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ABSTRACT

" The average energy required to produce an electron-hole pair in

- Si under a-particle bombardment was measured over the temperature

b‘rar‘xge of 90°K to 325°K, The room-temperature value of 3,57£;01 eV was =
" found to be in good agreement with other recent experimental work, The
- temperature dependence of € was found to be in good agreement with the .

theor:y of Shockley for temperatures above 250°K, The discrepancy between

!
theory and experiment at lower temperatures can be qualitatively explained

by the temperature dependence of the electron optical-phonon scattering proc-
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... '+ . INTRODUCTION

An o particle interacts with a semiconducting material via any or

“all of the processes of valence-electron excitation or ionization, and

lattice-atom: di.s_placement or stimulation, The former is the dominant

“" mechanism at all but the lowest a-particle energies, whereas the latter is

o .the dominant energy-loss mechanism at energies below about 1 keV for Si

" as the stopping medium,

Of these mechanisms the electron excitation and ionization energy

- loss is of primary concern to us, because the quantity under study is the

‘average energy, €, required to pi'oduce an electron-hole pair in Si by an’

a particle, It is to be understood that in the following discussion consider-
ation is limited to pairs consisting of conduction-band electrons and
valence-band holes, It is proper to limit our attention to electron excitation. = '

and ionization, as the a-particle energy loss through lattice atom stim-

ulation should be quite ineffective in the production of electron-hole pairs,

The energy spectrum of recoil electrons at any given position along =

.the a-particle track is most heavily populated for low energies, This is a B

" result of the preference for small energy transfer in the Coulomb scattering .. |

cross section, The high-energy electrons (or 6 rays, as they are some-

.+ times called) and the deep-lying holes undergo further interaction with the

' lattice atoms and produce additional electron-hole pairs, These pairs in

. turn produce even more electron-hole pairs, and this multiplication procéss: .~

§

. continues until none of the existing electron-hole pairs has enough energy to

+

~~ excite an electron from the valence band to the conduction band, The tota.l?i

Y

number of electron-hole pairs existing at the conclusion of this "avalancha"

@



. expended, From measured photoxomzatlon data, Shockley found E to be

- equal to the forbidden energy gap, Eg' for Si, In addition, both carriers;‘:‘;'

R | UCRL-16066

o process therefore determines th'e average energy required to produce an o

electron-hole pair in the material for a given type of incident particle,
It has been observed experimentally that, for a given material and

for particle energies substantially in excess of the threshold energy for

o interband transitions, € is-independent-of incident-particle type and energy, v

. Koch et al, (1) suggest that this is indeed reasonable, as the secondary,

tertiary, etc,, recoil electrons are to a great degree responsible for the

{ ."-";'/'-electron-hole pairs existing at the end of the "avalanche," T_herefoi-e they»

“ conclude that regardless of the type of énergetic particle incident upon the o

semiconductor the electron-hole pair formation is in fac’f controlled by sub-‘, _4

’ " sequent electron-electron interactions, These primary, secondary, etc, v,
electrons lose a fraction ’of their energy through electron-phonon inter-

1 actions, so that one expects € to be greater than Eg

McKay( ) has pointed out that the measured values of € for a number

of solids are a.pproxlmately equal to Eg plus a constant term on the order of

‘.5 eV (see Table 1), This constant was attributed to energy lost to the
crystal lattice through electron-phonon scattering,

Shockley, (3) in analyzing these two energy-loss mechanisms in greater

.. - detail, introduced an average electron approximation which enabled him to

S consider only electrons capable of producing but a single electron-hole éair. _

In the formation of an electron-hole pair by such average electrons an

amount of energy equal to the minimum ionization energy, E must be

r‘; N - O

of the pair'possess some residual kinetic energy, vEf. Assuming the energy
sw

bands of a parabohc form and an equal probability for any final energy from . T

[



I, since, for Si, E=

0 to’ E.. one found the average ﬁnal energy to be Ef = 0, 6 E; th{s energy

must therefore be lost to the lattice, The accompanymg energy lost through

" phonon scattering prior to electron excitation had to be determined, Shockley

- reasoned that optical phonon scattering was the mechanism primarily respon-

sible for energy transfer to the lattice for the "hot'" electrons of the ava-

.' lanche, In this case the energy lost to the lattice is rER, where ER is the
' "' quantum of energy for the optical phonon of zero wave number and r is the
" ratio of the mean free path for electron excitation, Li’ to that for optical

phonon scattering, LR. The value of ER has been measured for Si (by use

of neutron diffraction)(4) and found to be E,= 0,063+0,003 eV, Using photo-_ji

R

. ionization data, Shockléy also found the mean-free-path ratio to be r =}17.5'.

s ‘The average energy required to produce an electron-hole pair is then given

by :
= » ' _ 1
2.2 Eg + rEg, | | A (1)

S Eg It is therefore expected that ¢ ehould be temperature-’

T dependent as Eg increases W1th decreasing temperature.( ) In addition, ERV

.- and r are also weak functions of temperature; ER is dependent upon teme-

. than E

perature through the unit cell volume, while r exhibite a temperature de-

pendence arie'ing from the dependences of LR and L | ‘which are expected

to decrea.se and increase respectlvely with increasing temperature.

(6)

Czaja' ' arrived at a modified form of equation (1) by assuming the

- lattice energy-loss term to be proportional to the Debye energy, k0, rather

and then determined an empirical relation between BD and Eg for .

R’ ,
- the group IV semiconductors, The result obtained in this way was . 4} )
_ _ [
€= (224 ky) E_+x' kx, | (2) Z’;,
’ ¢




. where r'is the ratio of niéanj free péth for electron excitation to that for '

- dependehces of € predicted by equations (1) and (2) differ because the mean - '

. at pressures in the range of 1 to 10 of Hg, This pressure range resultegi s

~ and detector, Each solid-state detector was placed .n a brass sample holder, |

ot i
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':'accouétical,phohon scattering, k is the Boltzmann constant, and x= 200°K

t

'_.;'._‘a,n'd y = 400°K/eV: are empirically determined constants, The temperature - |

.. free paths for optical and accoustical phonon scattering in general exhibit =

e . disimilar dependences upon temperature,

" After the experimental work described herein was begun, results .

“were repofted fo-i' the measure.ment' of the energy per electron-hole pair in
. . _  Si over the temperature interval 210°K to 290°K and for surface-barrier
i _ detec;tors in the resistivity range of 1000 to 3000 Q2 cm, (!7) In this work the
N femperé.ture and resi»stivity ranges are extended, and in addition the results N '

are compared with the theoretical predictions of both Shockley and Czaja,

i

The work was perfoi‘med with surface-barrier detectors of intermediate

. “and high resistivity {500 and 15000 2 cm),

EXPERIMENTAL PROCEDURE

The average enérgy required to produce an electron-hole pair im Si = .

| by an a particle was measured with Si surface-barrier detectors obtained
from commercial sources. These included one Nuclear Diodes PL 2-20+5 o
:: detector (231),. two ORTEC SBDJO25 detectoi‘s {3~-330 and 3-~332)and one

" Molechem N-250-40 detector N-38,

Al-pC Amz41 alpha source was employed (the 85% abundant 5,477~

MeV o particle was used in determining €), and the source and solid-state - - T

detector were contained in a vacuum chamber and the measurements made -

- .in negligible a-particle energy loss in traversing the distance between source ' .

which acted as a uniform-temperature environment for the detector,

-".-5\‘:3
a)

= J :
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The electromc system employed in the measurements consisted of

. a RIDL Model 31- 18 Nuvxstor preamphﬁer and RIDL Model 30-21 Lmear-
. Amplifier Wmdow~Amp11£1er Combination (the Model 30-21 served as a

_scale expander and amplifier), andthe spectrum of output pulses was

stored in a RIDL Model 256 400-channel analyzer. A Franklin Model 370

-'pulse generator was used in conjunction with a General Radio Model 1403N -

.. standard air capacitor to supply calibration pulses to the input of the pre-

amplifier, An electrometer-voltmeter was used to measure the bias applied

to the diode, In addition, the voltage of the pulses applied to the standard

capacitor was continuously monitored with a digital voltmeter, The block

‘

diagram for the system is shown in Fig, 14,
Temperatures in excess of room temperatures were achieved by
!

heating a distilled water bath, The other fixed temperatures and associated

baths were 275°K (distilled water ice bath), 200°K (dry ice and ethyl alcohol l

v .- bath), and 90°K (liquid nitrogen bath--LN), "The intermediate temperatures X

between 90°K {L.N) and 275°K were attained on a semitransient basis through
the addition of coolant (dry ice or LN) required to maintain the desired tem- " |
perature within *5°K, »

In all cases except detector N-38, the range of applied bias for each

_ detector was chosen such that the’ depletion region thickness passed from

~ values less than the a-particle range to values in excess of it, Detector

' the a-particle range for all values of the reverse blas The reverse bias

N-38 was of such high resistivity that the junction thickness was more than T

i
i

— el b

spanned the 1nterva1 from 1 to 50 V and in a few instances (for detector ¥

vt v

54

234 only) was as high as 100 ‘V, 3

2\

Je &3 J



charge collected is given by

effective input capacity of the preamplifier is large compared with C tﬁe ”

-

-6~ UCRL-16066
When the region over which the field exists (that is, the depletion ;

region) is much thicker than the depth of penetratidn of the o particles, the

(8)

V o’
Q. =0, (-—T) [4 - exp(-W2/uv 7)] (3) . - &

wheré, QO is the total charge produced by the incident o particle, W is the ,

depletion-region thickness, p is the charge-carrier mobility, VD is the

applied bias, and T is the average time a charge carrier can move before

undergoing recombination or trapping, For large applied bias (that is,

o | WZ/MVDT <<1) equation (3) becomes

,. o [1-W/uv rl (4)

!

- The'depletion regicn of a surface-barrier solid-state detector is not in

general large compared with the a-particle range unless the device is of

high-resistivity material or is subject to large reverse bias,

RESUILTS AND DISCUSSION
Figure 2 shows the circ;uit existing at the input side of the pre-
amplifier while the e].ec.tronic system was being calibrated and the spec‘tra : |
were being measured, In this figure Cp is the detector capacity, C.p is the
effective preamplifief input capacity, and CL is the total capacity of the

coa.xzal leads and connectors employed on the input side of the preamphfler. N

. In the cxrcult employed Cp >CD~CI>C where C = 0,1 p¥, When the

T T

4

test charge apphed to the preamplifier is O ST

Ve

wd
T + C

,4“CTV'I' , (5)' !
0o !
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Qg ’}—{Ti) by the method of least squares,

- ’ _ . 3.
' more values of detector bias for each temperature. In this way Drn was g
obtained for each bias setting, It was pointed out above that O 18 depencfer_lt

N upon applied bias, and is much less than C)o when the junction thickness i#

| R ~° UCRL-16066
where Co= CP + (:Z'D + CL’
The calibration technique consisted of applying a set of test voltages,

v to the standard capacitor and then recording the magnitudes of the set

Ti’

" of output pulses with the multichannel analyzer, By use of the test charge,

QT = C V and the associated mean channel for test pulse i, i-i’

T H]

‘calibration curves were constructed from the relation

ND=a+hbxX, _ - (6)

':_‘where a and b were determined from the set of calibration points

The calibration pulses and the o spectrum were stored in the analyzer

at the same time, as this technique minimized the effect of drift of the elec-

tronic system, The spectra and calibration peaks measured for detector

. N-38 at 274°K are presented in Fig, 3,

Baldinger and Cza,ja(g) found the measured charge, Qeff’ to be
dependent upon the voltage through the quantity (VD+ t!JD)"i/z, where d"D
is the contact potential and VI) is the magnitude of the reverse bias,

This dependence results {from the decrease in C_ with increasing bias;

D
namely, Cph = CpplVpt LpD)"i/?‘, so that one has
Ch C |
1 1 Ly DO -1/2 s
mm=m[1+3.__c.] ¥, (Vytd ) v (7} -
Qeff “m m Om(CP+CL) DD ’

when a calibration is performed at only one bias setting and W>Ra. ‘

: : ' ' !
The alpha spectrum and calibration data were measured at one or |
. . I

4
£
&

less than the a-particle range. We therefore expected Om to increase and

N



the experimental results for values of VD such that W>Ra, although this

pair was then determined from

S o.ge  UCRL-16066
eventually saturate with inbreaéing Vb. This was not found to be the case, |
-1/2 ' '

and in fact the .(VD-HlJb) dependence was found to give a consistent fit of -
behavior.cannot be attributed to detector capacity changes, This can be
seen from the results for detector N-3B.in Fig, -4, where an-l is presented ’

for a number of tést temperatures (the value of 0,5 eV was used for \LD).

_,Fa.bri et al, have also obtained plots of this form for the measured charge, -

and attribute the nonzero slope of the curves to charge-carrier trapping in

the depletion region, In the region of operation where W BRQ the situation

~ is complex, and it is quite clear that Qm should be bias-+dependent, although
- it is not entirely obvious that this dependence should be of the (VD-hpr 1/2

.. form, This'is, however, the form assumed by Fabri et al.(7) and attributed

f
to dharge-carrier trapping, The same functional form is employed here,

In the limit of W»Ru (in this work this condition is satisfied for
detector N-38 only) it is possible to use equation (4) for O_m. In addition,
-1/2 1/2 .
let us recall that W = WO(VD+LPD) / = WOVD / , SO that equation (4) be-
comes ’

Q=01 Wo/ur) ,. (8)

" which is independent of applied bias,

The intercepts of the curves of Fig, 4 correspond to V= « and are

interpreted as being equal to 00'1. The avefage energy pber electron-hole

. -4 . : _ v .
€=anOO ! (9)5‘\.

where ‘Eu = (5.:177 -AEBC) MeV, and _AEsé is the astimatgd energy lost éy

o

the a particle in traversing the gold contact on the front surface of the dgfec- A

tor; AE,, was assumed to be 10+ 5 keV, so that E, = 5,467£0,005 MeV,

7N\
¥

/



such as the point at 202°K (Egz 1. 144 eV).
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The temperature dependence of € as determined in the above manner
is presented in Fig,5 for the four detectors employed, In the figure the

results are compared with the theoretical predictions represented by equa-

~ tions (1) and (2) (the temperature dependence of Eg was obtained from

.. Macfarland et al, (5)). From Fig, 5 it is evident that for detector 231 the '

agreement with the theoretical prediction by Shockley is good at room

temperature and above, but that there is substantial departure at the lower

temperatures, Representative error limits are indicated in the figure,

As can be seen in Fig, 5, the discf.epancy between theory and exper-

iment is less pronounced for detectors 3-330, 3-322, and N-38, although

the results for 3-322 and N-38 appear to exhibit a slightly weaker energy-

gap dependence than predicted by Shockley, The measured values of € for

the four detectors are in reasonable agreement with one another, altfhough _
€ for detector N-38 is consmtently high, This is the high- res:.st1v1t§ detec~
tor for which the condition W>>R is approximately satisfied, On the ;'ibasm
of tizis, equation (8) suggests that the value of Qo—i determined from é;he -
extrapolation may be greater than the actual value, and as a censequehce

€ would be overestimated, Qur results show betfer agreement with
Shockley's equation than with Cz-éja.'s equation; there is a slight deviation

at low tempera.ture As can be seen from Fig.5, our results are in poor

agreement with those of Fabri et al, The room»temperature value of

e = 3.57&0. 01 is in good agreement with the most recent measurements at |

3
g
The energy lost to the lattice through optical phonon scattering, rj ER’ :

this temperd.ture, as can be seen from the results presented in Table 2,

is obta.med from the difference between the measured values of € and 2.2 Eg.

o~
g\:

K

.



'v"-’_v-.«j‘\sentatwe value 1nd1cated in the f1gu1e (resultlng from greater uncertamty -
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e F‘J.gure 6 shows the reaultmg values of r ER for all the detectors tested .
'I'he sohd charactere represent values with greater errors than the repre-’

| m ex_trapolated values of QO 1). At temperatures above 250°K the points

" ‘are seen to be in good agreement with the constant value used by Shockley. )

: The measurements fall below this value, however, as the temperature de- "

- . .creases, Our results are once again in disagreement with the results of =~

: | ,' vers’ely proportional to (1+n

Fabri et al., and in fact exhibit the opposite dependence upon temperaturev.

In an electron-phonon scattering event the phonon-creation matrix =&

element, Mc’ is proportional to (1+ nP)i/z, (10) where ’nP is the phonon

' "popul_ation' of the lattice eigenstate involved in the interaction (i.e., the

R considered by Shockley). The mean v |

k=0 optical phonons of energy E
free path for optical phonon scattering introduced earlier is therefore in- oo

P)"i. The phonon population of these optlca.l

phonon lattice eigenstates is the sum of the number produced through elec- -

. tron-phonon ‘scattering and the number arising from thermal generation.

For the moment considér only the thermally generated phono'ns, in which "

ﬁ'case |
-1 : o R

np R = [exp(E /k’I‘) -1] S C(10) oo

and | .“ ) | '

Rt ‘zip R) = {1- exp(-E /KT "t 44 exp( E, /kT), L (44)

) l, :
v

L for the values of E /kT>Z encountered for the optlcal phonone m slhcon ’ R

o ."js,The_n..the ratlo of LR at a temperature T to 1ts value at T = 300°K would be R

R(T)/LR(BOO"K) 1, 0875[1+ exp(-E /kT)] . '(1’2);;;‘_,.-»

B _”<_vs . L
] K : 5
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‘ _The temperature dependence of the optical phonon energy-loss terms is in

this case controlled by the manner in which r depends upon temperature,

.. Now, recalling that r = Li/LR' we would have the desired result providing

© it were possible to specify the temperature depéndénce of Li' In the electron-

electron scattering event the matrix element for the scattering event is inde- =

pendent of temperature, but the population of the initial and final states is -
dependent upon temperature through the Fermi-Dirac distribution function.

The transition probability is therefore a function of temperature, but for

- “the present we shall assume that I..i is a constant, This is not a bad approx-

. imation, since the population of the filled-valence-band 'and empty-conduction- .

" than that of LR’ since E

Cons1derat1on of the contribution to the phonon population arising from.

-, band electron energy states are approximately proportional to [1+ exp(-Eg/ZkT)] :

.. for the high-resistivity material used in the preparation of surface-barrier

detectors, The temperature dependence of I..i should therefore be muéh less

R
of the energy lost through optical phonon scattering at temperature T to that

< Eg/z, According to this approximation, the ratio

~-at 300°K is given by

300°K)

- or

. rER at T Li LR(
rEp at300°R - L(T) — L7~ 0.92[1+ exp(-Ep/kT)]
rEp = 4,016 [1+ exp(- E /xT)] eV, (15)

where we have assumed rER = 1,103 eV at 300°K to be consistent with the

value used by Shockley.

‘The xesults obtained from equation (13) are shown by the dotted 11ne

| \a

- of Fig. 6. ' The experimental results of this work are ‘seen to be in qua.htahvé -

i

a.greement thh the temperature dependence prechcted by equatmn (13), 5.
* g_ﬂ :

g.
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v

ie],ectron-phonon scattermg would lea.d to a wea.ker ‘temperature dependence L

" than predicted bY,equatmn (12). since equation (11) would have to contain an .:-‘.‘
© " additional constant term that in all likelihood would be greater than - :: .
LA : , -

. exp(-Eg /KT),

W

CONCLUSIONS

The average ehergy per electron-hole pair obtained at room tempe_}r-"_‘:
,.atui;e, € = 3,570,014 eV, is in good agreement with the majority of other
‘::.receht experimental work, | | |
‘ The temperature dependence of ¢ was found to b,e in agreemeht ‘with

the theoretical work of Shockley at temperatures above 250°K, although

"fallix;x'g Below theory at temperatures less than 250°K, The results showed

v an even greater disparity when compared With the theoretical work of Czaja.
:;grf’andithe experimental results of Fa..br.ir et al.

| The measured temperature dependence ef rER was found to be in
i .qualitativev agreement with that expected for optical phenoﬁ scattering When |

‘ the corresponding lattice eigenstates are populated solely through thermal
'.excita.tion, It appears thet inclusion of the contribution to the phonon
"v.p0pu1ation arising from the elect:on—phonon scattering process would bring ;","
- theory and experiment into better agreement, | y |
The manner in which the measured charge depends upon the bias‘
applied to the detector is not completely understood, Depehdence of this
Do, quantity upon detector bias through the voltage-dependent detector capacity S
i

' was ehmma.ted by performmg a calibration at each value of the detector i‘d:.a.s.

i '

The observed voltage dependence of the measured charge [ that is, f e
- ’-:f',l; . ’ . Sf v'
s v Qm-1 = OO -1 ¥ m(V + \PD) 1/‘?‘] must therefore be attributed to chargeff 3

" carrier tra.ppmg or to recombmatxon in the depletion regmn of the solid-state

N N S . : . !

-
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. detector, . it is, }.xov'./.ev‘er, not at all obvious why this phenomenon should
vlead to a bias .dependence of the form observed, Additional analytical and |
" - " experimental work in this area is i)laﬁned in order to make possible a more

| rigorous téchnique for fhe determination of Qo-i.
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In a semlconductor such an electron-hole palr production process would

\

¥ have to occur through the ann1h11at10n of high- £requency phonons, with an

an associated exc:.tatmn of electrons from the valence band to the conductxon

the phonon energles are not greater than about 0,1 eV,
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 FIGURE CABRTIONS

Block ’.diagrar(n'of equipment used for the measurement of the

energy per electron-hole pair in Si,

Diagram of detector and test pulse components during a test

~pulse (where the associated capacitanceé are indicated),
Calibration peaks and a-particle spectrum typical of the RIDL

- system,

Plot of Qm'i Vs (VD+ ¢D)-1/2 used in the determination of

0"1 for detector N-38, ' o B

Comparison of energy per electron-hole pair for all the

0

detectors emf.-loyed.

Optical-phonon scattering energy loss term for the hot electrons

produced via g-particle st0ppihg in Si,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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