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Impact sonization in slicon bas heen expermmentally studied by vavious workers
(Mekay 1954, Miller 1957, Chynowelth 1958, 1960, Goelzberger el «f 1963,
Moll & Overstracten 1963, Lee ef of 1964.) They have measured ioniza-
tion coofficient (number of jonizations per unit path length from the measure-
ments of broakdown voltages and pre-breakdonwn multiplication factors. The
expetimontally measurcd 1onization coefficients are fitted to  the theoretical
cirves of Wolll' (1954), Shockley (1961) or Binatf (1962) by adjusting three para-
metets (1) the threshold enevgy of 1omization, (2) the mean free path for phonon
cmssion a2 and (3) the constant encrgy loss associated with the seattermg which
s equal Lo ¢ bhe oplieal phonon energy in silicon as optical mode of seattejing
dominates in tlus material.  Lattle attempt seems to have been made for cal-
culatmg the threshold energy tor impaet 1onization with the help of band struc-
ture of the material. Abmed & Khokle (1967) have, however, caleulated the
throshold enerpy of wization for electrons nsing only heavy hole mass employing
the graphical method of Frantz (1956).

We e thus commumication have attempted to caleulate the threshold eneigy
ol eloctrons and holes lor impact 1onization by an analytical approach doseribed
by Shekhar & Sharma (1974) for galliam arsenide

Silicon has six valleys in its conduction band, oach at a distance of 0-86 X 27/a
Irom the center of Brillouin zone in <2 100 >~ dwections. Densily of states mass
of clectrons is 0-33 . The valence band is degenerate having three branches.
two of which have coineidene tops at k (000) and the third the split off branch
also has abs top at k (000) but -04 ¢v bolow the tops of the other two branches.
The lattico constant a = 543 A and the energy gap £y = 1-107 oV at 300°K.
The masses of heavy hight and split. ofl holes are 0-5 mg, 0-15 m, and 0-23 m,
rospectivoly.
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The values ol threshold of ionization of electrons and holex for varous possible
impact processes are given in tables 1 and 2 below  Values of threshold of iomza-
tion more than 4 ev are not reported as they are not meaningful,

Table 1. Tonization thresholds for slectrons m silicon

Positions of Eleetrons lonization onergy in ev for
— _— = —w——  holo mass - co—e oo - - ——
Primary Primary Socondary Mplmy normal Umnklapp Yrocoss
cleetron clectron cloction PrOCORS  —= = - —— e

after impaet aftor impact,

e oy

(- —dnmfe Q- jd7fa

(100) (100) — 38
-- 3.75
—- 62
(100) (100) (100) 50 2,16 3.1& -
.16 2.45 3.76 -
] 240 3 62
(100) (o) (100) 50 - 144
15 - 155
23 165
Table 2. lonization thresholds for holes i sihicon
Position of holes Tomzation enoergy in ev ot
- -+ ———---- - Position of - ———-
Primary Primary Secondary eleetron Normal Umllapp vocess
hole before hole after hola PPOCOSS  — e e
impact smpact. (= -4mla @ — 47l
Conduction
1 1 1 Valley 1.8 — 2.64
1 1 1 -do- 201 - 2,98
] 2 2 do- 2.30 356
I | 5 -lo- 199 — 2901
] 3 3 -do. 220 - 130
1 2 B -do- 225 341
2 1 1 -tlo- 245 — 3.64
2 1 2 -do- 2.81 — -—
2 2 2 -do- 347 —_ -
2 1 3 -do- 274 — —_—
2 B 3 -do- 317 — —
2 3 B -do- 3.31 —_ -—_
3 1 1 -do- 221 —_ 326
3 1 2 -do- 2.50 - 381
3 2 2 -do- 302 —_ —_
3 1 E -do- 2.89 —- 3.09
3 K] 3 -do- 2179 —
3 2 3 -do- 289 - J—
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For the caleulation ol threshold energies for impact ionization both normal and
processcs have been considered. The momentum conservation equations for
normal and Umklapp processes rospectively ave

ky = k' Rtk . (la)
B — k'K +ka+G .. (1b)

whore kB, s the wave veetor of pumary electron before impaet, k', k', and ky
are wave voctors of primary eleetron secondary electron and secondary hcle
after the impact G s reciprocs] lattice vector. The energy of electron in the
conduction hand is given by

B= (k) @

= 2m,

where g, 15 the wave vector of the corresponding conduetion band minimum
Siee energy mimmma i conduction badd he m equivalent -0 100 > diveetions
we expeet the minimum energy for wmzation will be when the motion of the
particles invelved in the impact process 1s confined m [100] direetion; henee the
wave veetors can be considered as sealars

Assuming the eneigy reerence at the hottom of the conduction band. the
encrgy conscervation cquation for the first process histed i table 1 tor the impact
wnization by electrons s

St

o
2,

B k=t = By ko)? 4 ok gt ko) -2 3
2""( 1 ’ﬂ) - (" 11— 0) I_Zn"( '.‘.+ 0) —" 4‘7‘ (')

2,

After chminating Ly trom eq. (3) with the help of eq (1a) and then minimizmg,
i with respeet to 4’ and &'y, eq (3) becomes

)

p [ T\ g g ( 5 z_zﬂ"_!"‘ll ) —
k, (2'"”_"') k-t (k=250 ) =0 @)

Equation (4) i quadratic m £, and is solvod numerically to give two values ol
k,. Then energy is caleulated by using eq. (2) for both values of k,. The lower
value of energy 18 taken as threshold energy provided that corresponding k, is
real, and within the first Brillown zone; corresponding £';, &', and ky are all real
and within first Brilloum zone and the wave factors of electrons must correspond
to their valloy assumed in a particular process Such physical restrictions are
applied in the caleulations of threshold energy for all the processes listed 1n
tables 1 and 2,
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From the table | it can be seen that the threshold cnergy for impact ioniza-
tiont by electrons 1s lowest, when primary electron is in (100) valley and both the
eloctrons are m (100) valley after impact. This 18 because the Umklapp process
reduces the energy requirement for ionization in cases where large momentum
transfers are involved in the i1onization process. The values of threshold energy
for this process range from 1-44 ¢V to 1-55 oV The lower values of threshold
energy for clectrons for normul process range from 2:15 ¢V to 245 eV This
indicates that when the enorgy of cloctrons is increased by applied field, impact
ionization by Umklapp process will start hefore the onsct of impact somzation
by normal process The impact ionization will werease with the ncrease ol
oloctron energy, consequently with the merease of applied electric field. Thus
there will be a range threshold cnergy for clectrons from 1-44 oV to 2-45 eV.
These valuos are in oxcollent agreement with those detcrmined from experimental
data by Lee et «l (E E 1-5 E with most probable value of 16 eV). Moll &
Qverstraeten (£ — 1'8 ¢V), Mckay & Chynoweth (E = 2:5 eV)

Trom table 2 we can see that thieshold cnergy of holes 1s less for normal
process than ihat for Umklapp process The Tower values of threshold emcrgy
for holes range from 1-84 oV to 3-47 eV These values are also in good agreement
with the experimentally determimned values of Moll & Overstraeten (B = 24
oV). Tec et al have fitted their oxperimentally duta of iomzation coefficient
(number of jonizations per cm) by assuming the same valuo of threshold energy
for electrons and holes (£ = 1:6 ¢V), but they have taken different values of
mean {ree path » {or phonon seatiering by eloctrons (50 A <A <70 &) and
by holes (30 & < A <45 A4) Tf the mean free path for holes is assumed the
same as for electrons, then Lec ef ol data will give the value of threshold energy
of 2:6 eV.

Similarly Chynoweth and Meckay'’s data are also fitted to Wolff theory by
assuming same threshold energy but different mean free path for optical phonon
seattering for electrons and holes. Tl the scatiering mean iree path is assumed
the same, the threshold cnergy of holes would then be 3:5 ¢V Our values of
threshold enorgy for impact ionization are thus in excellent agreement with the
exporimental resulis. These calculations further show that the impact 1oniza-
tion is not very sharp, bocause all procosses do not start at the same encrgy and
consequently at the same field.

Our values of throshold energy for electrons are higher than those calculated
graphically by Ahmed & Khokle (£ = 118 to 21 eV) the difference scems
to be due to the differont mass used for heavy hole by thom (m = 0-78 m,)
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McGrogor (1966) has expermontally found that there is an equivalence of the
elociron temperatwres (found by the prohe method) and the excitation tempera-
tures (found hy tho spoctroscopic mothod) for an argon d.c plasma. Tordinand
(1970) has compared the results for the cleetron temperatures moasured by the
spoctroscopic and Uw probe methods for the plasma of an H,-0, flame. The
author has prescntly compured clectron {emperatures in an hf. plasma of
liydrogen gus hy the spoctroseopic and thoe double probe methods and the results
of T'g have been concnrvently chockod by ealewlating 7' usimg Steenbock’s formrla

TFor the prohe measuweements the pyrex glass discharge tubo having a length
of 51 5 cm and diamctor 4 5 cim was used  The probe was made of a tungston
wire 02 mm in diameter and provided with a capillary cover Tt was located
al the middlo of the tubo and projectod radially inside tho tube, having a collect-
ing longth of 1 ¢cm tevminating at the axis of the tubo. The anti-probe was in
the form of a grid having a suiface arca about 150 times as compared to the
probo area. The distance between tho probe and anti-probe was 3 om Two
extornal sleove eloctrodes of 1 om wide thin copper foils wera used and connected
to the Hartley oscillatur for exciting the discharge Hydrogen gas was introduced
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into the tubo by diffusion through a palladium tube. The dischargo was studiod

ab five prossures viz. 0.03, 0.07, 0.13, 019 and 0.25 torr. and the pressures woro

measured by tho Pirani gaugo. Tho excitation froquency was 18 MHz, and

voltage 300 volts. The eleotron temporatiwes were caloulated from  the slope
-

of the curve hetween log (I"I - ]) and 1" where X7 s total iome curront 1o the
»

probe assembly and i . the electronic cuwrrent to the probe and 1. the pd hetween

thoe probo agsembly  The results for eloctron tomperatures are roproduteed helow

in the table.

The cloctron temporatwres have been alko caleulated by using the theoretical
formula of Engoel & Steenback (1934)

o (12052 ],

. 5107022 2

i 116107022 1

where @ = eV;fkl'e, in which ¢ 18 electrouic charge, ¥, in onisation potential,

k Boltzmann’s constant. T electron tomporawinre and C is a constant whose value

for hydrogon ix given to he 135w 10-2, R the rading of dischargo tibe P tho

presswre in mm Hg

Tho set. up used for spoectroscome dotormmation of the clectron temperatures
consisted of the dindharge tube and o vacuum systom {he same as used for the
probe stndy, the discharge is studiod under the conditions identically tho swmo
as those for the probe oxpermionts The contral part of tho glow column is
focwssed on thoe slit of o Hilger ¢ D spectrograph having a dispersion of about.
18 A.U./mm at 4600 A U. which is about the mean wave length rogion of the
smglet and tuiplets to be meusured  The photographs of the spectra are takon
on Kodak plates for identification of the lines.  The mbensity ol lines is moasured
by a Moll self recording microphotometor. The electron tomperatures were
computed [rom the curves given by Brasofiold (1930)  The rosults are roproduced
below :

Table 1
Pressure of T, measured T, Ts by
S.No. hydrogen gas by probe calculated spectroscopic
in mm. Hg. method method
°K K
1. 0.03 60.000 50,000 58,000
2. 0.07 57,500 50,000 54,000
3. 0.13 45,000 35,000 36,000
4. 0.19 42,000 30,500 26,000
6. 0.26 41,000 28,000 25,000
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It is soen that at higher prossures the spectroscopic values of the electron tem-
peratures do not agreo with the probe values This may be due to non-reliability
of the values becausoe of mereasod number of molecular collisions at those pressures
which may affect process of exciation and tho mbensity of lines from which
determination of 7', is made by rpectroscopic method  However we could have
a chock for tho probe value of 7', by an alteynativo oxperimental set up

My thanks wre due to Dr. G K Mehta for providing valuable suggestions
for this work.
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