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The radiation hardness of silicon pad detectors, especially developed for the PLUG-calorimeter of the Hl experiment at HERA
was investigated with respect to neutron and electron irradiation. Be(d, n)-neutrons with an average energy of 6.2 MeV up to a
fluence of 107 n/cm2 and 1.8 MeV electrons up to a dose of 1 MGy (10'® e/cmz) were used. Degradation effects of the diode
properties regarding the reverse current, depletion voltage and charge collection efficiency are studied at room temperature and
with no bias applied during irradiation. Special emphasis 1s put on the separation of the respective damage generation and 1ts
subsequent self annealing. The observed effects are discussed with respect to radiation levels to be envisioned for experiments with

future colliding beam machines.

1. Introduction

The very intense radiation fields connected with the
high luminosity of future colliding beam machines
(LHC, SSC) make radiation hardness a most urgent
demand for all detector components. As an example
for a LHC luminosity of 10** cm~2 s~ ! an annual
neutron fluence of up to 10" n/cm? has been esti-
mated in the forward region of a realistic detector
configuration {1]. For the same pseudorapidity n = 2.5
the charged particle dose, dominated mainly by the
electromagnetic component, is in the order of 10 kGy
per year.

Radiation induced damage effects in silicon detec-
tors can be roughly divided into two separate compo-
nents. The dominant part is due to the bulk damage
induced by the non-ionizing energy loss of the bom-
barding particles. In this respect neutron irradiation is
much more effective leading to a much higher mean
energy transfer to the primary knock on atom (PKA)
than that by electrons. This is illustrated in fig. 1
showing the nonionizing energy loss (right scale) re-
spectively the displacement cross section (left scale) as
function of energy [2,3]. For example the ratio of the
damage cross section for 1.8 MeV electrons to that of 1
MeV neutrons is about 1072,

In the following sections we describe results of our
ongoing systematic investigations of radiation damage
cffects [4-8]. Degradation of the detector properties
regarding the reverse current, depletion voltage, charge
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collection efficiency and surface effects are studied at
room tempcrature. Special emphasis is put on the
separation of the respective damage generation and its
subscquent self annealing. Only in this way it is possi-
ble to calculate the resulting effect during long term
exposures under realistic operation conditions at fu-
ture colliders [9,10). Additional investigations rcferring
also to damage effects at —20°C and subsequent an-
nealing at room temperature are included in the SITP
report given at this conference [10].

2, Experimental technique

Numerous irradiation experiments were performed
mainly with 6.2 MeV neutrons (from the Be(d, n) reac-
tion) and 1.8 MeV clectrons. The parameters of the
different radiation fields are listed in table 1. High
neutron intensities of 10'® n/cm?s could be achieved
by the Be(d, n)-source at a distance of 10 cm from the
target. All measurements and calculations with respect
to the neutron dosimetry were carried out by Brede et
al. [11]. Details of the experimental setup and dosime-
try for electron irradiations can be found in ref. [12].
All particle fluences were normalized to equivalent
values for 1 MeV neutrons. In this way the trivial
dependence of the observed damage on the nonioniz-
ing energy loss of different particles and energies is
taken into account. For each radiation a corresponding
hardness parameter « was derived in such a way that
P(E, =1 MeV) = k®(E), where &(E) is the normal
fluence for a given particle type and energy and &(F
=1 MeV) is the equivalent 1 MeV neutron fluence
leading to the same nonionizing energy loss. The k-val-

VIII. RADIATION DAMAGE
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Fig. 1 Displacement damage cross section (left scale) resp.

nonionizing energy loss NIEL (right scale) for neutrons [2]
and electrons [3] as function of energy.

ues for neutrons were calculated using the damage
cross sections of ref. [2] and for the case of clectrons
we used the nonionizing energy loss from ref. [3] (see
table 1).

The silicon detectors used in our investigations are
mainly of the planar-surface barrier-type. They werc
fabricated in our own laboratory from high resistivity (6
k€ cm) n-type material (Wacker—Chemitronics) with a
thickness of 400 wm. Different gcometries of rectifying
contacts with areas between 0.2 and 2 cm? were used
in order to study possible edge effects. As outlined in a
previous paper [4] the front clectrode (Au) overlaps the
SiO, edge protection layer, forming a narrow field
plate which acts like a MOS-capacitor connected in
parallel to the diode junction.

3. Change of effective impurity concentration

The change of the effective impurity concentration
due to radiation induced defects is derived from the
depletion voltage via C-V measurements. As long as
moderate neutron fluences are concerned the meas-

Table 1
Parameters of the irradiation experiments

urcd C-V characteristics are frequency indcpendent
indicating that the change of the depletion voltage is
dominated by a corresponding change of the shallow
dopant concentration only (dopant removal). After ir-
radiation with high fluences (& > 10'* n/cm?) a strong
frequency dependence of the C-V curves is observed
[8] in agreement with results reported by Kraner and
Li [13,14]. In ref. [13] this effect is discussed in detail.
In their model the depletion voltage is not only deter-
mined by shallow dopants but also by deep defect
centers. The charge state of these centers depends on
the position of the defect energy level with respect to
the Fermi level in the band gap. The junction capaci-
tance in the low frequency limit and at bias voltages
larger than several volts can be approximated by:

5 —1,2

C(V,LF) =ege (“es‘e”l/)

. =€g,€| -
o qoNege

(D)

N, = | Ny—N.| is the compensated effective dopant
concentration with Ny =N, —N,, Np, N, being the
donor and acceptor density respectively and N, 1s the
concentration of the compensating deep trap level. It
has been shown for many cases that the depletion
voltage extracted from -V characteristics is identical
to that resulting from charge collection measurements
performed with short ranged alpha particles [7,8].

In fig. 2 the absolute value of N, is plotted as
function of the 1 MeV cquivalent neutron fluence. For
comparison we include the much smaller effect result-
ing from electron irradiation. The neutron data show a
conduction type inversion at about 2 X 10'* n/cm? and
a linear increase of an acceptor like defect concentra-
tion above 10" n/cm? (see [5-8,15)). As discussed in a
previous paper [8] the experimental results for neutron
irradiation are corrected for all self annealing effects
including those during and in between successive expo-
sures. The used annealing function (cq. (1) of re. [8]) is
demonstrated in fig. 3 togcther with measured values
obtained for @ <5 x 10" n/cm?®. Our older results

Radiation E Hardness Intensity range Fluence (dose) Fluence (dose)
[MeV] parameter x [em™%s 'J(Gys ") range [cm 21(Gy) error

Neutrons

T (p, n)'He * 12 0.88 7x 1001 x 107 7x10"-1x 10" 49

D(d, n)*He ¢ 5.0 169 1.5x 107 4x 10" -2x 10" 3%

T(d, n)*He ® 14.1 1.88 1x109=6x10% 1x10°-3x10"? 5%

Be (d. n)B ¢ 6.2 1.53 7x10%-1x 10" 2x10"0-8x 10" 5%
Electrons ¢ 1.8 107x1072 I1x10M-3x 10" 1x10"2-6x 10" 20%

(28-843)

(3% 107 =2x10%)

¢ Trradiation facilities at the Physikalisch-Technische-Bundesanstalt, Braunschweig.

P Irradiation facility at the Unwversity hospital, Hamburg

“ Irradiation facility at the Telefunken System-Technik, Wedel.
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Fig. 2. Absolute value of the effective dopant concentration

corrected for selfannealing versus normalized fluence for neu-

trons and electrons. The solid and dashed curves represent
fits according to eq. (2).

have now been extended to much larger annealing
times up to 1 year, this way enabling us to derive the
necessary predictions for real operational conditions in
prospective LHC or SSC experiments [10]. A reanalysis
of these data results 1n slightly changed parameters for
the longest time constants. They are listed in table 2
(compare with table 2 of ref. [8]).

In modification of our previous empirical approach
{8] we apply the following model for the fluence depen-
dence of the effective dopant concentration. It is based
on the fact that the annealing temperature of the
vacancy-boron complex defect is only 270 K [16] and
therefore a possible boron removal does not play a
significant role for room temperature irradiation. In
contrast donor removal due to the formation of E-
centers (vacancy—phosphorus complex) is quite likely;
this defect anneals out at about 420 K [17]. In addition
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Fig. 3. Room temperature annealing data for the relative
dopant concentration after neutron damage together with a fit
(see text) and corresponding parameters given in table 2.

Table 2
Time constants 7, and relative amplitudes A, for

AN (1) /AN, (0) (eq. (1) in ref. [8]) obtamned from fitting the
data given in fig. 3

Time constants 7, Relative amplitudes

[min] A,

(9.40)+0.80% 10" 0.214 £ 0.030
(687)+0.14x 10" 0.262 +0.007
(343)+0.12x10° 0.118 +0.008
(4.00)+ 0.04 x 103 0.097 +0.002
(7.52)+0.02 % 10* —0.107+0.001
@ 0.417 +0.004

we have to assume the creation of acceptor like deep
defect centers as before [8]. This leads finally to the
following formula:

Ny (@) =Np g exp(—cP) = (Nyy +bP), 2)

where N, Na are the donor resp. acceptor concen-
trations before irradiation. This ansatz was proven to
be correct for neutron irradiation by analyzing data
derived at low and medium fluences for different de-
tectors together with data of one detector irradiated up
to 10'* n/cm?. We chose only detectors with approxi-
mately the same initial effective donor concentration
Npo—Nsg within a limit of 5%. Furthermorc we
supposed that the difference in the boron concentra-
tion of the individual detectors can be ncglected. An
estimate for N, was achieved by an extrapolation of
N, (@) values for fluences above 10" n/cm?® to & =0
(see eq. (2)). This results in a value of N, ,=2.4 X 10"
cm”*. A comparison between the cxperimental data
and a fit according to eq. (2) with parameters ¢, = 3.5
+02x107" e¢m? and b,=0.079 +0.006 cm ' is
shown in fig. 4. The acceptor creation parameter b, is
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Fig. 4. Fluence dependence of the effective dopant concentra-

tion corrected for selfannealing. Solid curve: fit according to

eq. (2); dashed lower and upper lines: acceptor creation resp.
donor removal.
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only slightly changed with respect to the previous pub-
lication [8], whereas the parameter ¢ turns out to be
lower by a factor of 2. It should be mentioned that the
b-values presented in ref. [10] for n- and p-typc mate-
rial deviate from our value only by about 15%.

For clectrons, using the same ansatz of ¢q. (2) and
assuming the samc boron concentration of N, ,=2.4
x 10" ecm * as obtained from the ncutron irradiation
data we get ¢, =35+08x107" em? and b, =0.
Although ¢, is extracted with respect to the equivalent
| McV ncutron fluence and thereforc effects duc to
the different non-ionizing encrgy loss of clectrons and
neutrons are taken into account there is a very large
remaining cffect of ¢ /¢, = 10 °. This discrepancy in-
dicates strong differences of the defect formation by
ncutrons and electrons. One rcason may be attributed
to a high recombination rate of primary defects (c.g.
metastable closed pairs) induced by clectrons. On the
other hand the mean distance between the primary
silicon interstitial and vacancy crcated by neutrons is
much larger and hence a recombination is very unlikely
[18].

It should be mentioncd here that despite of the
quite reassuring way of describing the effective dopant
concentration as function of the neutron fluence we do
not have a similarly consistent picture for the self
anncaling behaviour. In particular the reverse anncal-
ing at large time durations remains to be an open
question.

4. Increase of reverse current

As reported in a previous paper [8] the -V charac-
teristics at high neutron fluences above 10 n/cm?
saturatc at a lower voltage than necessary for total
depletion. On the other hand the current saturation
voltage and the depletion voltage are 1dentical at low
fluences. As we arc confident that the C-V measure-
ments reflect the real reach through of the electric
ficld (see scction 3) we are now plotting the detector
current at this value as function of neutron fluence (fig.
3). Two fluence regions are obvious. Using the stan-
dard equation for the fluence dependence of the bulk
current increase Al/V =ad® we observe a damage
cocfficient of o, =8x 10 7 A/cm for &, <§x 102
n/cmj. Above a transition region related to type inver-
sion «, mcreases by a factor of about 2.5. Such be-
haviour was also observed for wradiations at —20°C
and for dctectors fabricated by different technologies
(sce ref. [10]).

Again we include 1n fig. 5 results for electron irradi-
ation using the normalization of the clectron fluence as
given in scction 3. Here we derive a damage coefficient
a,=42x 107" A/cm and hence a./a,=0.05 (a,
taken for low fluences). This ratio is therefore again
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Fig. 5 Increase of measured reverse current at total depletion
as function of normalized particle fluence for 6.2 MeV neu-
trons and 1 8 MeV electrons. Data corrected for self
annealing.

much smaller than expected from the rclative nonioniz-
ing energy loss alonc. Van Lint [19] reported corre-
sponding damage ratios for 3 MeV electrons (also with
respect to 1 MeV ncutrons) in low resistivity n-type
material (1 and 10 €} cm). Normalizing his data to 1.8
MeV clectrons and extrapolating them with respect to
the matenal resistivity a ratio of about 0.03 would be
derived in good agreement with our own result.

All data plotted in fig. 5 are corrected for self
annealing. The corresponding annealing functions are
presented in fig. 6 for neutrons and electrons. The
parameters of the applied formula (see ref. [8]) arc
listed in table 3. For neutron irradiated samples we
obscrve again a different behaviour for low and high
fluences respectively. Well above type inversion (@ >
10'* n/cm?) the amplitudes of the two short time
constants are considerably larger than the values for
low fluences. In addition a constant term is observed in
contrast to the noninverted sample. These deviations
may be due to surface effects concerning the change of
the rectifying contact after inversion. The annealing
effect for electron irradiated detectors 1s quitc small
comparcd to ncutron irradiation. Only 40% of the
mitial current anneals out over a period of about 1
ycar.

5. Degradation of charge collection efficiency

Using short ranged monocnergetic alpha particles
incident on the front and rear electrode of the detector
it is possible to measure the charge collection effi-
ciency resulting from the electron resp. hole contribu-
tion separately [4]. Measurcments are performed as
function of bias voltage above total depletion. Using
the known drift velocities as function of electric field
[20] we were able to extract the relevant trapping time
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Fig. 6. Room temperature annealing of reverse current after

6.2 MeV neutron (a) and 1.8 MeV electron irradiation (b).

The solid lines are fits to the data using parameters listed in
table 3.

constants for electrons and holes. These values are
plotted as function of neutron fluence in fig. 7. For a
given trap we expect N, ax®. As 7o 1/N, we would
get a linear dependence of 1/7 as function of &. For
holes this expectation is confirmed in the full fluence
range up to 2 X 103 n/cm?. However, for electrons a
significant deviation from the initial slope is observed
at 1% 10"* n/cm?. These measurements could not be
carried out immediately after irradiation; appreciable

for @ > 10" n/cm?. A detailed investigation with re-
spect to the change of the internal electric field profile
and trapping phenomena in neutron damaged detec-
tors using the method of current pulse shape measure-
ments is presented in the paper of Kraner et al. [21] at
this conference. It is reassuring that both methods lead
to approximately the same results.

From our r-values we can deduce the resulting
change in the charge collection for minimum ionizing
particles. If we suppose e.g. an irradiation of 5 X 10!?
n/cm? during a total exposure time of 107 s (1 equiva-
lent operational year) leading to a depletion voltage of
about 130 V for a 400 wm thick detector and if a bias
voltage of 200 V is applied we get a charge collection
deficiency of AQ/Q = 12% for mip’s. This is in very

Table 3

Time constants 7, and relative amplitudes A, for the annealing of the bulk generation current obtained from fitting the data given
in fig. 6

Neutrons: @ = 6x 10! n/cm? Neutrons: @ = 2x 10" n/cm? Electrons

Time Relative Time Relative Time Relative
constant 1, amplitude constant 7, amplitude constant 7, amplitude
[min} A, [min] A, [min] A,

1.78x 10! 0.16 1.29x10' 0.20 6.2x10' 0.25
1.19% 102 0.11 8.54x10' 0.30 5.5%10° 0.10
1.09% 10? 0.13 1.83x 10° 0.13 7.0x10° 065
1.47x10* 0.20 9.50x 10° 0.13

6.70% 10° 0.40 £ 0.24

VIil. RADIATION DAMAGE
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Fig. 8. Reverse current of an electron irradiated detector

versus V!/2 showing the oxide related surface contribution I,
(see text).

nice agreement with recent results reported by
Lemeilleur et al. {15].

6. Surface effects

On top of the described bulk cffects surface damage
in the oxide passivation layers may be expected from
ionizing radiation. Examples of such effects have been
measured following electron irradiation and are shown
n figs. 8-11. As discussed in detail in a previous paper
the /-V characteristic of our detectors is strongly influ-
enced by the field plate overlapping the oxide edge [4].
At the onset of depletion underneath the field plate at
about flat band voltage the SiO,-Si interface states
become active for carrier gencration which is easily
seen in a steep increase of the detector current. This
effect is shown in fig. 8 for a detector irradiated with
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Fig 9 Surface generation velocity S (see eq. (4)) as function

of absorbed electron dose. The solid line represents a mean
slope of 0.017 cm/s Gy.
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Fig. 10. Capacitance-voltage characteristics after damage by

different electron dose values demonstrating the shift of the
flat band voltage.

an electron dose of 96 kGy. Using the voltage depen-
dence of the bulk generation current (/ o V') we are
able to extract the surface contribution only. This can
be represented by the corresponding surface genera-
tion velocity:

So=1./A4.,q9n,, 4
where [ is the surface current related to the interface
states, A, the field plate area and n, the intrinsic
carrier density. We obtain an overall linear depen-
dence as function of the electron dose (see fig. 9). This
is in contrast to results of Snow et al. [22] which show a
saturation above 0.1 MGy. The deviation may be due
to a dose dependent lateral extension of the electric
field beyond the geometrical limit of the field plate in
our case. Therefore, according to an increase of A,
with fluence more interface states can contribute to the
surface current.
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electron radiation dose. The solid line corresponds to AVpy ~
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Another well known effect is the change of the flat
band voltage originating from radiation induced
trapped oxide charges and interface states (see e.g. ref.
[23]). As an example in fig. 10 the change of the C-V
characteristic at low bias voltages with increasing elec-
tron dose is demonstrated. From the shift of the MOS
related capacitance curves we deduced the change of
the flat band voltage as function of electron dose (fig.
11). The measured values can be best represented by
AVpg a D"* (D being the absorbed dose). Such be-
haviour cannot be interpreted in a simple way as the
trapped oxide charge as well as the charge of radiation
induced interface traps depend in a complicated way
on the transport phenomena of the created electron
hole pairs in the oxide, the technology of the oxide
growth and on further conditions during irradiation
(see e.g. ref. [23)]).

7. Conclusions

Our ongoing systematic studies of the radiation
hardness of silicon detectors have been further comple-
mented by a comparison of neutron and electron in-
duced damage effects up to a fluence of 10" n/cm?
resp. a dose of 1 MGy. The results may be summarized
as follows:

— The dependence of the effective dopant concentra-
tion as function of particle fluence can be well repre-
sented by a simple model taking donor removal and a
fluence proportional creation of acceptor like states
into account. Parameters for an appropriate function
are derived. A neutron irradiation by 10" n/cm? dur-
ing an extended period of time, allowing for self an-
nealing, would e.g. lead to a depletion voltage of only
140 V for 250 pwm thick detectors. The donor removal
due to electron irradiation is lower by a factor of 100
even if normalized to the same nonionizing energy loss.
No acceptor creation is observed in this case.

— The bulk current increase is linear with respect to
the particle fluence for both neutron and electron
irradiation. The value of a,=8x 107" A ecm™' for
neutrons is confirmed for fluences up to 10'* n/cm?.
The electron effect, normalized as above, is smaller by
a factor of Z0. Possibly due to surface effects the
neutron related value «, increases above type inver-
sion by a factor of 2.5. After considerable self anneal-
ing this discrepancy is however strongly reduced again.
Therefore it will not play a significant role for real
operational conditions.

— Parameters for the charge collection efficiency have
also been derived separately for the electron and hole
contribution following neutron irradiations up to 2 X
10" n/cm?. Extrapolating these data to 10'* n/cm?
we expect a signal pulse height degradation for mip’s
of less than 20% for 250 pm thick detectors biased at

200 V. Within the investigated electron fluence range
no appreciable pulse degradation could be observed.
— Surface effects induced by electrons and attributed
to the SiO, passivation layer as well as the SiO,-Si
interface are clearly visible and have been studied up
to 1 MGy (100 Mrad). Even at this extremely high dose
the observed effects are tolerable for safe detector
operation. However an appreciable change may be
expected if the detectors are irradiated under bias.

— Self annealing at room temperature has been stud-
ied in more detail up to 1 year after irradiation en-
abling us to predict the detector performance under
real operational conditions. Although the self anneal-
ing functions for both the effective dopant concentra-
tion and the current increase can be well parametrized,
using a set of exponentials, with different time con-
stants and amplitudes no physical model for under-
standing the relevant effects can be presented so far.
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