ROSE/TN/99-3 February 1999

TOSCA simulation of some effects observed in irradiated silicon detectors

A.S. Moszczyński Institute of Nuclear Physics, Cracow, Poland

Abstract

TOSCA package has been used to simulate some effects observed recently in heavily irradiated silicon detectors. In particular, unexpected possibility of α-particle registration at p+ contact has been explained without presented elsewhere assumption that there was p-n junction of unknown origin beneath p+ layer. Performed simulations showed that assumption on relaxation-like character of irradiated silicon material is also not necessary to explain such effects like low-voltage capacitance peak in reverse bias and negative capacitance in forward bias.

1 Introduction

Intensive studies on heavily irradiated silicon detectors and test diodes have been performed in recent years. Some new effects have been discovered and described [3-7]. A great effort is still needed to understand the behaviour of irradiated silicon. The TOSCA simulations presented in this article should help in it.

One of most interesting effects is recently reported [4,8] a possibility of registration of α-particle signals when illuminating p+ side of inverted silicon diode (detector) at bias voltages well below depletion voltage. Authors have come to conclusion that there should be p-n junction beneath p+ layer responsible for this effect. This assumption seems to be not valid. Described effect could be explained in another way.

From the macroscopic point of view, heavily irradiated silicon is an almost intrinsic material. The four-probe resistivity measurements show values of 10^4 − 10^5Ωcm in as-irradiated silicon [2]. Similar values could be estimated from IV measurements on forward biased diodes [6,7]. On the other hand there is high density of traps of various kind introduced by irradiation. The trap levels are fully or partially filled in such way that they compensate charges of shallow donors and acceptors in the absence of external polarization.

There is also an evidence [1,8] that voltage applied to n+ - p junction simultaneously depletes charged trap levels. These levels could be detected as steps on C(f) curve for bias voltages smaller than depletion voltage. In fact, depletion voltage should be defined for each kind of trap but usually that term is used to describe dominant trap with highest density. In the case of heavily irradiated silicon it is acceptor-like trap with density of about 10^{12}cm�^3.

It seems to be justified to make the assumption that in heavily irradiated silicon exist one acceptorlike trap with density smaller than 10^{11}cm�^3 as minimum. This assumption allows to conclude that even at bias of few volts, weak electric field reaches p+ layer of diode (detector). This field meets strong, shallow electric field existing at p+ layer as result of gradient of dopant concentration. Under these circumstances a quite effective collection of charge deposited by α-particles illuminating p+ side of diode is possible. TOSCA simulations have been done with above assumptions. The results are presented in the second section.

In the third section the diode model for TOSCA has been ”biased” in forward direction. Results of preliminary simulations presented here could help to understand why registration of ionizing particles is possible in forward biasing [3,6] of irradiated diodes.

The description of heavily irradiated silicon as relaxation-like material has been proposed recently [7]. The definition of relaxation-like material presented in this paper requires the value of carrier lifetime τ_{e,h} ≪ τ_D where τ_D is dielectric relaxation time τ_D = ρϵϵ_0 . For maximum value of silicon resistivity ρ ≈ 10^5Ωcm in room temperature, the maximum possible value of τ_D reaches 10�^7s.

There is also statement presented in this paper that such effects as low-voltage capacitance peak in reverse bias and negative capacitance in forward bias cannot be explained by lifetime theory. Simple TOSCA simulations presented in fourth section for τ_{e,h} ≥ τ_D showed that the statement mentioned above is not valid.

2 Simulation of p+ side illumination by ff-particles

For all simulations presented in this article simple model of silicon diode was used (figure 1).

Figure 1: Dopant density (1/cm3) in diode model volume and in p+ layer (all dimensions in cm)

It was assumed that acceptor density in bulk Na = 2·10^{10}cm�^3 and that maximum dopant density in p+ and n+ layers was Nmax = 1 · 10^{18}cm�^3. Technological thickness of p+ and n+ layers were about 2μm and 1μm respectively. Diode width was 400μm, length = 1cm and thickness 300μm. X - coordinate laying in ”surface” plane of diode had x = 0 at the edge of the diode, y - coordinate, perpendicular to the ”surface” had y = 0 at p+ side of diode. It was also assumed for all simulations that temperature T = 295ffiK.

For simulations presented in this section it was assumed that carrier lifetime τ_{e,h} = 10�^7s and that single α-particle created in diode volume total charge of about 10�^{12}C.

Figure 2: Electric field (V/cm) and hole density (1/cm3) at p+ layer for Ubias=0V, (horizontal axes in cm)

Figure 3: Electric field (V/cm) in whole diode and hole density (1/cm3) at p+ layer for Ubias=10V, (horizontal axes in cm)

Figure 4: Electron and hole densities (1/cm3) in diode model volume, 1ns after alpha particle impact

Figure 5: Electron and hole densities (1/cm3) in diode model volume, 25ns after alpha particle impact

Figure 6: Electron and hole densities (1/cm3) at p+ layer of diode model, 1ns after alpha particle impact (cross-section in plane x=100mic., horizontal axes in cm)

Figure 7: Diode current (A) as function of time (s) for Ubias=10V (left side) and for Ubias=50V (right side)

Maximum of deposited charge was placed at y = 20μm in x = 100μm plane. Charge distribution had symmetric, exponential decay in x and y directions.

Figure 2 shows that a relatively strong internal electric field exists in the vicinity of p+ contact even without external polarization (Ubias = 0V).

The hole distribution for this case is presented in the same figure. One could notice long ”tail” in the hole distribution and ”deficit” in its maximum concentration in comparison with the acceptor distribution (fig. 1).

Figure 3 shows that at Ubias = 10V (p+ contact was set to zero potential) there is electric field of value higher than 300V/cm along whole diode. In the same figure the hole distribution near p+ layer could be seen (compare with fig. 2).

Figures 4 and 5 present electron and hole distributions 1ns and 25ns after α-particle impact. The cross-sections of spatial distributions presented in figure 4 could be seen in figure 6. One could see asymmetry in hole and electron distributions created during 1ns drift of carriers in electric field.

Figure 7 shows current pulse shapes for Ubias = 10V and Ubias = 50V.

Table 1 contains values of charge collection efficiency (in percents) calculated for various bias voltages and for two integration periods - 25ns and 100ns.

time of integr.=25ns time of integr.=100ns Ubias in V Charge coll. eff. Charge coll. eff.

5 2.7 12.0 10 8.1 38.9 20 28.0 87.4 50 93.1 98.3 100 99.2 99.8

Table 1. Charge collection efficiency in percents

The results of simulations confirm that signals from α-particles illuminating p+ side of heavily irradiated silicon diode could be observed at relatively low bias voltages.

3 Forward biased diode

The diode model described in previous section has been used to simulate possibility of ionizing particle registration with the forward biased diode.

Figures 8 and 9 show electron and hole densities for Ubias = -10V, 1ns after α-particle impact for two values of carrier lifetime.

Figure 10 shows that high recombination rate (low value of carrier lifetime) is necessary to obtain non-zero electric field in the diode volume, and in consequence, effective charge collection.

Figure 8: Electron and hole densities (1/cm3) for diode model with τ_{e,h} = 10�^9s, 1ns after alpha particle impact. Forward bias = -10V.

Figure 9: Electron and hole densities (1/cm3) for diode model with τ_{e,h} = 10�^5s, 1ns after alpha particle impact. Forward bias = -10V.

Figure 10: Electric field (V/cm) in diode model with τ_{e,h} = 10�^5s (on left) and for diode model with τ_{e,h} = 10�^9s (on right). Forward bias = -10V in both cases (horizontal axes in cm).

4 Simulation of diode capacitance

The calculations of values of diode capacitance have been performed for previously described model (zero-potential has been set for n+ contact what results now in negative values of reverse bias). Calculations have been performed for the wide range of bulk acceptor concentrations (10^{10}−10^{13}cm�^3), wide range of carrier lifetimes (10�^2 − 10�^9s) and measurement frequencies (10^2 − 10^9Hz).

For each case TOSCA has given negative values of diode capacitance above certain small value of forward bias.

For carrier lifetimes smaller than 10�^5s and acceptor bulk concentrations higher than 10^{11}cm�^3 calculated C(Ubias) curves showed maximum for bias voltages ≤ 0V. Some of these curves are presented in figures 11 and 12 (negative values of capacitance were not to scale).

This is not the aim of this work to analyse the results of small-signal analyse performed by TOSCA. The aim is only to point out that usage of TOSCA based on ”lifetime theory” gives results similar to that obtained with capacitance measurements.

Figure 11: Diode model capacitance

5 Conclusions

It seems to be proved that the assumption on p - n junction existing beneath p+ contact in irradiated silicon diodes (detectors) is not necessary to explain a possibility of α-particle registration at low bias voltages and p+ side illumination.

It seems also to be proved that relaxation-material theory is not necessary to explain low-voltage maximum on C(Ubias) curve and negative values of capacitance of forward biased, heavily irradiated silicon diodes and detectors.

Figure 12: Diode model capacitance

REFERENCES:

[1] W. Dabrowski, K. Korbel, Effects of deep imperfection levels on the capacitance of semiconductor detectors; Nucl. Instr. and Meth. A 276(1989)270

[2] T. Maekawa et al., Hole trap annealing in neutron-transmutation-doped silicon with different initial resistivities; Semicond. Sci. Technol. 5(1990) 663-668

[3] P. Sicho et al., Measurements of Properties of Highly Irradiated p+ n Pixel Detector Structures; ATLAS Internal Note INDET-NO-189, November 1997

[4] L.J. Beattie et al., The Electric Field in Irradiated Silicon Detectors; ATLAS Internal Note INDET-NO-194, December 1997

[5] L. Beattie et al., Dependence of Depletion Voltage and Capacitance on Temperature and Frequency in Heavily Irrradiated Silicon Diodes; ROSE Technical Note 97/4, March 1997 [6] L. Beattie et al., Forward Bias I-V Characteristics for Heavily Irrradiated Silicon Diodes; ROSE Technical Note 98/1, March 1998

[7] B.K. Jones et al., Irradiated silicon detectors: a relaxation semiconductor analysis; ROSE Technical Note 98/2

[8] B. Alessandro et al., Radiation damage of silicon strip detectors in the NA50 experiment; Nuclear Instr. and Meth. A 419(1998)556-569