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Abstract

A numerical kinetics model has been used to investigate the evolution of complex
defects in high resistivity silicon detector material during fast neutron irradiation to
levels expected at the CERN LHC. The complex V2O is identified as a candidate for a
deep-level acceptor state which gives rise to experimentally observed changes in the
effective doping concentration. The importance of the initial oxygen impurity
concentration in determining the radiation tolerance of the detectors is
demonstrated. The characteristics of devices heavily irradiated with 60Co photons
are modelled satisfactorily by using a semiconductor simulation in conjunction with
the kinetics model. It is postulated that inter-defect transitions between divacancy
states in the terminal damage clusters are responsible for apparent discrepancies in
the modelling of data from neutron-irradiated devices. This mechanism (if correct)
may have important consequences for the prospects of "defect-engineering" a
radiation hard device.
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1. Introduction

Silicon detectors will be widely used in experiments at the CERN Large Hadron
Collider where high radiation levels will cause significant bulk damage. It is
anticipated that microstrip layers will receive hadron fluences equivalent to
~1014 cm-2 1 MeV neutrons while inner pixel layers will receive even higher fluences
[1,2]. In addition to increased leakage currents, changes in the effective doping
concentration (Neff) have been observed which represent the limiting factor for long-
term detector operation [3,4]. It is found that n-type detectors become progressively
less n-type with increasing fluence until they invert to effectively p-type at around
1013 n.cm-2. Beyond inversion the devices continue to become more p-type under
further irradiation, apparently without limit. The depletion voltage required to
operate a silicon detector is directly proportional to Neff, hence at high fluences Neff

can be such that the required voltage exceeds the breakdown voltage of the device
and efficient operation is no longer possible.

Until recently these changes in doping concentration were poorly understood. It had
been hypothesised that the behaviour of Neff is due to donor removal (by the
attachment of radiation-induced vacancies to phosphorus atoms) and shallow
acceptor creation [5]. However, recent Deep Level Transient Spectroscopy (DLTS)
measurements have shown that the phosphorus removal rate is some 30 times less
than required [6]. Furthermore, no candidate for the shallow acceptor state has ever
been identified. A more plausible hypothesis is that the introduction of deep-level
acceptor states causes n-type silicon to become effectively p-type under bias [6]. A
semiconductor simulation which includes a single acceptor in the Poisson equation
has been successfully used to describe the observed evolution of Neff with fluence
for both n-type and p-type detector material. Figure 1 shows the introduction rate
required to describe the Neff data correctly as a function of acceptor position relative
to mid-gap.

2. Defect kinetics model

A more complete understanding can be achieved by numerical calculations of the
evolution of defect complexes formed during irradiation. The primary defects
produced by bulk damage are vacancies (V), self-interstitials (I) and divacancies (V2).
The divacancies are static at temperatures up to ~600K. The vacancies and
interstitials are highly mobile at room temperature and those which escape
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recombination diffuse through the crystal until they are trapped at impurity atoms
(particularly oxygen and carbon) or other defects.

These trapping events may be thought of in terms of quasi-chemical "reactions". The
reaction rates are determined by the concentrations of impurities and defects and
their relative capture radii. Davies et al. [7] have explained the optical absorption
spectra of electron-irradiated silicon by using a small number of reactions. A kinetics
model, based on this work but suitably modified, has been used to investigate defect
evolution during fast neutron and gamma irradiation [8]. The reactions are:

I reactions V reactions Ci reactions

PKA cluster

I + V → Si V + V → V2

Diffusion reactions

I + Cs → Ci V + V → V2 Ci + Cs → CC
I + CC → CCI V + V2 → V3 Ci + O → CO
I + CCI → CCII V + O → VO
I + CO → COI V + VO → V2O
I + COI → COII V + P → VP
I + V2 → V
I + VP → P

The diffusion reactions are for the vacancies and interstitials which escape
recombination or reaction in the primary knock-on atom cascade. The Ci reactions
are suppressed due to the low migration velocity of the carbon interstitial at room
temperature [9].

The input parameters required for quantitative calculations are the oxygen, carbon
and phosphorus concentrations (denoted [O], [Cs] and [P]) and the introduction
rates (η ) of I, V and V2. Electrical measurements have yielded [P] ~ 1012 cm-3.
Photoluminescence measurements have shown that typical devices are not
significantly compensated by boron, although this may not be true of all detector
material. [O] and [Cs] were inferred from DLTS measurements to be ~ 3×1015 cm-3

[6]. Values for the introduction rates were calculated from the DLTS data in [6] as
ηV = 2.1 cm-1, ηV2 = 4.7 cm-1, ηI  = ηV + 2ηV2 = 11.5 cm-1.
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3. Deep acceptor candidates

The points superposed upon Figure 1 are the predictions of the kinetics model for
the introduction rates of the acceptor complexes. The energy levels have been taken
from [10] and [11]. The energy levels of the species CCI, COI etc. are unknown.
However, the evolution of Neff with fluence is the same at room temperature as at
0°C [12] where these complexes cannot be formed. They are not therefore considered
important in determining Neff . The strongest candidate for the deep acceptor state is
the divacancy-oxygen (V2O) complex [10,13].

Figure 2 examines the predicted influence of the initial impurity concentrations upon
the concentration of V2O after a fluence of 1014 n.cm-2. It is seen that a factor of ~10
increase in the initial oxygen concentration to ~5×1016 cm-3 leads to a large reduction
in V2O concentration. This is because the oxygen getters the vacancies produced
during irradiation and suppresses the channel V + VO → V2O. Hence the fabrication
of devices on oxygenated material should enhance detector radiation tolerance. The
growth of oxygenated 3 inch monocrystal float-zone ingots is presently under way in
order that direct tests of this important prediction can be made.

4. Modelling data from gamma-irradiated devices

In the case of irradiation with 60Co photons the struck silicon atom has a very much
lower recoil energy than in the case of fast neutrons. The radiation damage therefore
consists of a uniform distribution of isolated point defects rather than the dense
disordered regions which are caused by the interaction of heavy particles. Results
from gamma-irradiated devices are useful in that they provide a virtually
independent check of the kinetics model predictions. The introduction rates for 60Co
photons required for modelling have been measured as η V = 1.2×10-3 cm-1,
ηV2 = 2.8×10-5 cm-1 [14].

The plots in Figure 3 show the measured evolution of Neff and dark current (Id)
during 60Co photon irradiation. Neff was deduced from the capacitance-voltage
characteristic using the standard procedure. The results shown are typical of a
number of detectors investigated; all devices were observed to undergo type
inversion at a dose of ~100 MRad. The leakage current results yield a damage
constant of (7.0±1.0)×10-23 A.cm-1 at 20°C (no correction for self-annealing).
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Values for both Neff and Id may be derived from the defect concentrations predicted
by the kinetics model by solving the Poisson and continuity equations in conjunction
with Shockley-Read-Hall (SRH) semiconductor statistics. The unknown quantities
which enter the calculations are the ratios of the capture cross-sections for electrons
and holes (σe/σh) for each defect (important in the determination of Neff) and
absolute values for the cross-sections (necessary for the calculation of Id) .
Throughout it is assumed that σe/σh ~ 1 for all defect species.

The prediction for Neff is superposed on Figure 3a. The complex V2O is found to
make the dominant contribution to Neff. (It has already been shown [8] that deep
acceptors are present to a significant extent in gamma-irradiated material). The
prediction for dark current is shown in Figure 3b. Due to the proximity of the defect
to mid-gap the concentration of V2O determines the magnitude of Id. The line shown
corresponds to σh(V2O) ~2×10-16 cm2. The agreement between the model and the
experimental data for the electrical characteristics is remarkably good.

5. Modelling data from neutron-irradiated devices

A similar calculation has been used to predict the evolution of doping concentration
and leakage current for neutron irradiation (Figure 4). The modelling parameters are
fixed by the gamma results. It is seen that the prediction of Neff is poor. Moreover,
the leakage current is consistently underestimated by around 2 orders of magnitude
for fluences between 3×1012 and 3×1014 n.cm-2.

Given that the only discernible difference between 60Co photon damage and fast
neutron damage is the production of defect clusters in the case of the latter, it is
likely that the explanation for this apparent failure of the model lies in a
consideration of the defects within the clusters. Simple calculations indicate that the
local divacancy density within a typical cluster is ~1018 cm-3. Since the extent of
bonding distortion caused by V2 can be as large as ~10Å direct carrier transitions
between some of the divacancies are possible. There is some evidence in the
literature for such inter-defect transitions [15,16].

The SRH calculation assumes that the only communication between defect centres is
the indirect statistical link via the occupation of the bands. It is clear that this
approach is not valid in the clusters. The divacancy has 3 states in the forbidden gap:
a donor (+/0) at Ev+0.20 eV; a first acceptor (0/-) at Ec-0.41 eV; and a second
acceptor (-/=) at Ec - 0.23 eV. By writing general expressions for the rates of emission
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and capture between any two of these states it is possible to solve for the occupancy
of each state as a function of local divacancy density in the cluster. (The full
calculation is described in [17]).

The occupancy of the first acceptor (denoted f2) is significantly enhanced over the
value predicted by the SRH calculation (Figure 5a). For a divacancy density of
1018 cm-3 the contribution of the filled acceptor to Neff at a fluence of 5×1013 n.cm-2 is
~5×1011 cm-3. The results for the leakage current are shown in Figure 5b. The value
of the damage constant α  is predicted to be ~10-16 A.cm-1 at 300K which is in close
agreement with what is actually observed [4]. The inter-defect mechanism can
therefore make a significant contribution to both Neff and Id. This may pose a serious
obstacle for the "defect-engineering" of a radiation-hard detector because the
introduction rate of the divacancy (being a primary defect) is material-independent.

6. Summary and conclusions

A numerical model has been used to investigate the evolution of complex defects in
silicon detector material during 60Co photon and fast neutron irradiation. The
conclusions drawn from this study are as follows:

The divacancy-oxygen (V2O) complex is a candidate for a deep-level acceptor
state which makes a significant contribution to the observed doping changes during
neutron irradiation. This same complex is almost solely responsible for the changes
in Neff seen during gamma irradiation;

A high oxygen concentration is predicted to enhance radiation tolerance by
suppressing V2O production. Direct tests of this hypothesis are vital;

Divacancy coupling in the terminal clusters can make a significant
contribution to both Neff and the dark current in the case of heavy particle
irradiation. If correct, this mechanism has serious consequences for the prospects of
engineering a radiation-tolerant device.

Research is currently under way in order to further test the existing predictions of
the model and to devise new strategies for the hardening of detector material.
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Figure captions

Figure 1: The lines ascending to the right show the introduction rate required for an
acceptor state at a given energy level to describe the Neff versus fluence data
correctly for different assumptions of electron and hole capture cross-sections [6].
Circles show known acceptor introduction rates from the model.

Figure 2: Contour plot of V2O concentration (units - per cubic centimetre) after a
fluence of 1×1014 n.cm-2 as a function of the initial oxygen and carbon impurity
concentrations.

Figure 3: Comparison between model predictions and measured characteristics of a
typical device for gamma irradiation: (a) Evolution of Neff; (b) Evolution of
volumetric dark current.

Figure 4: Comparison between model predictions and measured device
characteristics for 1 MeV neutron irradiation: (a) Evolution of Neff; (b) Evolution of
volumetric dark current.

Figure 5: Consequences of inter-divacancy communication as a function of density in
the clusters: (a) Enhancement of first-acceptor occupancy over SRH value; (b)
Predicted cluster dark current and damage constant.
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