Appendix H - Signal Generation in a Si Diode for Point Ionization


The equations of motion in a silicon diode are more complicated than those solved in the body of the text. We consider only point ionization as a simplification. Consider the creation of an electron-hole pair at xo at time t = 0, where, 0 < xo <d.  The electric field in the p region between the diode electrodes is, just at depletion, E = (Eo/d)(d-x) as shown in Fig. 9.4.  If the diode is over depleted, then the minimum field is not E = 0 at x = d, but E = E at x = d, or E(x) = (Eo/d)(d-x) + E.  Thus in this case there is a finite electric field in all locations in the p layer.  Clearly this finite field will speed up the charge collection time which is why detectors are typically run over depleted, if possible.


After creation, electrons are swept to x = d by the electric field, while the holes are swept to x = 0.  Since dx/dt = E, we find, solving the equation dx = (Eo/d)(d-x)dt, that the electrons have a trajectory, just at depletion, x-(t).






H.1


Thus, x- (

) = d and x-(0) = xo, and it takes many time constants, (-, for the electrons to be swept to x = d if the diode is operated just at depletion.


If, instead, the diode is run beyond depletion, the solution x-(t) is:
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H.2

Where xd ( d((E/Eo) defines a length incremental to the depletion depth which is in excess of the physical depth d.  The solution, Eq. H.2, is derivable from Eq. H.1 via the substitution
d (d-xd.  As before, x-(0) = xo.  However, the point x = d is now reached in a finite time to.
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H.3

Clearly if xd (0, then to (

 as we saw before in the just depleted case.  In the limit where xd >>d, to (0 so that very fast response is obtainable if high fields can be sustained. In what follows we consider only the situation just at depletion.


The holes are swept in the opposite direction to x = 0.  The electric field increases during the motion, with the corresponding solution containing a positive exponential coefficient.
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H.4

The drift time for the holes, td, is defined by the x = 0 condition, d/(d-xo) = 
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For 0 < t < td the x position of the holes varies from xo to zero.  Note that there are two time constants, 
[image: image5.wmf]+

-

t

t

and

, for the motion of the 2 charge carriers.  The time for the holes to reach the electrode, td, is clearly ~
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t

.  For xo = 0, td = 0 since the holes are immediately sunk to the x = 0 electrode.  For xo = d, td (

 because the holes spend a lot of time in the zero field region.


The field in the p layer does work on the drifting charges. Energy conservation, as derived in the main text, implies that the work done on the charges is taken from the applied fields and this induces a change of charge, dQ ,on the electrodes. Since the work done is qEdx, dQ is the same sign for both the electrons and the holes since q changes sign, but so does the sign of the drift motion dx.  Thus the electron and hole currents reinforce one another.


For electrons I-(t) = dQ-/dt. We find that dQ = qEdx/V, dx = E dt, or dQ = qE2dt/V. Using the explicit formulae for E(x) and V(x) derived in Section 9;






H.5

The current is a maximum at t = 0 when the fields are largest, Imax = I-(0) = 
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.The current then decreases steadily as t  (

 when I-(

) ( 0.  The current also depends on location in the gap.  For xo = d, I- = 0 since the electron moves no distance.  For xo = 0 the maximum current is I-(0)(xo=0 = (2e/-).


Integrating I to get the charge induced by the current of electrons, we obtain
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H.6

The initial charge is defined to be Q-(0) = 0.  The asymptotic collected charge is Q-(

) = e[1-(xo/d)]2.  The collected charge depends on where the point ionization occurs.  For xo = d, Q-(

) = 0 since the electron is immediately sunk to the electrode, while for xo = 0, Q-(

) = e, and the entire electron charge is ultimately induced.  Note that basic Q~xo2 behavior occurs because dQ ~Edx, E ~ x and dQ ~ x dx, so that Q ~ x2.


For the holes a similar situation obtains, but with x+(t) instead of x-(t) for the label of trajectory.
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H.7

The minimum hole current occurs at t = 0, I+(0) = [1-(xo/d)]2[2e/+].  The largest current occurs when the holes ultimately sink on the electrode at x = 0, x+(td) =0, I+(x=0)=(2e/+).  


The induced charge due to the hole motion is, 

.






H.8

Hence, Q+(0) = 0 and Q+(td) = e(1-(xo/d))2  (1-(d/(d-xo))2) = e[(d-xo)2-d2]/d2.  For xo=0 the maximum hole induced charge is zero.  For xo=d the maximum hole induced charge is e since the hole traverses the whole inter-electrode gap.  This behavior is complementary to that displayed by the electron induced charge, as might be expected.  The total current due to the joint motion of the holes and electrons is, I = I+ + I-.
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H.9

The total charge induced by the joint hole and electron motions is Q = Q+ + Q-.
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H.10


The diode acts like a solid state ionization detector except that both the positive and negative charge carriers have a comparable mobility and contribute to induced currents and that the field is not uniform.  This latter aspect leads to exponential time behavior rather than the linear time behavior for point ionization observed in an ionization chamber (See Section 8).


Data taken with a diode and point illumination with xo ~ d is shown in Fig. H.1. The electron current is ~ 0 since the electrons are immediately sunk at x = d. The holes move to x = 0. The diode is over depleted, so that I(0) is not zero. The exponential rise of the current, Eq. H.7, is clearly seen.
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Fig. H.1: 
Hole signal obtained from a silicon diode under point illumination at xo ~ d. The diode is operated over depleted so that the current begins at a finite value. The transit time of the d ~ 300 (m device is ~ 15 nsec.
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