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ABSTRACT

The charge migration:from the field-free region has been investigated, by comparing the expected
peak position (which takes into account the depleted layer only) of the energy-loss of relativistic elec-
trons with the measured one. The measured sensitive layer was found to be systematically larger than
the depleted one. This effect is accounted for the charge migration due to diffusion.

1.- INTRODUCTION

Silicon detectors are currently a major instrument in high-energy physics experiments (for a review
on the subject see Refs.(1) and (2)). They are attractive as inner vertex detectors and as electromagnetic
calorimeters in colliding beam machine experiments. However in the latter case very large areas are re-
quired. In calorimetry the active volume can be small and, therefore, relatively low resistivity undepleted

(3_5). The associated electronics is supposed to be operated with

(not fully depleted) devices can be used
long-integration times. Therefore hole-electron pairs generated on the passage of relativistic particles
in the field free region can be collected due to charge diffusion.

This paper presents an investigation of the charge migration effect from the field free region of si-

licon detectors operating undepleted. Both the electron and hole contributions are considered.

(x) Tel-Aviv University, Ramat-Aviv, Israel.



2.- CHARGE COLLECTION FROM THE FIELD FREE REGION

In a solid state device operating not fully depleted (Fig.l) the overall sensitive region is provided

by a charge-depleted layer X =Xn+X and an additional zone, X +XMe’ of the field free region,

M=XMh
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FIG. 1 - Sectional view of an undepleted n-type bulk silicon detector.

where XMe is the layer from which electrons migrate towards the positive electrode and xMh is the la-
yer from which the holes migrate into the space-charge layer. The time interval of the charge-collection,
which determines the value of XM’ is defined by the associated electronics, therefore it can be arranged

to be a fraction of a carrier-diffusion length. The carrier diffusion equation is

oct/ot = -c'/v_+ DV (1)
where c' is the excess carrier concentration to thermal equilibrium, T is the carrier lifetime, D(6) is
the carrier diffusion coefficient, Dn for electrons and D_ for holes. However, if a large number of
minority carriers are injected into a semiconductor, i.e. n 2 p in the injection region, the density of
the majority carriers will also be affected. In this case, the minority carrier diffusion coefficient (i.e.
the hole diffusion coefficient in a n-type bulk silicon) has to be replaced by an ambipolar diffusion coef
ficient

Damb =2 DnDp/(Dn+Dp) .

For silicon at 300K, Damb is about 18 cmzlsec, where Dn'z35 and Dp‘z 12 cmzlsec. For relativistic
particles traversing a detector, the density of the generated carriers along the particle path (about
80 e-h/um) modifies the equilibrium carrier concentration, like in the case of high injection. This high-
-injection state occurs only for a few nanoseconds after the particle passage. During this time duration
the carrier diffusion coefficients are replaced by the ambipolar diffusion coefficient.

The solution of eq.(1) provides the transient of the carrier excess in a unit-volume at a distance r

@

from the position where Co charges were created at t = 0. For a collection time T LT,

c(z,r)dV = C oexp(—r2/2 02)/ 2 Jv)3/2 03] r2drdQ (2)



where o= 4/(2D7) and £ is the solid angle.
The probability that an electron created in xMe and a hole in xMh at a distance r from the
respective limits of the field-free region (Fig.1) are collected, can be calculated from eq.(2).

3.- EXPERIMENTAL MEASUREMENTS

In the present investigation, the energy-loss of relativistic 8, froma Ru 10g Source, has been
measured for two devices operated both as fully depleted and undepleted detectors. This way the con-
tribution of the field free region to the overall sensitive layer was determined. _

These detectors, N6 and A(8), are of high resistivity (about 8 and 40 kf2cm) and low leakage cur-
rent (about 25 and 40 nA, respectively).

3.1.- Depleted layer depth

The width of the depleted layer in an abrupt junction in the n-type silicon, Xn, is given as

X =265 e p 0 [V+vg] (3)

where g is the resistivity, V is the external applied reverse bias, & is the free space permittivity and
&g is the dielectric constant of silicon. For V >>Vg, X = 0.529x10_l‘L +(@V) cm . The built-in volta-
ges, VB’ for both detectors were found to be lower than 0.3 V.

The corresponding depletion layer capacitance per unit-area, CT’ for this junction is

) -12 -2
Co = &g;8,/Xy ~1.0359x107 /X (Fem™) . (%)

From eq.(3) and assuming X 4@ X, in eq.(4)
Cp % 1.958x10%/ A/(oV) (pFem™) . (5)

In Fig.2, the capacitance as a function of the applied dc bias voltage for detectors N6 and A are

shown. Measurements were performed using a Boonton, Model 72B capacitance meter (at an ac signal of
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FIG. 2 - Capacitance vs applied reverse bias voltage.



15 mV and 1 MHz). They are consistent with the square root behaviour presented by eq.(5). By measuring
the capacitance and using eq.(4) the depletion region X d is determined with an accuracy of = 0.7%.

The actual sensitive layer X d+XM was found by comparing data of the energy loss of charged
particles from undepleted with those of fully depleted detectors.

3.2~ Experimental set-up

A Rul 06 B~ source of 4 mm diameter was located at 3.5 cm from the silicon device, Si, namely
N6 or A, under measurement (Fig. 3). Downstream, another silicon detector, Sig, (300 wm thick), an Al
absorber (200 wm thick) and a scintillator Sc (3mm thick) were

positioned. The active areas of these devices were 1 cmz.

Ru Si Sc The signal pulses from the silicon detectors were sent to
SOH ree I I § standard ORTEC-125 charge preamplifiers. The preamplified
‘ signals went to ORTEC-472 spectroscopy amplifiers. The out-
SiB put pulse from the amplifier associated to SiB had a rise-time
Al of about 0.4 us and a base-time of about 1.2 us. The threshold
of the associated discriminator was set to a value slightly low-
— er than the corresponding signal of a minimum ionizing particle
1cm traversing Si,. Two photomultipliers were coupled to the Sc

B

. device. Their output pulses were sent to discriminators and set
FIG. 3 - Experimental lay-out. The ) p P .
detector under measurement, i.e. coincidences, which gave a 40 ns wide signal.

N6 or A, is indicated by Si. The trigger was defined by the coincidence of the SiB de-
tector and the scintillator Sc (the latter generating a jitter of only a few ns). The trigger signal provided
a gate for a peak sensing LeCroy 2259 ADC, where the pulse coming from the upstream detector was re-
corded and subsequently read out by an HP 2100 computer. The gate widths were set 0.7, 1.2 and 3.0 us
for corresponding shaping times 0.5, 1.0 and 2.0 us of the amplifier associated to Si. The counting rate
was about 30 triggers sl

The detector Si together with its associated electronics has a gaussian noise distribution, Onoise’
whose typical value was 5.120.5 keV. The exact value was determined separately for each data taking.
The Si detector had the negative bias applied to the junction side.

The above described arrangement selected electrons emitted in a forward cone of : 40, with an
initial kinetic energy greater than 0.8 MeV (8 > 0.92). Thus, the overall energy-loss spectra are described,
to a first approximation, by a Landau distribution convolved by a gaussian function. The standard devia-
tion of the convolving normal function takes into account both the noise contribution and the effect of

(9)

atomic electron binding energies™”’.

4.- DETERMINATION OF THE CHARGE MIGRATION EFFECT

The energy-loss of a relativistic particle (in this case electrons with g> 0.92) is proportional(lo) to
the thickness x of the traversed absorber. A measurement of the most probable energy-loss, in the de-
tector Si, determines the overall sensitive layer X = X d+xM' The depleted layer X 4 is measured inde-
pendently by the detector capacitance (Sect. 3.1). Thus the evaluation of the field free region contribu-

tion, XM’ to the overall charge collection is possible.



4.1.- Energy-loss of Ru B~

Electrons having kinetic energies between 0.8 and 3 MeV (as for 8~ emitted by a Ru source) loose
energy mostly by collision. The critical energy, namely the energy at which the collision loss is equal to
the radiation loss, is about 52.6 MeV in a silicon absorber. The radiation loss is about 2.6% of the total
energy-loss at 3.0 MeV and about 0.7% at about 0.3 MeV(”)

loss is neglected.

. In the following discussion the radiation

The electron stopping power is calculated to Bethe's stopping theory, as formulated by Rohrich and

Carlson(1 2)

de/dx = (§/){1n 12+ /2@ /m cHD)] +F(0)- 6} (6)

where 7 is the electron kinetic energy in units of mecz,I is the mean excitation energy ( =172 eV in

Si and
E= (2ne4/2mec232)N AZxe/A

mg is the electron mass, N A is the Avogadro number, Z, A and @ are, correspondingly, the atomic num-
ber, the atomic weight and the density of the material and x is the traversed thickness incm; § =
= 0.179x/ Bz (MeV) for Si ahsorber and f_ is the velocity of the incoming electron

F) = 1 - B2* [n?/8-(2n+1)In2] /(n+1)?

(13-16)

and 0 is the density effect correction , which for Si absorber and for 1.26 < 87 <1000 is

& = 1.606 log, 4(B7) - 4.38+0.0874(3-log, (( By)>-286

In the Landau theory, the most probable collision loss, Emp’ is related to the mean collision-loss

(see Appendix 1 of Ref.(1)) and is independent of the mass of the incoming particle(U)

i = £(0.198+B%In(E/Ey )+ < 5/ §) )

(18) is the maximum amount of energy transferred

where <&> =(de/dx)x (for a small path length), E_
to an atomic electron in a single collision.
From egs.(6) and (7) and for relativistic electrons, like those selected from the Ru source in this

experiment, we have

Smp”™ 0.199x(17.451 +In(x)) (MeV) . (8)

This formula, averaged over 0.92 < $< 0.99, is valid within a 7%.

4,2.- Energy-loss measurements of the active layer

Data samples of about 30000 events have been taken at different applied reverse biases (V) corre-
sponding to the depleted layers (X d) given in Table I for detector N6 and in Table II for detector A. In
both cases the largest width of the field free region XFF was about 180 um. In this way the correction
due to the In(x) departure from linearity of the most probable energy-loss (eq.(8)) does not exceed the

4%. The data were taken for shaping times of 0.5, 1.0 and 2.0 us (XM=X0 5 X1 and XZ’ correspond-
ingly).



Capacitance (C), depleted layer (X cl) and migrating contribution values X=X

TABLE I - Detector N6

Xy Xg. 5 VS applied reverse bias (V); X is the field-free layer.

v c o X2 X4 X0,5 | XrF
\"4 pF pm pm pm pm um
99.0 | 27.7:0.2| 383:3

53.9| 31.4:0.2| 330+2 | 40.9%#2.7 | 27.6:2.6 | 18.7+#1.8| 53%*2
39.3| 35.8:0.2| 290+2 | 59.1+4.0 | 26.5¢2.5 | 12.2#1.2| 93z2
29.4 | 40.9:0.2| 254#1 | 56.8:3.8 | 30.4:2.9 | 14.6%1.4| 129+1
24.5] 44.7:0.2| 232#1 | 55.6:3.7 | 26.1:2.5 | 11.5¢1.7| 151#1
19.5| 50.1x0.2| 207=1 54.2+3.6 | 23.7£2.3 8.80.8| 17621

vs applied reverse bias (V); XFF is the field-free layer.

TABLE II - Detector A
Capacitance (C), depleted layer (X d) and migrating contribution values X=X,

VI IR B -
78.7 24.8+0.2 419+3

12.7 28.3+x0.2 36623 49.9+3.6 53+3
9.3 31.2+:0.2 332+2 72.0+4.8 87+3
8.3 32.8:0.2 316+2 60.8+4.0 103+2
6.8 35.7+0.2 2912 52.3+3.5 128+2
5.4 39.7+:0.2 261+1 51.5x3.5 158%1

4.4 43.1+0.2 247+1 60.4+4.1 178+1




The experimental energy-loss distributions for each depleted layer depth were fitted to the Landau

2
noise'wE)’ § and SmP.
The fitting procedure is described in Ref.(9). The good fits obtained give confidence in the appropriateness

probability density convolved with a Gaussian with free parameters(”) o= «/(a2

of the procedure. In order to avoid systematic errors in evaluating XM’ the energy loss upper limits (to
which the experimental distributions of the fully depleted detectors were fitted) have been varied.

In Figs. 4 and 5, the energy-loss spectra sensed by the detector N6 are shown. The full lines are
the fitted functions. In Figs. 6 and 7 the same as in Figs. # and 5 but for detector A.

Generally the fits had probabilities of 60% or better and the errors on the Smp values were about
1%. In the XM
tion of eq.(8).

computation, the dominant contribution to the overall error comes from the approxima-

At each value of the applied reverse bias, the field free contribution to the overall sensitive layer

(XM+X d) was calculated by solving
SmP(XM+Xd)/ SmP(de) = (XM+xd)/)id
[17.45140n(X g +X )]/ [17.65141n(X . )]

where X d and X £q 2re the actual depleted layer and the fully depleted layer correspondingly; emp(XM+X d)

and smP(X £ d) are the corresponding values of the most probable energy-loss.

4.3.- Expected migration effect and discussion

The electron-hole pairs produced subsequently to the passage of a relativistic particle are about
80-90 ,um-l. They are not localized along the particle path, but spread out due to the soft 0 -rays emitted
in the collision loss process. The initial cylinder containing the pairs has a radius of about 2-3 um. Thus
during the first 10 ns (or less) after the passage of the particle, the minority carrier concentration is
high enough to allow the diffusion coefficient to be replaced by the ambipolar diffusion coefficient.

A Monte Carlo simulation of the charge migration for an n-type bulk detector has been perform-
ed(ZO) considering collection times between 0.1 and 2.0 us.

In Fig. 8, the expected contributions from the field free region to the overall sensitive layer are
shown as a function of the available extension of the field free region, XFF’ and the collection time. The

maximum field free contribution F, i.e. when it becomes independent of XFF is
F =~ (2/5)0), 9)

where O = (4/217Dp)+f\/(21:Dn)) = 13.34/7, is the collection time.

The experimental values of XM, for the detector N6 are shown in Fig. 9. The dashed lines are the
expected values for effective collection times of 1.09, 0.25 and 0.05 us respectively (the data are for
electronics shaping times of 2.0, 1.0 and 0.5 us). These times are obtained by solving eq.(9) and assuming
that for XFF >100-150 um the saturation region, visible in Fig.3, is already reached. The values of X,
are given in Tables I and II for the detectors N6 and A. The XM data for the detectors N6 and A taken
with the same shaping time (2 us) show an agreement as a function of the field free region width XFF'

The ratio of the square root of these effective collection times (such as /1.05/4/0.25 or

~0.25/4/0.05) is approximatly equal to the corresponding ratio of the shaping times of the electronics
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FIG. 8 - Expected contribution, X;,, to the overall sensitive layer due to charge migration as a
function of the extension of the free field region X . The collection times are (from the top)
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FIG. 9 - Experimental values of X,, at 2.0 us (o), 1.0 us (e) and 0.5 us (x) of the shaping time.
The dashed lines are (from the top) the F values (eq.(9)) for 1.09, 0.25 and 0.05 us of effective

collection time.
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(namely 2.0/1.0 or 1.0/0.5). In fact the output pulse from the differentiating stage of 472 spectroscopy
amplifier is expected to be proportional to the derivative of the input signal and to the shaping time,
when the latter is not much greater any more than the collection time. This happens especially for the
signal due to the charge migration effect. Thus varying the shaping time of the 472 spectroscopy am-

plifier means to vary quadratically the effective collection time.

5.- CONCLUSION

The charge migration from the field free region was detected. Both electrons and holes contribu-
te to the net charge migration. This agrees with the prediction of a model which does not take into
account recombination. For field-free region, Xpp greater than 100-200 um the overall sensitive lay-
er becomes independent of X and is about (2/5)0y;-

In undepleted detectors, coupled with long integrating electronics, like those suggested for calo-
rimetric applications in high energy physics, the contribution from the field free region to the overall

sensitive layer is not negligible.
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