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A number of workors (Miller 1955, Chynowoth ¢t al 1960, Ivakhno 1972, Tyagi
1973) have determmed threshold energy of impaet jomzation in gormanium by
considoring it as a parameter and adjusting its value to fit. the valuoes of ionization
coofficiont (a) to the thoorotical curves of & by Shockley (1961) Woll (1954) and
Baratf (1952). Hauser (1966) has thooretically caleulatod the threshold energy
but confined his attention to (111) valley of the conduetion band and heavy hole
only. Anderson and Crowell (1972) and Ballinger ef al (1973) have used detailed
band structure hut their methods are highly involved and roquire large computor
timo. We have attempted to culeulato throshold enorgy usmg detuled band
structure by analytical method of Shekhar and Sharma (1974, 1975).

The following parametors aro usod m the caleulations. <111> walleys :
2m
a
mg = .22m,. By = 665 oV. (000) wvulley . Location ky(000), clectrons spherical
mass 0.04m,, lig — .705 6V.

Location ky = (3, 3, 3), longitudinal mass my = 1.64m,, density of stato mass

o
<100>  walleys :  Location &y, — 86X .;:r (1, 0, 0), olectrons’ conductavity
mass = .20m,, £; — 865 oV.

Valence band : Loation (0, 0, 0); heavy hole mass my — .319m,, light hole
mass m = .043m, and split off hole mass m, = 075 m,, split. off band 1 .29 ¢V
helow tho coincident tops of heavy hole and hight holo bands, latlice constant
@ = 5.6575 A.

For the calculation of threshold energios for impact jonization both normal
and Umklapp processes havo boon considered for both clectrons and holes.  The
momentum conservation equation for ionization by cloctrons for normal and
Umklapp processos respoctively are

by = by +hy b ... (la)
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by = by +hy by +-G 1)

wheore £, is the wave vector of primary electron before impact, &,’, &k, and % are
wavo vectors of primary clectron, secondary electron and hole after the impact
process; ¢ is rociprocal laitice voctor. Assuming the bottom of the conduction
band ay onergy rofercnce, the onergy of the electron is given by

r__ #
B = 5 (k—ky)*

whore k&, 1 the wave voctor of tho corresponding conduction band minimum,
Wo oxpoct: that the minimum onergy for impact ionization will oceur when the
motions of all the particles involved in the impact process aro confined in the
dwroetion of valley minimum  In this case the voctor momentum eq (1) reduces
to one dimonsional scalar equztion. The energy conservation cquation for ioni-
zation procoss for typical combination of location of olectrons before mmpact

in (111) valley and after impact in (111) and (111) valloys is

2 VN P T
Ime (k—1ky)* = 3m, (Fey" —Feq) +§m; (ko' 1K)+ Lig+- Dn (3)

After oliminating %p from oq. (3) with the help of eq. (1)a and then minimizing it
with respect 1o %, and k,’; eq. (3) becomes

Bq. (4) is quadratic in &, and is solvod numerically to give two values. The
onorgy 18 calculated by using eq (2) for both vazlues of £,. The lower value of
onorgy is takon as throshold enorgy provided that %, is real and within the first
Brillonin zonoe; correspondmg &,', k," and &y aro all roal and within first Brillouin
zone and the wave vectors of the eloctrons must correspond to their valloys assumed
in a pwbicular process. Such physical restrictions are apphed in the caleulation
of throshold eunergios for all combinations of locations of electrons and holes. The
lowost sot of valuos of threshold onergies for clectrons in each valley and holes in
cach branch of valonce band are respectively given in tables 1 and 2.

Column (a) is for longitudinal mass and column (b) for density of state mass for
oloctrons in <111> and conductivity mass in <100>valleys (as other masses
in <100> valley are not known). N stands for normal and U stands for Umklapp
process.

From table 1 it can be scon that for electrons in (111) valloy threshold energy
rangos from 0.814 ¢V 1o 1.053 ¢V. Assuming the concentration of holes in the
valonce band is proportional to mA*?2, the wcighted average of threshold encrgy
for the olectrons in (111) valey is 0.837 eV.
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Table 1 Threshold cnergy of electrons n germamum

Position of

primary  Positions of  Holo Threshold cnergy
alectron eleetrons kmd m eV Preo
bofore after .- _—
mpact mpaet. () (b)
(000) (111) (111) hh 0563 0-356
h 0-558 05674
sh 0 827 0-386
(111) (111) (111) hh 0814
h 0 823 3029
sh 1053 312
(100) (100) (100) hh 1-189
1-728
1893

Table 2. Threshold energy of holos in germanium

Pomary Holos Lleetron Thoreshold cnergy Process
holc after postion m oV
hofore nnpact after _— - —-
impuact unpact (n) (h)
il hh Ik (000) 151 N
whoh (000) 328 N
o h (111) 132 201 N
h hh e (000) 085 N
W h (000) 0-89 N
hie hh (111) 179 3-29 N
ah hh hh (000) 057 N
Lok (000) 062 N
hh hh (111) 143 2-74 N

The throshold energy for clections m (000) valley ranges from 0.553 eV {0
0.827 ¢V with weighted average at 578 eV and that for clectrons in (100)
valloy it varies from 1.489 ¢V to 1.893 ¢V having weighted average at 1495
¢V The transition probabiity for mmpact 1onization and fraction of clection
n oach of these valleys will give the contribution to mmpact jonization by these,
valleys 1t is ostablished by these caleulations that unpact ionization
germanium will be initinted by electrons in (000) valley. It is eapected  that
at lugh fields involved in impact jonization, appreciablo fraction of electrons
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iy oxisk 1 (000) valloy henee 1he threshold eneigy of impacet ionization will
range from 0578 ¢V to 837 ¢V
Table 2 shows that the threshold energy for heavy holo, light hole and split
of{ holo are 132 ¢V, 085 eV and 0.57 ¢V rexpectively  The fraction of spht off
holes oven at fugh fields is expocted to be small. hecause of small mass and large
gap between split off hranch and other two branches  The threshold enargy of
holes will thus range [rom 0.85 ¢V o [ 32¢V. These caleulations clearly estab-
lish that the tmpaet womzation i semiconduetor with multvalley conduction hand
aud degonerate valence baud can not he shup but gradually increasing process
as more ad more impact processes come mto play with inerease of eleetrie ficlds
Our valuos me m oxeellent agreement with experimentadly determined values
by Mackay and McAfee (1953) (07 ¢V < Ky Lo 32 2 9eV); Tyag (1973) (Bye
~18eV, Ly = 20c¢V), Miller (1955) (g — £ = 1.50 V) and Lvankho and
Novak (1972) (0 66 eV < Ey, Bip > 0 74 ¢V). These values are also in nxo.(-]l(-.nql
agreoment. with the theoretical values of Haunser (£ — 0.91 ¢V, g = 1 3e V
Ballmger et al (fige = 74 oV) and Anderson & Crowell (1972) (Ey == 7GeV)
Hauser's method iy similar to ours exeept that he has considered only  (111)

—

vidley ol conduction bawd and  heavy holo. He has not onsidered other
conduction hand muuma and other holes.  His caleatations mdicate a shaip ion-
zation  Mothods of Ballmgers o al and Crowell are modified Manz’s graphical
construction mvolving heavy computation giving only one threshold enerpy
and henee indicating a sharp jonization.  Tmportant foature of our caleulations
i that mmpact wnzation i germanium will be stacted by electious m ceptral
(000) valley ot /8 — 0.578 ¢V which is less than the encrgy gap of semigonductor
andd enhanend by eloetions e (117) valley of 2, -~ 0 837¢V and [wther onhanced
by clectrons m (100) valley at £, — 1,495 ¢V indicating an moreasing impact
iomzation with the merease of energy of electrons
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