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L INTRODUCTION 

Silicon surface barrier detector (SSBD) has two unfavorite phenomena : pulse height defect 

and plasma delay. 

The pulse height defect was separetely recognized as the window defect, the nuclear stopping 

defect and the residual defect. The residual defect was the main theme of interest, because the 

window defect and the nuclear stopping defect were able to be calculated. 

The plasma delay is the time retardation of pulse output from the incidence of a charged 

particle. Neidel et al. measured the plasma delay of the fission fragments and alpha particles 

of 252Cf.^ They concluded that the plasma delay was proportional to the inverse electric field 

strength in the depletion layer at the strong electric field strength and was constant when the 

electric field strength was weak. They also concluded that the plasma delay did not depend on 

the resistivity of the SSBDs. In 1985, Bohne et al. performed the measurement of the plasma 

delay for high energy charged particle such as 40Ar with 276MeV in energy.^ They reported 

that the plasma delay had a peak as a function of inverse electric field strength. They also 

showed that the plasma delay depended on the SSBD resistivity in the power of almost 1/2. 

The auhors proposed a model of dielectric plasma column.*3) This model led us to the 

simple and clear understandig of the residual defect. The residual defect was shown to be 

separated into the dielectric effect and the recombination effect.^ The results of the plasma 

delay measurement by Bohne et aL were excellently explained by this model.(5) 

In this report, the recombination effect is estimated. We take the recombination effect as 

the combined effect of the timing response and the energy response. With the establishment 

of the estimation method of the recombination effect, the consistency between the energy 

measurements and timing measurements will be judged. 

2. EXPERIMENTS 

Experiments were carried out at Research Reactor Institute, Kyoto University. Employed 

SSBDs were the ones of ORTEC F-series for fission fragment measurement. The resistivities of 
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the SSBDs were 390f2cm and SOOficm. The energy of 6UMeV a particle emitted by the 252Cf 

source were measured by changing the applied bias voltage. 

The peak channels of the a particles measured by the 390Qcm SSBD and SOOficm SSBD 

are shown in Fig. 1 by solid circles and open circles, respectively. The energy calibration was 

carried out by a calibrated pulse generator. 

The drastic increase of pulse height with the bias voltage below 9V in t h e 390ficm SSBD 

corresponded to the increase of the depletion layer thickness. The full width at half maximum 

(FWHM) of the peak channels below 9V are greater than the ones above 9V. The large FWHMs 

indicated that the energies of the incident a particles were not deposited completely in the 

depletion layer, and that the deposited energies themselves had fluctuation. 

The depletion layer thickness d is expressed^, 

d=y/2nerV. (1) 

Here, fie is the electron mobility, r the charge collection time, and V the applied bias voltage. 

The charge collection time is proportional to the detector resistivity r and is given as r = r x 

10"12s. 

The depletion layer thickness in 390ftcm SSBD at 9V is 30.8/xm. The plasma column length 

of 6.1MeV a particle, after losing energy at the entrance gold window of the SSBD, was calcu

lated by the semi-empirical formula of Ziegler et alS7) and the value was 31.4/mi. This value 

corresponded very well with the depletion layer thickness at 9V in 390f2cm SSBD. 

The pulse height of a particle measured by the 800£km SSBD increases monotonously but 

drastically along with the bias voltage and finally reached to a plateau. The FWHMs of 7V 

and 9V bias voltages are almost the same as with the ones of the plateau region. 

3. ANALYSIS 

In Fig. 1, the differences between the pulse heights measured by the 390ftcm SSBD with 

bias voltages of above 9V was attributed to the recombination of electons and holes. 

The quantity of recombination depends on the time of charge collection, which consists of 

the plasma delay tp and the plasma column disappearance time i j . We discuss the plasma delay 

and the plasma column disappearance time in the following subsections. 

4.1 PLASMA DELAY 

Empirical formulae of the plasma delay were reported by Bohne et al.W and Neidel et al.W 

Bohne et al. performed experiments on the plasma delay for ions of 8.78MeV a particle, 

166MeV 129Xe, 268MeV and 476MeV 40Ar and so on. They proposed empirical formula which 

had a peak value of the plasma delay as a function of inverse electric field strength. This 
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formula had » plasma delay dependence on the SSBD resistivity of the power of about 1 / 2 . This 

empirical formula, however, predicted negative plasma delay when the electric field strength 

was very weak. 

The experimental data of plasma delay which was obtained by Bohne et aL was reproduced 

by Kanno with a model of the plasma column erosion*8). This model, however, required a 

normalization constant and could not calculate an absolute value of the plasma delay. This 

model is not suitable to predict the value of the plasma delay without experiments. 

Neidel et a2~ measured plasma delay for a particles and fission fragments emitted from 252Cf 

source. In the work of Neidel et «/., they described the plasma delay in a linear function of 

inverse electric field strength in the higher electric field strength. They took the plasma delay 

as a constant in the weaker electric field strength. The resistivity dependence, however, was 

not proposed by Neidel et al. 

In experiments of the plasma delay carried out by the present authors, the plasma delay 

showed the resistivity dependence, as well as in the experiments of Bohne et aL So, here we 

employ the empirical formula of Neidel et al. taking into account of the resistivity dependence 

like Bohne et al., 

*P = -FJ-> for F>Fcn (2) 
_ k [F 
~F]jrc' 

F tp = W - , for F<Fc2, (3) 

where, F the electric field strength, k, tc the constants, Fci , F& the critical electric field 

strengths, r the resistivity of a SSBD and rc the reference resistivity and is taken as 3900cm. 

The constants k, tc and the critical electric field strengths F c l , F& depend on the incident 

charged particle and its energy. For example, they proposed fc, tc, F c l and F& as 4.06nskV/cm, 

1.2ns, 4.5kV and 2.5kV for 6.1MeV a particle, and 27.75nskV/cm, 2.5ns, 16kV and 4.5kV for 

fission fragments. The plasma delay in the electric field strength between F c l and Fc2 were 

obtained by interpolation. The plasma delay predicted by the formulae of Bohne et al. and 

Neidel et al. are shown in Fig. 2 as a function of inverse effective electric field strength. The 

effective electric field strength Fejj is calculated, 

where, / is the plasma column length. 

4.2 PLASMA COLUMN DISAPPEARANCE TIME 

The time required for the plasma column disappearance after the plasma delay was expressed 

by Kanno*8). 
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The top and bottom positions of a plasma column, /*(i), h(t) are expressed, 

lt(t) = d-(d- /o)exp Lk20****1*) , (5) 

h{t) = d- dexp I -jie J . (6) 

Here, la the initial plasma column length, Da the ambipolar diffusion constant, s2 t h e mean 

squared radius of the plasma column, p the electron-hole density of the plasma column, jik the 

hole mobility and t the time measured after the plasma delay. The constant a relates to the 

electric field strength inside the plasma column at which the plasma column begins to erode. 

Detailed descriptions are shown in Ref.(8). 

For the simphest way to calcinate the time of plasma column disappearance, one can solve 

quadratic equation obtained by equating Eqs.(5) and (6). We, however, calculated the t ime of 

plasma column disappearance iteratively, talcing into account the increase of the squared radius 

of the plasma column as a function of time. 

4.3 RECOMBINATION OF ELECTRONS AND HOLES 

The longer the time of charge collection (tp + tj), the greater the number of electron-hole 

recombination becomes. 

The number of recombination Nr is calculated as follows, 

Nr = apT J p{t)V{i)vdt. (7) 

Here, u is the carrier capture cross section, pT the density of recombination centers, p(t) the 

electron-hole density, V(t) the volume of the plasma column and v the average velocity of 

carriers. In these values, the carrier capture cross section a and the recombination center 

density pT are unknown. Here, we take the product apT as a normalization constant to the 

experimental data. 

The recombination of electron and hole was considered in two stages : first, either electron 

or hole was captured by a recombination center, second, another type of carrier was captured 

by the same recombination center and finally electron and hole made recombination. In this 

process, the recombination is restricted by the velocity of slower carrier, i.e., hole velocity. 

During the plasma delay, the averaged velocity of holes is caluculated as a mean squared 

thermal velocity^9', 

9 - v ^ - (8) 

Here, k is the Boltzmann constant, T the temperature, and m* the effective mass of the hole 

and is taken as 0.55m. 
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After the plasma column erosion, the averaged carrier velocity is caluculated as, 

where, x& is t he position of the plasma column disappearance. 

5. RESULTS AND DISCUSSION 

Calculated recombination numbers NT for a particle are shown in Fig. 3 in the case of SSBD 

resistivities 3900cm, and 800ficm. 

For the SSBD of 39GYIcm TO resistivity, NT is smallest at the bias voltage of 9V, then gradually 

increases as the Has -voltage increases and reaches to a plateau. In the SSBD with low resistivity, 

the electric field strength is high even with low bias voltage and the plasma delay has small 

value. The time of plasma column disappearance £<j is small for the case of lower bias voltage, 

allowing the plasma column to expand radially and to make the electron-hole density sma l l^ . 

In the SOOficm SSBD, the NT at lower bias voltage is smaller as in the same with the new 

SSBD. This resulted from the assumption that the plasma delay was constant under the electric 

field strength weaker than the critical one. 

In the case of high resistivity SSBD, the electric field strength is weaker than in the low 

resistivity one as indicated by Eq.(4). The plasma delay plays a great role in the recombination, 

especially in high resistivity SSBD. The t^ does not change much with the applied bias voltage 

in the high resistivity SSBD, on the other hand, the plasma delay becomes greater when the 

bias voltage is smaller. 

From the experimental data drawn in Fig. 3 of Neidel et alSl\ the plasma delay somewhat 

increased as the electric field strength became weaker. Bohne et al. reported that the plasma 

delay of 129Xe with 166MeV in energy monotonously increased^2*. We assume here that the 

plasma delay increases as the electric field strength becomes weaker, and has value of 1.6ns at 

0.5cm/kV as shown by dash-dot line in Fig. 2. The calculated Nr with this plasma delay is 

shown by dashed line in Fig. 3. This little change of the plasma delay showed great difference 

to the result, which agreed very well with experiment. 

With the value of Nr and the energy calibration constant 7.19keV/channel, the expected 

energy of a particle is calculated for 390ficm and 800flcm SSBDs. The measured and calculated 

pulse heights are shown in Fig. 1 as a function of depletion layer thickness. 

The energy overestimation in the irradiated SSBD at 30/L/m to 50/xm depletion layer thickness 

was attributed to the small plasma delay at weak electric field strength. The plasma delay study 

has been concentrated in the case of strong electric field. There is no reliable data on the plasma 

delay in very weak electric field strength. 
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6. CONCLUSION 

The estimation method of recombination effect was proposed. With this method, the re
combination effect was estimated as a function of the bias voltage and the resistivity of SSBD. 

We noticed that the small change of the plasma delay affected the estimated value of re
combination. Even for a particles, the empirical formula of the plasma delay is not sufficiently 
established. Extensive study on the plasma delay should be carried out in the future. 
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Fig. 1 Measured energy of a particle with 6.1MeV in energy. 

Solid lines show the estimated results with the calculations of the 

recombination effects. 
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Fig. 2 Plasma delays predicted by the empirical formulae of 

Neidel et al. (solid lines) and Bohne et al. (dashed line) for a 

particles and fission fragments emitted by 252Cf source. For 

dot-dahed line, see text. 
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Fig. 3 The number of recombinations as a function of bias 

voltage. 
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