MICHIGAN STATE

Chap. 11 — Semiconductor Diodes UNTVERSITY

Semiconductor diodes provide the best resolution for energy measurements, silicon
based devices are generally used for charged-particles, germanium for photons.
Scintillators require ~ 100 eV / “information carrier” .. Photoelectrons in this case
*Gas counters require ~ 35 ¢V / “information carrier” .. [on-pair

*Solid-state devices require ~ 3 eV / “information carrier” .. Electron/hole pair
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A semiconductor is an insulator with a small band gap, ~
leV for silicon. Generally want smallest band gap but
thermal excitation across the gap provides a leakage
current. N.B. the actual band gap depends on the direction
relative to the lattice (Si and Ge do not crystallize in cubic
lattices) and decreases slowly with temperature.
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The ratio of ‘w’ to band gap is approximately constant for
a wide range of materials — division of excitation energy
between e/h pair and phonons, etc. is ~ constant.
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Semiconductors — Charge carriers

“pure” material, no dopants is called “intrinsic”
The intrinsic carrier density in a semiconductor is low:

—&/2kpT °
~ . " kT =0.026 eV @ 25 s i
P~ NyNce B V@ c N, and N, are the densities of states in the

o, ~V10°10" e ~10"cm™ valence and conduction bands. ( Only
rough estimates given here. )

y “diamond lattice”

ﬁ Lattice Constant
— Carbon 0.356 nm
t! Silicon 0.543 nm
a

Germanium 0.565 nm
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Semiconductors — Dopants
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Add atoms from the neighboring groups in the periodic table
*Group 15, Phosphorous, nearly same size, excess electron
*Group 13, Boron, nearly same size, electron deficit

Donor level from P atom below conduction band by ~ 0.05 eV ..
Thermally excite from donor, excess electrons— n-type

Conduction Band
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Acceptor level from B atom above valence band by ~ 0.05 eV ..
Thermally excited from valence band, excess holes — p-type

Control the conductivity by controlling the amount of dopants!
N.B. 2 ppb gives (2x107) (5x10%/cm?) = 104 /cm? >> 10° for Si
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Figure 1. Resistivity of typical conductor,
semiconductors. and insulator.

For an n-type material, the electrons

carry the current so that the
resistivity is:
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Semiconductor — Ion Chamber?

4
=
o et Imagine constructing a simple block of intrinsic
_______________________ semiconductor and trying to use it as an ion chamber ...
........................... AN T — The block has a length, “L” and a cross sectional area, “A”
” mR with a resistivity of p = 60k ohm-cm (high quality silicon).
VO | @

1 MeV energy into material creates ~ 3x10° e/h in ~50 ns ... limiting drift velocity ~ 107
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Thus, I >>1 so we need a trick to kill the leakage current.
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MICHICAN STATE

SemiCOndUCtOI' DiOdeS — 1 UNIVERSITY
n-type p-type p-type  n-type
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“Forward” bias — normal flow of current “Reverse” bias — no nominal current
" (A) internal contact
I 0/ no field applied potential
o oo o 6} [+ o)
—10 & n O — 10 n
p S o—
The “type” 1s determined by the . I c S O
yp y holes electrons depletion
implanted atoms lefer.ent clcc}ron anode — cathode field applied region
atoms can be put into a single flow —V)
piece of semiconductor, then an
. ) [e) O <O o) )
internal field will form due to
. . o p n¢—o Op n o
migration of charges. ° o o
forward biased or conduction reverse biased
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Semiconductor Diodes — 2 NTVE TY

J Diffuse “donor” into bulk p-type material gives concentration profile
(bgsc;T:;on No

JE— bulk p-type dopant concentration

Charge density: Migration of the charge across

pro A | the boundary causes a charge separation and a
“depletion region”
.
~

Depletion

" e Which creates an internal electric potential, ¢p(x)
Fo = aoniet pai with a potential difference of ~ 1V

\
" ‘/’\ and an electric field (lines of force originate on

positive ions and terminate on the negative ions)

Fig. 11.8 Knoll, 3" Ed.

The depleted region has a very low concentration of mobile charge carriers and a
very high resistivity — this 1s a very good region to measure/collect ionization.
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Semiconductor Diodes — Depletion Depth

Np Charge neutrality gives: a*N=b*N, (1
Concentrations versus g Y& ) D A ( )

position for 1-Dimension Depletion depth, d = a+b

| ;'NA One Dimensional Poisson Equation in two regions:

-a x=0 b 2 4.y a<x=0 Boundary Conditions :
d¢=—p(X) _ E
A dx’ e +q,N, O<y<b E(x=-a)=0& E(x=0)=0
— <
do — 4Ny (x+a) a<x=0 Boundary Conditions :
_ _99 _ ¢
> E@) dx *+4.N, (x—b) O<x<bh px=-a)=V&p(x=5b)=0
-a X=0 b c - =<
A _ M _0-
qzeND(x+a)2+V G ex<0 az‘](;’]hatx 0 N
] ¢(.X')= € _qe D 2 =+Qe A 1.2 2
M(x—b)z O<xs<b oy a+v ¢ b* (2)

2¢€
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T x=0 P Depletion depth: combine (1) & (2) (at+b)*b =2eV /q.N,

Generallyb>a .. d=b~(2eV /qN,) *
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Semiconductor Diodes — 3

Some properties of the junction: <— Rectifying contact
) _—— Ohmic or blocking contact
1
& o=
quD lue
MN— |

A - One can apply an external
d~y2eVpu & C= ~ st V>, (reverse) bias voltage such that

the depletion layer extends

i from the junction to the full
E=AV/Ax — E__ = %/ \mwim | thickness of the device

Fig. 11.12 Knoll, 3 Ed.
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L A% Fig. 11.13 Knoll, 3" Ed.
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Semiconductor Diodes

particle track /

ATLAS (HEP) 64x64x0.3 mm, n+ contacts 0.08 mm pitch Silicon layers are thin, typically 0.3mm
guard / but up Smm are produced. (dictated by
the semiconductor chip industry).

‘n" type bulk

oW @

bias lines

\

* electrons

depletion limit

—r y

isolation implants ’U?
=
.
Silicon Detector “telescopes’” combine a thin device >
with a thick device to identify charged particles. §
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AE = Ax( dE ) cMZ gL Punch-through Y
dx E Software cut 100 200

E-AE (arb. energy units)
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