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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 active area of 690 mz./l'z/ For
the ENDCAP hadron calorimeter at the CMS experiment the
active area of silicon pad detectors is 400 mz./3/

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 enerqgy 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 1042 cm"2 corresponding
to 10 years of LHC running the application of silicon pad
detectors used as an active media in the calorimetry requires
to study the radiation hardness up to fluences of
6.0*1013 cnl_? The main consequences for silicon pads exposed
in the fast neutron irradiation fields are:

- radiation damage of a silicon bulk resulting in
generation of damaged regions and point defects with
deep levels in the forbidden gap;

- decrease of the carrier lifetime;

- leakage current increase due to the bulk generation of



carriers which is characterized by the coefficient of
4.0“:l0-]"7 A/cm;

- change 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
irradiation and, hence, the operative voltage applied
to the detector;

- decrease of the charge collection efficiency/s/ and
increase of the reverse bias voltage for the full
charge collection of non-equilibrium charge carriers
created by the minimum jonizing particles (m.i.p.).

The aim of the investigation was formulated as follows:

- measurements of electrical parameters of the detectors
under fast neutron irradiation;

- sgilicon bulk degradation research 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 1Mev 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
gilicon pad detectors developed and produced in Russia (ELMA,
Zelenograd) and Dubna.



The main purpose of the Si-detector topology and
technology development is to produce detectors with
parameters adequate to the experiment requirements and still
preserving the low cost of detectors at the same time. The
cost of silicon pad detectors is 2 CHF/cm® if 500 m’ are
required and it reduces to 1.2 CHF/cm® - if 2000 m? including
the price of the raw material.

Fig.2 shows the reverse current (I"v) distribution for
detectors at the bias voltage U of 20% more than the full
depletion voltage (Um).

To determine the initial lifetime T 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 neutron 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).®’
Changes of the charge collection efficiency have been studied
with the precise a-particle spectroscopyf7/ The conductivity
type inversion phenomenon has been confirmed 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.



3. IRRADIATION FACILITIES

Neutron irradiation of samples has Dbeen carried out at
JINR facilities using the Fast Pulsed Reactorfa’ Pulse
duration was 245us at FWHM with frequency of 5 Hz. The energy
spectrum is shown in Fig.3. Resonant and epithermal neutrons
and y-rays are absorbed by the filter consisting of Pb - 2 cm
thick and B‘C _ 1 em thick, while fast neutrons at the energy
En>0.5 MeV are not absorbed. For this energy range the flux
uniformity of better than 3+5% is kept in the area of
10%10 em’ and that is acceptable for detector exposing.

The fast neutron flux equal to 3*108 n/cnfns is
controlled with the standard activation method of intensity
measurements using 7—-decay of % co arisen from
5°Ni(n.p)-—-->58 Co nuclear reaction with the energy threshold of
3.45 MeV. At the same time epithermal neutron flux in the
energy range En>10 eV does not exceed 0.5*106n/cnf*s
depending on energy as ~1/E. The fast neutron dose absorbed
in Al is 0.9 rad/min while y-ray dose (E1=2+2.5 MeV) does not
exceed 0.013 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 detectorsfg' The
mean energy of the fast neutron energy spectrum 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-—SiO2 interface.
The generation of radiation defects in the crystal lattice
leads to the decrease of the minority carrier 1ifetime and
generation lifetime which is followed by the reverse current
growth and increase of the charge carrier loss. The othe:
aspect of the defect generation congists in non-monotonou:
alteration of the effective impurity concentration N . an



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 (clusters).
Clusters reduce the potential relief fluctuations in the
crystal lattice!'®!''’ Formation of the potential relief
causes changes of electrical properties different from those
induced by charged particles or y-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 gap/n'm/ 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 Dbulk.

It should be stressed that the data obtained with these
two methods differ because of the details in the measurement
procedure and sample manufacturing. The Hall effect
measurements have Dbeen carried out on special satellite
samples made of the bulk material. In this case the
measurement mode requires a low bias voltage and practically
meets quasi-equilibrium conditions of the neutral bulk. As
for the DLTS 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



changes the impurity and defect distribution. Hence, the Hall
effect data should be considered a direct characteristic of
the bulk material rather than the DLTS data. Thus, in
addition to the numerous DLTS data available for neutron
jrradiated detectors, the application of the Hall effect
measurements 10 investigate the degradation phenomena
developed in the present work seems to be interesting.

The dependence of free electron concentration n on
reciprocal temperature 1/T has shown that the initial samples
(from Wacker si) contained not only phosphorus (1012 cm’)
slightly compensated by acceptors (presumably boron,
4%10° cm>) but also some deep donor, E_-0.2¢ eV, at
concentration of about 5%10'' cm~ (Fig.4, curve 1). At the
smallest observed fluence 0:2.0&10" cm? the phosphorus
concentration diminishes by the value of 2.5%10" cm’® 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 vacancies escaped from
the local neutron damaged regions.

At the fluence of 3.3»10‘2 '::nf2 one could expect
phosphorus to be almost completely converted into the
E-center. Indeed, the tempergture dependence of electron
concentration (Fig.4, curve 3) reveals the deep level
Ec—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
acceptors at concentration of about 10'? cm> ). At the room
temperature the Fermi level i{s much lower than the E-center.
Then the E-centers are neutral and the saturated electron
concentration should be close to the deep donor concentration
of sx10" cm® . That is indeed the case up to the fluence of
1.0%10' cm’

At the higher fluence of 3.ox10" cm? the electron
concentration essentially decreases as compared with the
previous case which indicates that either initial deep donors



levels below the E-center level. However, the further
increase of the fluence up to 5.0%10%° cm? leads to the
increased electron concentration 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 level) 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 Cc-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%10'2 em? gt starts
increasing. After removal of the electrodes we have carried
Oout the Hall effect measurements of such "inverted" detectors
and found the n-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 homogeneousiy in
the bulk and partially clustered in the local damage regions.
Due to the high concentration of defects in the Cclusters the
energy bands are bent forming the potential barrier in the
vicinity of the Cluster/?°: 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 than 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

-



all the cluster acceptors charged,'’’

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'" em? is shown in Fig.5. The parameters of deep
levels (activation energy Eaand capture cross-section o)
presented in Table 2 are calculated taking into account the
effective impurity concentration determined from the low
frequency (0.1-1 KkHz) 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 varying ratio of components. Besides,
there are some peculiarities connected with the detector
originf’z’ Only energy level E2 can be undoubtedly attributed
to the double minus charge state of the divacancy (VV7) while
El and E3 may contain two defect complexes. Annealing of
defect E1 occurs mainly in the temperature range of
180-250°C. We can refer it to the Cl—C.complex rather than
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
(vww)1® Annealing of E3 occurs in the wide temperature
range of 100-250°C without any vivid concentration decrease
at 150°C inherent to the E-center annealing. Since the
divacancy annealing takes place at T>300°C, the monotonous
decrease of the E3 concentration should be attributed to the
divacancy annealing in the local damaged regions with the
reduced activation energy of thermal annealing.

It is more Aifficult to analyze the defects induced by
radiation with deep levels in the lower half of the forbidden
gap (Fig.5b). The DLTS spectra are affected considerably,
first, by the self- annealing process and, next, experimental



requirements, namely, the high injection current density in
the filling pulse. It should be noted that methodical aspects
of the DLTS measurements on the high 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 behavior in the
irradiated Si crystals consists in the carbon-related defect
transformation’'? % 2%/ In our case the decay of
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
analysis of this phenomenon in the detectors irradiated by
a-particles has shown that in FZ Si the decay rate is

affected essentially by the detector manufacturing

/197
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
the positive filling pulse. Energy level Ev+0.20 eV is,
probably, connected with the positive charge state of the
divacancy (VV) while the origin of energy level Ev+0‘27 ev
(0=4%10 *caf) is not clear yet; the similar peak was

observed in the high resistivity Si irradiated by

7207
deutrons.

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

generation lifetime L according to the Shockley-Reed-Hall
theory:

Et—E E -q

+ o exp

o exp
" KT KT
T = (1)
eff




Vo thermal velocity,

Nt -~ concentration of deep levels,

E‘ -~ energy in the middle of the forbidden gap,

E - activation energy of the deep level.

The results of the calculation allow one to arrange the
observed deep levels in the decreasing order of their
generation activity: E3+H15H2E1 %’ The total contribution
of the deep levels should take into account the defect
density, .especially for the defects with the largest
activation energy.

Additional information on the bulk property degradation
has been obtained from the direct measurements of the charge
carrier lifetimes. The generation lifetime has been measured
on MOS samples from the inversion of the Si conductivity type
in the vicinity of the Si—SiO2 interface and the linear

1

dependence of (rwn)” on fluence with damage constant

Ktw‘'~=12»10_'acrn_2ats"l has been revealed. The carrier
injection-extraction method has been used to determine the
minority carrier lifetime, the damage constant is
5#10"° cm ‘x5 '

We suppose that the data on the transformation of the
carbon related defects are very important in practice. It can
be considered as a possible model of the reverse annealing

and long term transformation of the detector
r22/

characteristics’

5. STEADY STATE CHARACTERISTICS OF IRRADIATED DETECTORS

The alteration of the detector characteristics under
fast neutron irradiation consists in the following:

- non-monotonous change of the bulk resistivity anc

effective 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 change
of I-V and C-V characteristics, the effective iﬁpurit

10



concentration and radiation damage constant have been widely
investigated and numerous data are available for different
types of detectorszJ_ZS/ 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 and irradiated at different neutron fluences
(2&10‘2+6*1d3 em? ) is presented in Fig.6a. One can compare
I-V characteristics of the detectors before and three days
after irradiation presented in Fig.7a,Db, 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%10'%cm? which is
close to the inversion point the reverse current ratio turns
into its opposite. As

en SW
where:
S - p-n junction area,
w - thickness of the space charge region,
T - effective carrier generation lifetime,

eff
one should suppose that for the wacker Si detectors the

increase of W near the inversion point prevails the decrease
of T Hence, the alteration of the reverse current ratio
is attributed mainly to the evolution of Ne” rather than to
the decrease of T oo

The reverse current damage coefficient a is determined
according to the relation:

Al=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%x10”'"7 A/cm which is in the

il



range of experimental data for different types of detectors.
Other data which may be used to determine o are
presented in Fig.9. At the fixed fluence the product

IC=eecon‘52/2fr is a constant independent on voltage.
Nevertheless, the experimental value is constant only for the
Wacker Si detectors irradiated at large 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 degradation 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.éb. The curves demonstrate the
compensation of the semiconductor conductivity resulting in
the decrease of Nen ana Yy, and their following increase
after the inversion. At UFD the detector capacitance is
=100 pF. The full depletion voltage U, found from C-V
characteristics as a function of fluence, is shown in Fig.10.

The results on irradiation of detectors Kkept 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
v. *age, 1s 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 impurity 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
a-particle spectroscopy and TCT measurements would prove the
evidence of the electric field redistribution from the
p*-side to the n'-side of the detector confirming the
adequate change in the sign of the effective impurity
concentration. In a scope of the cluster model the difference

12



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 a-particle excitation of non-
equilibrium carriers the precise measurements of the
amplitude deficit as a function of bias voltage have Dbeen
carried out to determine separately the lifetime of electrons
and holes in the space charge region. Using the transient
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 met'iods help to
determine the sign of the effective impurity concentration in
the space charge region and they confirm the conductivity
type inversion at neutron fluences exceeding 8.0%10'%cm.? The
analysis of the current response to the 1light pulse
excitation enables to interpret the experimental data on the
minimum ionizing particle (m.i.p.) excitation.

In general the amplitude deficit AA contains three

components:

- energy loss AA, in the "dead" layer;

- charge loss AAt due to the carrier trapping as non-
equilibrium carriers drift in the space charge region
during collection time Lt

- kinetic deficit component AA which depends on the
relation between rise-time tr and amplifier shaping
time 6.

bA = AAd + AA!. * A&ln (4)

13



Measurements of the signal amplitude and its deficit
have been carried out for the detectors before and after
neutron irradiation using the a-particle spectroscopy. The
curves of ratio Ap‘/An‘ as a function of bias voltage at

the p+—1ayer and n+-1ayer. respectively; the shaping time isg
1 us. The amplitudes become equal to each other (within
accuracy of about 1*10'2) at the full depletion voltage.
Values of Ap‘/An‘ <1 indicate that the maximum electric field
is located at the back contact. Hence, it concerns the
detector with the inverted conductivity iype.

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 useq’’’ Two a-particle sources

of the experimental set-up; the achieved accuracy is 107*.
Carried out on the non-irradiated detectors the measurements
of the amplitude deficit asg a function of reverse bias

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 um including the a1 contact film and “dead" layer
d...a - the part of the high doped p'-layer =2000 & near the
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 107
for electrons in the range of reverse bias voltage
U = 50+200 V and for holes at U » U.,- The negligible value
of the amplitude deficit indicates that there is no trapping
for non-equilibrium carriers in the Space charge region.

14



Since the reverse current of irradiated detectors
increases up to hundreds uA 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 T in the

eff
space charge region which is a quantitative characteristic of

the charge loss:

C
AAt = (5)
2T
eff
The mode to measure L is @ > t = % , that leads to
r
AAk“‘z 0. The equation (5) can be transformed to:
1 d
8A = T LBt (5a)
eff

where:

d - detector thickness,

M - mobility,

<E> - mean electric field.

Saturation of the drift velocity is neglected.

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 2**Cm) in the
irradiated detector before inversion (& = 3.3%10'% cm? ). The
curve slope gives the values: t;r= 1.1 us and ﬁh = 0.44 us.
The lower value of t:” can be attributed to the fact that
for the radiation defects with deep levels the capture cross-
section for Tholes is larger compared with that for
electrons’'®’ The carrier lifetimes in the irradiated
detector before and after inversion are presented in Table 3.
The rapid decrease of t:rf as compared with E;r can be
explained taking into account the shift of the Fermi level

induced by radiation towards the valence band. It leads to



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
244Cm at U=160 V. The amplitudes are
normalized on the maximum amplitude in the non-irradiated

a-particles of

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: pA® and DAh. Hence, the non-equilibrium carrier
trapping takes place in irradiated detectors. DAh has the
greater value than DAe, their difference can Jrow till 0.06
at the fluence of 1.6%1013 cm ™2 Nevertheless, taking into
account the larger drift mobility and velocity of electrons,
these values are in &greement with practically equal
lifetimes for the electrons and holes measured at this
fluence.

pA® for a fixed neutron fluence has the same dependence
on g as for non-irradiated detectors - it has a slight
increase by 0.005 while g rises. Meanwhile DAh decreases by
0.02 when the shaping time increases from 0.1 ms to ims. This
indicates that the hole detrapping takes place and increases
the charge collected in the detector.

7. CHARGE COLLECTION KINETICS

To investigate the fast xinetic processes and measur¢
the kinetic amplitude deficit in the detectors, the transient
current technique has been applied(s/ Most -~ of  the

16



experimental versions of the method have used a-particles to
generate non-equilibrium carriers near the surface (near the
p+— or n+—1ayer) providing the charge transport study for
electrons 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 type’®’ 26728/

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 collection (curve 1),
the peculiarities connected with the electric field
distribution are rather vague. A reasonable explanation is
the influence of the carrier trapping and plasma effects
inside the high density tracks of a—particles.’7'2°/ Duration
of the plasma stage depends on electric field E and is about
S ns at E = 4 kV/cm (U = 160V) for a-particles at the energy
of 5 MeV.

To eliminate 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 preamplification. The GaAs laser has been
used to generate the light pulse pumped by the current pulse
generator with pulse duration of 1less than 1 ns. The
parameters of the set-up are:

- light pulse duration = 0.7 ns

- effective pulse energy < 100 MeV

- area of the light spot z 400x400um2
- time resolution of the oscilloscope 200 ps

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

The current response curves for the both: non- anc
irradiated detectors, are shown in Fig.15. For the partially
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L2

depleted detectors the electron component has an exponential
decay (Fig.15a) 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 (Fig.15c,d). The inclination change in the slope
of the pulse top for the detector irradiated at the fluence
of 3.3%10"° cm? indicates that the inversion under
irradiatipn 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 non-
equilibrium carriers.

The duration of the current pulse allows to estimate the
kinetic deficit component AA . Using the RC-shaping with
the integral and differential constants equal to 6 the
Kinetic deficit component is:

e | t./e tr etr/e

AAk‘n =1 - —z— e - 1| exp|1l - —— —_7?;R;_——_~ (6)
e e -1

The data on the calculate~” AAHn are presented in Table 5. We
put the rise time equal to the hole collection time t = Lt =
25 ns. The equation (6) can be approximated as AA =~ = x2/24
at x = 1 (where x=tr/9). At @ = 100 ns AAM“=0.26«10'2 that
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, AA“n does not exceed 0.06 but
it increases up to 0.2 at & = 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 a—-particle irradiation. Indeed, for
the m.i.p. generation the collection time is about 20 ns for
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the both: non- and irradiated detectors, being practically
independent on fluence up to the fluence of 4.0%10"? cm?
(Fig.16). The value is less than t_for the holes which have
the smaller drift mobility. It should be noted that the
increased pulse duration in comparison with 10 ns’S/is
connected with the enlarged capacitance of the detector with
the area of 4 cmf (about 100 pF at the full depletion
voltage).

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
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’’’

At the larger fluences the amplitude deficit increases
due to the t_ increase and prolonged trapping-detrapping. The
sharp decrease of the collected charge occurs at
? > 4.0%10'7 cm? being especially evident at Tim of 20 and
50 ns. The comparison with the dependence of the full
depletion voltage on fluence (Fig.10) has shown that at the
fluence of 4.0x%10'° cm? 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 defects with deep
levels’?®’ Maxwell relaxation constant can grow up to 1 us
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
fully depleted up to the fluence of 4x10!° 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? 10 ns, the dramatic 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/5'27/where the area of samples was in the
range of 0.25:1.0cm2‘

To summarize the experimental 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 depleted detectors irradiated at neutron
fluences less than 4.0*1013 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
bagse 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.

In conclusion we would like to express our
acknowledgements to F.Lemeilleur (CERN) for his help in
mesurements.
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Table 2

Parameters of deep levels for radiation induced defects

Level type Activation energy, Capture cross-
ev section, cm2
~14
. - = *
El Ec 0.18 cn 2,0%*10
~16
- = *
E2 Ec 0.22 Un 2.0*10
=16
- = *
E3 EC 0. 40 an 2.0*10
-14
= *
H1l Ev + 0.33 an 9.0%10
-14
- *
H2 Ev + 0,40 an 3.0*10
Table 3

Effective lifetimes of charge carriers

. h e
Fluence Conductivity type T argprH8 T arf® M8
3-3*1012 n 0. 44 1.1
1.6*1013 P 0.11 0.13
8.0*1013 P 0.055 0.015
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Table 4

Average amplitude deficit as a function of shaping time ¢
Number | Fluence, Type of Deficit, arb. units
of the cm™2 drifting
sample carriers 6=0.1us | 6=0. 3us 8=1lus

e <0.01 0.19
D5-1 0

h <0.01 0.26

e 0.81 1.45
D7-1 | 3.3 1012

h 4.52 2.95

e 4.73 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 = 0.1us);

Table 5§

e - electrones,

Calculated kinetic deficit

8,us

AAk.ln ’

arb.units

h - holes.

.01

2

2.1%10"

1
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Influence of the reverse bias voltage applied to the

reverse current

The current was measured at U=100 V.
- irradiation without reverse bias voltage,
- irradiation at the reverse bias voltage of 100 V.
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MNpunnmaerca nognucka ya NPENpHHTE, coobuierns O6renuHentoro HHCTHTYTa
ANCPHBIX HCCNIEXOBAHHH H «Kparkue coobwenns OUSIH».

YcTaHosneHa cnenyiowas CTOMMOCTs noanHcKH Ha 12 mecsuep Ha HaRaHKA
OHSAH, simioyas HEPECHLIKY, MO OTACAbHBIM TEMAaTHYCCKHM KaTEropusM:

Hupekc Temaruxa Llena noanucky
Ha roa
1. Dxcnepumentanshas PH3HKa BeICOKMX 3Heprui 22600 p.
2. Teopetuyeckas PHu3nKa BEICOKHX IHEPruit 59200 p.
3. Bxcnepumentansuas HEeHTpoHHas Pulnka 7800 p.
4. TeopeTuueckas HIMKa HH3KHX HEpPruit - 23400 p.
5. Maremaruka T 14800 p.
6. SAnepuas COCKTPOCKONHA H PaAHOXHUMHS 12000 p.
7. Qu3uKa TAXENLIX HOHOB 2200 p.
8. Kpuorenuxa 1400 p.
9. Ycxopurenu 12200 p.
10. AsTomaTusauus 06paboTku akcnepuMenTansnpx JNaHHBIX 12200 p.
11. Buyncnutensuas MAaTEeMAaTHUKA H TeXHMKa 14300 p.
12, Xumus 1200 p.
13. Texuuka ¢usnueckoro AKCrepHMeHTa 21300 p.
14, HcenenoBanus TBEPABIX TEJa H XMAKOCTeit AACPHBIMH METOoaMHM 7200 p.
15. DxcnepumenTansyas ¢usuka saepubix peaxumit
NPH HH3KUX IHeprusx i 2600 p.
16. Josumerpus u u3nka awuTH h 2200 p.
17. Teopus KOHACHCHPOBAHHOIO COCTOARMUA o 12200 p.
18. HcnonbioBanue pe3ynbTaTos )
H MCTONO0B (PYHAAMEHTANLHEIX UIHUECKHX HCCNIe10BaHM#
B CMEXHHX O6MacTAX HayKu U TeXHHAKY 1800 p.
19. Buodusuxa 1800 p.
«Kpatkse coobuwenus OUSIU» (5—6 Buinyckos) 15000 p.

MNonnucka moxer 6wt odopmieHa ¢ 110600 Mecsua roaa.

Opranmnsaumam u nuuam, 3AHHTCPCCOBAHHLIM B NOAYYCHHM W3gaHuii OMSIH,
CICAYET NEPEBECTH (WM OTMIPABUTE NO nouTe) HEOGXOAMMYIO CyMMy Ha pacueTHMil
cyer 000608905 Ny6uenckoro ¢wimana MMKE, r.Jly6ua Mockosckoit obnacTy,
W/uHa. 141980 M®O 211844, yKasas: «3a noanucky Ha anasHus OMSH»,

Bo u3bexanne negopasymenuii HCOGXOMMMO YBELOMUTL M3NATE/NBCKHIL OTAEN O
NPOH3BENCHHOH OIUIaTE H BEPHYTH «Kaprouky nomnucunka», oTMeTHB B Hell HOMepa
M Ha3BAHHA TEMATHYECKHX KATCrOpHii, Ha KOTOphie OdopMiIseTcS HommMcxa, no
anpecy:

141980 r. ly6xa Mockoscxoii o6n.
yn.XKonuo Kiops, 6
OMSIH, usnarensckuit otnen



Pau;mmmx CTOMKOCT: KPCMHRACBRIX ICTEKTOPOB
IS IKCTICPUMCHTOS Ha Ko/UIafiicpax

Hccnenopannl n1avapHHe KPEMHHEBHE JCTCKTOPH 0 K noc1e obnyueHHS
GuicTpumu Herrponamu (<E 0> = 1,35 MaB) npa KOMHATHON TEMOEPaType.

MaxceMansuu dmoesic nefrponos cocrasun 8 - 1013 cu™2. JlerexTopw u3ro-
TABIMBANHCL U3 BoicoxkooMHoro (1 + 10 xOM - ¢cM) 30HHO-OUMILIECHHOTO (FZ)
KpeMHHMS N-TMNa ¢ opuenTaunci <i11>. Hcnosnssosancs KPEMHHI, NONYUEH-
B OT ABYX pasmuskix nponssonutenci: WACKER CHEMITRONIC u 3ano-
POXCKOTO THTaHO-MarHuesoro koubunara (3TMK). Mccaenosaro sansHue ob-
AyueHnS GHCTPHMK HEATPOHAMM HA OCHOBHBIC NAPAMETPR MCXORHOIO KPEM-
HHS, HE MPOXOAMBIIENO BHCOKOTEMIEPATYPHRX TEXHONOIHYECKHX onepaumi.

Pabora snnonHeHa s JlaGopaTopum CBEPXBHCOKHX Snepmh OUAU.

[penprut OFBEANHEHHONO MHCTUTYTA AREPHMX nuccnenonannik. y6ra, 1995

Golutvin I.A.etal. E14-95-97
Radiation Hardness of Silicon Detectors for Collider Experiments

The silicon planar detectors before and after fast neutron irradiation
<E 0> = 1.35 MeV) at room temperature have been investigated. Maximal

neutron fluence has been 8 - 10'3cm™2 The detectors have been
manufactured of the high resistivity (1 + 10 xOhm - c¢cm) n-type float-zone
silicon (FZ-Si) 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 starting silicon before the technological high temperature treatment has
been investigated as well.

_ Theinvestigation has been performed at the Laboratory of Particle Physics,
JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1995
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