRRADIATION 

In this paragraph the problem of the_ charge collection 

efficiency for the detectors before and after neutron 

irradiation is discussed. For this purpose the charge 

transport phenomena have been investigated with different 

experimental methods. Using the ex-particle excitation of non­

equilibrium carriers the pre7ise measurements of the 

amplitude. deficit ?-s a function of bias y~ltage have been 

carried out to determine separately the lifetime of electrons 

a_nd holes in the space charge region. Using the transien_t 

current technique (TCT) the analysis of the current response 

curves has been made to get information on the signal kinetic 

and charge_ collection time. The both methods .help to 

determine the sign of the ~ffective impurity concentration in 

the space. charge ~egion and they co_nfirm. the conductivity 

type inversion at neutron flu1:nces exceeding 8. 0*10 1
_
2 cm-.2 The 

analysis of the current response. to the light , _pulse 

excitation enables. to interpret the experimental data. on the 

minimum ~oni~ing particle (m.i.p.) excitation. r. 

In general the amplitude deficit AA contains three 

components: 

- energy loss AAd in the ."dead"· layer; 

- charge loss AAt due to the, carrier trapping as non-

equil ibrium. carriers drift in the space charge region 
J1 

during collection time tc; 

kinetic deficit component AAktn which depends on the 

relation between rise-time t and amplifier shaping 
r 

time B. 

AA= AA + AA + AA 
d t kin 

(4) 
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Measurements of the signal amplitude and its deficit 

have been carried out for the detectors before and after 

neutron irradiation using the ix-particle spectroscopy. The 

curves of ratio A +/ A + as a function of bias voltage at 
p n 

different neutron fluences are shown in Fig.12, where A+ and 
. . p 

A+ are the peak amplitudes for the a-particle incidence on 

t~e p+-layer and n+-layer, respectively; the shaping time is 

1 µs. The amplitudes become equal to each 'other (within 

accuracy ·or about· 1*10-2
) at the full depletion voltage. 

Values of A +/A+ <1 indicate'that the maximum electric field 
. P n. , 

is ·1ocated at the back contact. Hence, it concerns the 

detector with the inverted conductivity type. 

Fig.12 presents the amplitude ratio and it can not 

provide the information on the deficit dealt with the carrier 

trapping. To analyze the charge collection . in -details and 

determine the lifetime of non-equilibrium electrons and holes 

the precise a-particle spectroscopy with the additional 

reference detector has been used:7
" Two a-particle sources 

with different energies make possible to get the energy scale 

for· the·• amplitude measurements and exclude any instabilities 

of the experimental set-up; the achieved accuracy is 10-4
• 

Carried out on the non-irradiated detectors the measurements 

of the amplitude deficit as a function of reverse bias 

voltageiand the detector tilting angle reveal the deficit to 

depend mainly on thickness of the detector entrance window. 

The value of 2.5+3.0% corresponds to the window thickness of 

1. 0+1. 2 µm including the Al contact film and "dead" layer 

d - the part of the high doped p+ -layer "'2000 'A. near the 
dead 

surface (or the n+~layer if the back surface is irradiated by 

a-particles). Determined from the charge collection of non­

equilibrium carriers the amplitude deficit equals to 10-3 

for electrons in the range of reverse bias voltage 

U =· 50+200 V and for holes at U > UFD The· negligible value 

of the amplitude deficit indicates that there is no trapping 

for non-equilibrium carriers in the space charge region. 
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Since the reverse current of irradiated detector~ 

increases up to hundreds µA the measurements of the amplitude 

deficit have been carried out on the cooled samples 

(T= 210 - 230 K). The corresponding temperature shift of the 

mean amplitude of about 3.4% has been taken into account. 

To analyze the lifetime degradation we have used the 

approximation of the carrier effective lifetime Teff in the 

space charge region which is a quantitative characteristic of 

the charge loss: 

The 

/!;,A = 
t 

mode to 

ct 

2. T~ff 

measure T eff is 

(5) • 
e >> t "' t • that 

r C 

!;,A "' 0. The equation (5) can be transformed to: 
kin 

1 d 
/!;,At = -2- µ<E>T eff 

where: 

d - detector thickness, 

µ - mobility, 

<E> - mean electric field. 

(Sa) 

Saturation of the drift velocity is neglected. 

leads to 

Fig.13 presents the dependences of the amplitude deficit 

on electric field for electrons and holes ( p+ - and n+ -layers 

,are bombarded in succession by a-particles of 244 Cm) in the 

irradiated detector before inversion (<li = 3.3*1012 cm2 
). The 

curve slope gives the values: Te = 1.1 µsand Th = 0.44 µs. eff eff. 
The lower value of Th eff can be attributed to the fact that 

for the radiation defects with deep levels the capture cross-

section for holes is larger compared with that for 
electrons:15

/ The carrier lifetimes in the irradiated 

detector before and after inversion are presented in Table 3. 

The rapid decrease of Te as compared with Th can be 
eff" eff 

explained taking into account the shift of the Fermi level 

induced by radiation towards the valence band. It leads to 

15 



the concentration increase of the centers which can act as 

effective electron traps. 

The average amplitude deficit as a function of shaping 

time for the both: non- and irradiated detectors, is 

presented in Table 4. Detectors have been bombarded by 

a-particles of 244cm at U=160 v. The amplitudes are 

. normalized on the maximum amplitude in the non-irradiated 

detector. For the non-irradiated detector there is only a 

slight difference in the charge collection efficiency for 
. + + 

electrons and holes (p - and n -layer have been bombarded 

respectively by a-particles); amplitude deficit variations 

are less than ; 2.0*10- 3 The small increase of the deficit 

while q rises from 0.1 ms to 1 ms, becomes detectable due to 

the high accuracy of the measurements. This effect can be 

attributed to the changes of the _low energy "tail" of the 

spectra. 

Neutron irradiation of detectors leads to the increase 

of the both: DAe and DAh. Hence, the non-equilibrium carrier 

trapping takes place in irradiated detectors. DAh has the 

greater value than DAe, their difference can grow till 0.06 

at the fluence· of 1.6*10 13 cm-~ Nevertheless, taking into 

account the larger drift mobility a~d velocity of electrons, 

these values are in agreement with practically equal 

lifetimes for the electrons and holes measured at this 

fluence. 

DAe for a fixed neutron fluence has the same dependence 

on q as for non-irradiated detectors - it has a slight 

increase by O. 005 while q rises. Meanwhile DAh decreases by 

0.02 when the shaping time increases from 0.1 ms to lms. This 

indicates that the hole detrapping takes place and increases 

the charge collected in the detector. 

7. CHARGE COLLECTION KINETICS 

To investigate the fast kinetic processes and measure 

the kinetic amplitude deficit in the detectors, the transient 

current technique has been applied( 6 / Most of the 
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experimental versions of the method have used a-particles to 

_generate non-equilibrium carriers near the surface (near the 

p+- or n+-layer) providing the charge transport study for 

elect~ons and holes separately. Application of this TCT 

version to the detectors irradiated by neutrons enables to 

connect the shape changes of the current pulse . with the 

inversion of the conductivity ~ype~ 5
•

26
-

28
/ 

A qualitative consideration of the experimental data on 

the current response to the a-particle excitation for the 

both non- and irradiated detectors (Fig.14) has shown that 

only the hole collection is suitable to estimate ·accurately 

the electric field distribution from the shape of the current 

pulse (curve. 2). As for the electron co,llection (curve· 1), 

the peculiarities connected with the electric field 

distribution are rather vague. A reasonable explanation is 

the in/1uence of the carrier ,trapping' and plasma effects 

inside the high density tracks of a-particles. n, 29
/ Duration 

of the plasma stage depends on electric field E and is about 

5 ns at E ~ 4 kV/cm (U = 160V) for a-particles at the energy 

of 5 MeV. 

To e11minate the plasma effect and increase the time 

resolution of the TCT the excitation by the short laser pulse 

has been applied. The, other advantage of this experimental 

version is a possibility to make the current pulse observable 

without a signal preamp.lific~tion. The GaAs las-~r has been 

used to, generate the light pulse pumped by the current pulse 
. ' . ' 

generator with pulse_ duration of less than 1 ns. The 

parameters of the set-up·are: 

- light puls~ duration 

effective pulse·· energy 

- area of the light spot 

~.o.7 ns 

s 100 MeV 

~ ,4_opx400µ~2 

200 J)S time resolution of the oscilloscope 

The. detailed description . of the technique was presented 
in /28/ 

The current response curves for the both: non- and 

irradiated detectors, are shown in Fig.15. For the partially 
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depleted detectors the electron comppnent has an exponential 

decay (Fig.1_5a) while the hole component (Fig.15b) is very 

small and has large duration due to the hole diffusion in the 

neutral base of the detector. When the detector is totally 

depleted the pulse top is determined by the electric field 

distribution 

of the pulse 

of 3. 3*10 13 

(Fig.15c,d). The inclination change in the slope 

top for the detector irradiated at the fluence 

cm- 2 indicates that the inversion under 

irradiation · has taken place. The peculiarity of the 

irradiated detectors is the "smoothed" shape of the current 

response curves with large "tails". These "tails"· are 

associated with the fast trapping and· detrapping of 

equilibrium carriers. 

non-

The du~ation bf the curr~nt pulse allows to estimate the 

kinetic deficit component· /1A · . · 'using the RC-shaping with _ . kin 
the integral and differential constants equal to e the 

kinetic deficit component is: 

• [ t ,. ] [ 
tr etr/0 _ , l /1A = 1 - tr er - 1 ex~ 1 - -- (6) kin e t/0 

e 

The data on the calculated /1Akln are presented in Table 5. We 

put the rise time equal to the hole collection time tr= tc = 

25 ns. The equation (6) can be approximated as AA ·~ x 2 /24 
· .✓ • . , kin _

2 at x :s 1 (where x=t /0). At e = 100 ns /1A =O. 26*10 · that 
r. . kln ~ 

is much lower than the measured one (see Table 4). One should 

note that at the shaping time of about 20 ns being proposed 

in the ··calorimeter projects, /1A d~es not' exceed 0.06 but kin 
it increases up to 0.2 ate= 10ns. 

When relativistic particles are detected, the both types 

of carriers are generated homogeneously along the thickness 

of the space charge region. It leads to the deficit and 

collection time increasing in comparison with the case ·of the 

surface light pulse or ex-particle irradiation. Indeed, for 

the m.i.p. generation the collection t.inie is about·20 ns for 
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the both: non- and irradiated detectors, beil'!g practica_lly 

independent on fluence up to the fluence of 4. 0*10 13 cm- 2 

(Fig.16). The value is less than tc for the holes which have 

the smaller drift mobility. It should be noted that the 

increased 

connected 

the area 

voltage). 

pulse duration 

with the enlarged 

of 4 cm2 (about 

in comparison with 10 ns 151 is 

capacitance of.the detector with 

100 pF at the full depletion 

The signal amplitudes equivalent to· the charge 

collection efficiency as a function of neutron fluence at the 

bias voltages of 100 V and 200 V are presented in Fig.17. The 

integrating oscilloscope has been used to measure the charge 

collection efficiency; integration intervals 't are 10, 20 
. Int 

and 50 ns. At the lower voltage (Fig. 17a) ;the dependences 

have maximum near the inversion point when the electric field 

is homogeneous and it leads to the minimal drift time. The 

deficits· measured at ~ < ~ i exceed the both: calculated 

kinetic component (Table 5) and experimental.one:51 

J 
At the larger fluences the amplitude deficit increases 

due to the tr increase and prolonged trapping-detrapping. The 

sharp decrease of the collected charge occurs at 

~ > 4.0*10 13 cm-2 being especially evident at 't of 20 and 
Int 

50 ns. The comparison with the dependence of the full 

depletion voltage on f 1 uence (Fig. 10) has shown .that at the 

fluence of 4.0*10 13 cm2 and the reverse bias voltage of 

100 V, the detector is partially depleted. In this case the 

current pulse has a slow component attributed to the 

influence of the induced current in the neutral base region. 

This region is compensated by the radiation defec~s with deep 

level~: 281 Maxwell relaxation constant can grow up to 1 µs 

and it increases the deficit in a great extent without any 

_dependence on the integrating constant of tens of ns. At the 

reverse bias voltage of 200 V (Fig.17b) the detector is kept 
' 13 -2 fully depleted up to the fluence of 4*10 cm , hence, the 

amplitude deficit is constant. But it grows if the high 

compensated neutral base appears at larger fluences. 
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As for tint= l_O ns,. the ~ramatic amplitude decrease at 

any. voltage and fluences lower or near the inversion point, 

is mainly attributed to the enlarged capacitance of the 

detector (and the pulse duration, consequently) as compared 

with other data/ 5 ' 2 7 / where the area of samples was in the 
. . 2 

range of 0.25:1.0cm. 

To summarize the experi~ental data on the charge 

collection one should note that if the shaping time is larger 

than 20 ns, the amplitude deficits do not exceed 0.1:0.15 

for the · totally depieted detectors irradiated. at , neutron 

fluences less. than 4. 0*10 13 cm.- 2 The trapping-detrapping of 

non-equilibrium carriers contributes the main share into the 

amplitude deficit.· It has been revealed from the study of the 

both: amplitude deficit and charge collection kinetics. At 

larger fluences the· detector becomes partially depleted and 

the amplitude deficit essentially increases. This is 

attributed to the influence of the high compensated neutral 

base in which Maxwell relaxation constant can grow up_ to 

1 ms. Hence, for the effective charge collection at larger 

fluences. it is necessary to apply the reverse bias voltage 

exceeding·the full depletion voltage. 
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Group 
of 

samples 

1 

p+nn+ PAD 
detectors 

2 

p+nn+ PAD 
detectors 

3 

p+nn+ PAD 
detectors 

4 

DLTS 

5 
Hall effect 

measurements 

Resistivity, 
Silicon kOhm*cm 

n-type, 
Wacker- 4 ... 6 

Chemitronic 

n-type, 
Wacker- 4 ... 6 

Chemitronic 

n-type, 
ZTMF, 1...2,5 

Ukraine 

n-type, 4 ... 6 
Wacker 

n-type, 
4 ... 6 Wacker " 

; n:-type, 
1..\2,5 ZTMF 

\ 
Table 1 

Initial: 
Technology Number 

Minority Effective doping and of 
carriers concentration, cm- 3 topology samples 

lifetime, ms 

n + -imp Ian ted, 
~4 ;c;,10·12 p+-implante'd

3 
11 

20x20x0,4 mm 

n + -diffused, 
.:2;4 ;::;,1012 p+-implanted

3 
6 

20x20x0,4 mm 

· n+-implanted, 
~0,5 (3 ... 5)*10

12 p+-implanted
3 7 

., 20x20x0,4 mm 

~1012 
n +-implanted, 

.:2;4 p+-implanted, 9+9 
2x2x0,4 and 
5x5x0,4 mm3 

~4 ::;1012 Initial 
silicon, 11 

~0,5 (3 ... 5)*10 12 11x3x2 mm3 



Table 2 

Parameters of deep levels for radiation induced defects 

Level type Activation energy, Capture cross-

ev section, cm2 

El. EC - 0.18 o-n = 2.0*lo-14 

E2 E C - 0 •. 22 o-n = 2.0*10-16 

E3 E C - 0.40 o-n = 2.0*10-16 

Hl E V + 0.33 o-n = 9.0*lo-14 

H2 Ev+ 0.40 a- = 3.0*lo-14 
n . 

Table 3 

Effective lifetimes of charge carriers 

.Fluence Conductivity type h e 
1: eff'µs 1: eff' µs 

3.3*1012 n 0.44 1.1 

1. 6*10 13 p 0.11 0.13 

8.0*1013 p 0.055 0.015 

22 

Table 4 

Average amplitude deficit as a function of shaping time e 

Number Fluence, Type of Deficit, arb. units 

of the -2 drifting cm 

sample carri~rs 9=0 .• lµs e=0.3µs e=lµs 

e <0.01 0.17 0.19 

D5_;1 0 

h <0.01 0.17 0.26 

e 0.81 1.01 1.45 

D7-1 3.3 1012 

h 4.52 3.82 2.95 

e 4.73 4.87 5.12 

D7-2 1.6 1013 

h 10.82 10.26 8.54 

Data are normalized on amplitude of the,sample 

D5-1 (e = 0.1µs); e - electrones, h ~ holes. 

Table 5 

Calculated kinetic deficit 

B,µs 1.0 0.5 0.25 0.1 0.05 0.02 0.01 
' 

IIAkin ' 
3*10-5 l.l*lo-4 4*10- 4 -3 1.03*10-z 6~07*10-2 2.1*10-l arb.units 2. 6*10 

.23 
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Fig.2. Distribution of reverse currents for the 'set of 

detectors made of Wacker Si. Area: 2*2 · cm2
• Bias voltage: 

80 V. 
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Fig.14. Current pulse response to the a-particle excitation 
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irradiation; (1,2). - near the p+ and n+-layer, respectively. 
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in the non-irradiated {a+d) and irradiated (e,f) detectors. 
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Fig.16. Current pulse response to the m.i.p. exitation in the 

detector: (a) before and (b) after neutron irradiation. 
13 -2 Reverse bias voltage: 250 V, Fluence: 4,0*10 cm . 
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roJiyrnnH M.A. n AP· . 
PMnau.noHH.aSI CTOHKOCTh KpeMHHeBhIX AereKropoB 

.MS! 3KCnepnMeHroB Ha K0JIJia~epax 

E14:-95-9.7 

: llcCJieAOBaHiil nJiaHapHhle KpeMHHeBhle AeTeKTO})hl AO n IlOCJie o6JiytJ:eHHSI 
6hlcTphIMH Heii:TpoHaMn, (<Eno> =:= 1, 35 M3B) npn Kor:rnaTHoft TeMn.epaType~ 

.MaKCHMaJihHblHq).IIIOeHCHeii:TpOHOBCOCTaBHJI 8 . 1013 CM-2 . .D:eTeKTOpbIH3ro:­
TaBJIHBaJIHCb irn BblCOKOOMHOf'O (1 + 10 KOM . CM) 3_0HHO-OllHIU.eHHOro (FZ) 
KpeMHHSI n-Tnmi c optteHTau,n:eii: <111>: J1cno.Jih30BaJICSI KpeMHnii:, noJiy11eH:. 

··HhIHOTABYXPa3JIHtJ:Hhlxnpon3B0AHTeJieii::WACKERCHEMITRONJCn3ano­
. pmKCKOro THTaHo-MarirneBoro KOM6HHaTa (3TMK). Hcc.rieAOBaHO BJIHSIHH.e 06-
JI)'tJ:eHHSI. 6w:cTpbIMH Heii:\poHaMH mi OCHOBII~e napaMeT{)bl HCXOAHOfO KpeM­
HHSI, He npOXOAHBmero BbICOKOTeMnepaTypHbIX TeXHOJIOmtJ:eCKHX onepau.uii: .. 

<' ' > - • • I , < • • :- ' ' ' ,•• ,, • ; ' 

Pa6oTa BblilOJIHeHa B Jia6opaTopriurnepxBhICOKHX 3Hepmii: OU51H. 

TTpenpHHT 061.e,1m1emmro HHCTHT)'Ta 11,1epHhIX 11c:CJie,10BaHHfl.',lly6Ha, 1995 · ·• 
, '' . ' . . . . . . ,. ', 

Golutvin i.A. et al. El 4:-95-97. 
Radiation Hardness of Silicon Detectors for Collider Experiments ·. 

. . . ,, ·. ' " ~ '., . ; 

. The, silicon plana~ detectors before and after f~st neutron irradiation 
,<Eno?> ~ L35 MeV) at .roo~ temperature have been investigated. Maximal 

neutron flu~nce ha; been . 8 · rn13 cm-2 .. · The detec~o~s have be~ri 
m~nufactured of the high resistivity (1 +, lo KOhm · cm) n-type float'-zone 
~ilicon (FZ:-SO with the <111> orientation supplied by two different producers: 
.WACKER CHEMITRONIC and Zaporojie . Titanium-Magnesium· Factory 
. (ZTMF). The influence of fast neutrori irradiation on. the. main parameters of 
the st~frting silicon before the technologicaf high temperature treatment has 
been investigated aswell. · ' · · · 

• The investigatiou' has been performed at the Laboratory of Particle Physics, 
.JINR. .. . 

Prepri~\ of the Joint Institute for Nuclear. Rese~rch. Dubn~, 19.95. 


