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ABSTRACT 

·: ·_. ·: '· Th~ average· .ene;gy ·required to produce an electron-hole pair in 

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

·range of 90°K to 3Z5°K. The room-temperature value of 3~57::!:~ 01 eV was 

found to be in good agreement with other recent experimental work. The 

temprrature dependence of € was found to be in good agreement with the 

theory o£ Shockley for temperatures above Z50°K. The discrepancy between 
I 

theory and experiment at lower temperatures can be qualitatively explaine~ 

by the temperature dependence of the electron optical-phonon scattering proc-

ess. 
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INTRODUCTION 
'l> '-~ 
•· ... ') '· 

... 
I • : t•' 

An a. particle interacts with a semiconducting material via any or 

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

lattice-atom· displacement or stimulation. The former is the dominant 
. ~. L,' 

·.,_< . .... · .. ;'.· .. mechanism at all but the lowest a.-particle energies, whereas the latter is 
.: 

·· ··.the dominant energy-loss mechanism at energies below about 1 keV for Si 
,1' •• •; ~ 'I 

'\ ~ .• ' . · .. · 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 produce an electron-hole! pair in Si by an 

'to:· : '· ~ :· . \ a particle. It i.s to be understood that in the following discussion consider-. 

~ . ~ . } 

,·1·1·.,· 
ation is limited to pairs consisting of conduction-band electrons and 

' . ·. ' ( valence-band holes. It is proper to limit our attention to electron excitation .. ·· 

.. 

.. ·, 

~ : ' . 

,, 
!I q 

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.-partic~e track is most heavily populated for low energies. This is a 

result of the prefe1·ence for small energy transfer in the Coulomb scattering· 

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

times called) and the deep-lying lioles 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 process • 
\ 

continues until none of the existing electron-hole pai!-s has enough energy to 

excite an electron from the valence band to the conduction band. 
t 

The totali 
'} 
t;. 

number of electron-hole pairs existing at the conclusion o£ this "avalanch~" . 

' ' 



;., 

·r • 
.,.,_ ... , 

".-~· 

,· '. 

. ·'. 

•,' 

. '' 

.. ,. 

.r. ···. 

., ·, 

\ 
i.,. 

-~- : UCRL-16066 

process therefore determines the average energy required to produce an 

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 

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

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

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

,;. i .: ;. ·· electron-hole pairs existing at the end of the "avalanche." Therefore they 

..... ' ' ·. conclud,e that regardless of the type of energetic particle incident upon the 
,•.,: ... ·;· , . .!".; / 

semiconductor the electron-hole pair formation is in fact controlled by sub-

·· sequent electron-electron interactions. These primary, secondary, etc., 
'.•, 

' . ) 

., . : . :. ·. ·. -~ . . 
,: '· 
t. '· . ~: . . .. 

\ .. 

.. . . 

'l 

. .'•. 

, .. 

·:· 

electrons lose a· fraction of their energy through electron-phonon inter-

actions, so that one expects e: to be greater than E • g 

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

of solids are approximately equal to E plus a constant term on the order of 
g 

2.5 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-l~ss mechanisms in greater 

detail, introduced an average· electron approximation which enabled him to 

consider only electrons capable o'f producing but a single electron-hole pair. 

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 
l 

expended. From measured photoionization data, Shockley found E. to be.~ 
' l ·~ 

. ~ 

· ·. equal to the forbidden energy gap, E , for Si~ In addition, both carriers:: . . g J 
~~ . 

of the pai:r poss,ess some residual kinetic energy, E£" Assuming the en~rgy 
lli 

bands of a parabolic form and an equal probability for any final energy from 

.. 

l> 

i 
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o to Ei;. on.e found the average final energy to be Ef =: 0.6. Ei; this energy 

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

phonon scattering prior to electron excitation had to be determined. Shockley 

r·easoned 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, L., to that for optical 
l 

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

_·of neutron diffraction)(4 ) and found to be ER= 0.063±0.003 eV. Using photo-

ionization data, Shockley a1so found the mean-free-path ratio to be r = 17 ,5 •. · 

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

by 
,, 

( 1) 1. € = z.z E + rER' . g 

·since, for Si, E1= E • It is therefore expected that f should be temperature-· . . g 

dependent, as E increases with decreasing temperature. (S) In addition, ER . g 

' " 
.: : and r are also weak functions of temperature; ER ~s dependent upon tem-

. . . ~ .· 

.· .. ·.' 
/,! 

... ·~ . 

··. . 
•, 

.:t~i-. ?! 
~ ',.' -
.' 

. \ 

perature through the unit cell v'olume·, while r exhibits a temperature de

pendence arising from the dependences of LR and L., which are expected 
l ' 

to decrease and increase respectively with increasing temperature. 

Czaja(6 ) arrived at a modified;form of equation (1) by assuming the 

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

than ER' and then determined an,empirical relation between BD and Eg for: 

:·· the group IV semiconductors. The result obtained in this way was 

-~ ... , 
€ = (Z.Z + r' ky) E + r' kx, g 

_,. ....... 

,. 
". 

(Z) 

l'f2: 
i~~: .~ .. : .. 
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· where r' is the ratio of mean free path for electron excitation to that for 

accoustical. phonon scattering, k is the Boltzmann constant, and X= 200°K 

·.·and y = 400°K/ eV. are empiriQally ·determined constants. The temperature 

dependences of e: predicted by equations (1) and (2} differ because the mean 

free paths for opticaJ. and accoustical phonon scattering in general exhibit 

· : disimilar dependences upon temperature. 

After the experimental work described herein was begun, results 

were reported for the measurement of the energy per electron-hole pair in 

Si over the temperature interval 210°K to 290°K and for surface-barrier 

detectors in the resistivity range of 1000 to 3000 n em .. (?) In this work the· 

temperature and resistivity ranges are extended, and in addition the results 

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

The work was performed with surface-barrier detectors of intermediate 

·and high resistivity (500 and 15 000 n em). 

EXPERIMENTAL PROCEDURE 

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

by an a particle was meaaul".ed with ~i surface-barrier detectors obtained 

from commercial sources. These included one Nuclear Diodes PL 2-20 .. 5 

detector (231),. two ORTEC SBDJ025 detectors (3-330 and 3 -332) and one 

Molechem N-250~40 detecto1• N-38. 

241 
A i-p.C Am alpha sc;>Urce was employed (the 85o/o abundant 5.477-

. MeV o. particle was used in determining e:), and the source and solid-state, ~ 

detector were contained in a vacuum chamber and the measurements made'. 
t . '. 

at pressures in the range of 1 to 10 1.1. of Hg. This pressure range resulted 
t 

~ .... 

., . ' ;: ' ' ' 

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

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

whi.ch acted as a uni£orm .. tempe1•ature environment for the detector. 
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The electronic system employed in the measurements consisted of 

a .RlDL Model 31-18 Nuvistor preamplifier and RIDL Model 30-21 ;Linear

Amplifier Window-Amplifier Combination (the Model 30-21 served as a 

scale expander and amplifier}, and the spectrum of output pulses wa·s 

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 voltrneter. The block 

diagram for the system is shown in Fig. 1. 

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 

bath), and 90°K (liquid nitrogen bath--LN}. '.The intermediate temperatures 

between 90°K {LN) and 275°K were attained on a semitransient basis through 

the addition of coolant (dry ice or LN) required to maintain the desired tern- · 

perature· within :1: 5°K. 

In all cases except detector Nq38, 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 

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

the ·a.-particle range for all value,s of the reverse bias. 
) .... .. . 

\ 
The reverse bias·. 

~ 
spanned the interval from 1 to· 50 V, and in a few instances (for detector ~ 

231. only) was a~ high as 100 V, 

.. 

t. 
~l -. 

J".1 r: 

':. 
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.When the region over which the field exists (that is, the depletion 

region) ia much thicker than the depth of penetration of the a. particles, the 

charge collected is given by(S) 

(3) 

where. o
0 

is the total charge produced by the incident a. particle, w_ is the. 

depletion-region thickness, f-L is the charge-carrier mobility, V Dis 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, 

w2 
/f..I.V D" <<1) equation (3) becomes 

(4) 
I· 

' The' depletion region of a surface-ba-,:.rier solid-state detecto1· 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. 

RESULTS AND DISCUSSION 

Figure Z shows the circuit existing at the input side of the pre-

amplifier while the electronic sy~tem was being calibrated and the spectra 

were being measured. In this figure CD is the detector capacity, Cp is ·the 

effective preamplifier input capacity, and CL is the total capacity of the 

coaxial leads and connectors employed on the input side of the preamplifier. 

In the circuit employed, Cp > C 0 -;:;CI.? CT' where CT = 0.1 pF. When the 

· effective input capacity ·of the preamplifier is large compared with CT. the 
. 

test charge applied to the preamplifier is 

(S) 

ff '>•.l .•. 
l 

• 

, 
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where C 0= Cp + CD+ CL. 

The calibration technique consisted of applying a set of test voltages, 

VT., to the standard capacitor and. then recording the magnitudes of the set 
.l 

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

QTi = CTi V Ti' and the associated mean channel for test pulse i, Xi, 

calibration curves were constructed from the relation 

Q =a+ b X, 

·where ·a and b were determined from the set of calibration points 
I 

. (QTi' XTi) by the method of least squares. 

(6) 

The calibration pulses and the a. 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 calibra.tion peaks measured for detector 

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

Baldi~ger and Czaja (9} found the measured charge, Qef£' to be 

-1/2 dependent upon the voltage through the quantity (V D+ lJln) , where ~D 

is the contact potential and V D is the magnitude of the reverse bias. 

This dependence results from the dec.rease in C
0 

with increasing bias; 

. -1/2 
namely, c0 = CDO(V 0 + \f~D) , so that one has 

i _ 1 . CD ·- 1 . C DO -1/2 
-Q - - -0 (i+ C +C. J - ..,.._- +. 'b {C +C ) (VD+\f~D) 

eff m P L \./m m P L 

when a calibration is performed at only one bias setting and W > R , 
a. 

, . I 

The alpha spectrum and calibration data wer·e measured at one or; 
\ 
:l 

more values of detector bias for each temperature. In this way 0 was ~ 
.. m 

< ' 

obtained for each bias settirtg. It was pointed out above that 0 is depen~nt m l1. 
f: 

upon applied bias, and is muct? less than 0 0 when the junction thickness il 

less than the a.-particle range, We therefore expected Om to increase and 
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eventually saturate with in.creasing V n· This was not found to be the case, 

and in fact the (VD+ljJD)'·t/z dependence was found to give a consistent fit of·· 

. the experimental results· for values of VD such that W>Ra~ although this 

behavior.cannot be attributed to detector capacity changes. This can be 

seen from the results for detector N-3-B.in Fig. ·4. where 0 -i is presented 
m 

for a number of test temperatures (the value of 0.5 .ev was used for ljJD} • 

. Fabri et ale 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 ~R the situation 
a 

is complex, and it is quite clear that 0 should be bias ~dependent, although 
m 

it is not entirely obvious that this dependence should be of the (Vn+t!Jnfi/Z 

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

to charge-carrier trapping. The same functional form is employed here. 

In the limit of W »R (in this work this condition is satisfied for 
a 

detector N-38 only} it is possible to use equation (4) for Om. In addition, 

let us recall that W - W (V +"· )-i/Z .... W V i/Z so that equation (4} be-- 0 D '~'D - 0 D ' 

comes 

(8) 

which is independent, of applied bias. 

The intercepts of the curves of Fig. 4 corres~ond to V n= oo and are 

interpreted as being equal to 0 0 -
1

• The average energy per electron-hole 
1 

pair was then determined from 

. -1 
€ = qE 0

0 
, a. . 

' i (9) t• 

~ . , 
where E = (5.477 - AE ) MeV, and AE is the estimated energy lost l:Sy· 

a. • sc sc . . ~ ·. 

the a. particle in traversing the gold contact on the front surface of the d4tec-

tor: AEsc was assumed to be iO± 5 keY, so that Ea.= 5.467:.!:0 •. 005 MeV. 

.. 

J 

' 
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The temperature dependence of € as determined in the above manner 

is presented in Fig. 5 for the fout· detectors employed. In the figure the 

results are compared with the theoretical predictions represented by equa-

tions (1) and (2) (the temperature dependence of E was obtained from 
. ' g 

Macfarland et alo (S )}. From Fig. 5 it is evident that for detector 231 the 

agreement with the theoretical pre:diction 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, 

such as the point at 202 °K {E = 1. 144 eV). 
g 

As can be seen in Fig. 5, the discrepancy 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 
. I 

the four detectors are in reasonable agreement with one another, although 
:,.~. 

.li' 

e for detector. N a38 is consistently high. This is the high-resistivit~jdetec-
1 

tor for which the condition w:.» R is approximately satisfied. On the basis 

of this. equation {8) suggests that the value of o0 -
1. determined from ihe 

extrapolation may be greater than the actual value, and as a consequence 

€ would be overestimated. Our results show better agreement with 

Shockley's equation than with Czaja's equation; there is a slight deviation 

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

agreement with those of Fabri et al. The room-temperature value of 

. € = 3.57:± 0.01 is in good agreement with the most recent measurements at 

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

The ene.rgy lost to the lattice through optical phonon scattering, 

is obtained from the difference between the measured values of e and z.z Eg. 
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Figure 6 shows the resulting values ~f . r ER !or all the detectors tested, 

The solid characters repr(;lsent values with greater errors than the repre-

·• sentative value indicated in the figure (resulting from greater uncertainty 
': .. : . . -1· 

in e:>etrapolated values of o0 ). At temperatures above 2501°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-
; .. ~-' :.· 

~ : '· ! . 

~. ' : 
' ' 

. ~ 1 ~ ., 

. . ... 

' ' 

~ • .. 

. './ 

: .. ~. 

'>; 

. creases. Our results are once again in disagreement with the results of 

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

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

. element, Me, is proportiqnal to (1+ np) 1/ 2, (10) where hp is the phonon 

population of the lattice eigenstate involved in the interaction {i.e., the 

. k = 0 optical phonons of energy ER considered by Shockley). The mean 
·.· 

free path for optical phonon scattering introduced earlier is therefore in-

. · vers~ly proportional to (1+np)- 1
. The phonon population of these optical 

phonon lattice eigcnstates is the sum of the numbe1· produced through elec~ 

· tron-phonon scattering and ti;~ number arising from thermal generation • 

For the moment consider only the thermally generated phonons. in which 
' 

case 

(10) ' 

' ,· . . . 1 . . . 
(1+. nP,R) = (1 .. exp(-ER/kT)J ~ .~ 1.+ exp(-ER/kT}, (11) 

i. 

for the. value_s of ER/kT ~ 2. encoun~ered for the optical 
. ' . ~. . . 

phonons. in silicon •. 
' 

. 'I'hen the ratio of LR at a temper~ture T to its value, at T = 
\ 

,;,, 

·' 

. :--· 

· ........ 

. ' .. 

... 

. ' ~ 

' ~-· .. 
· ... 
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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 = L/LR, we would have the de~ired result providing 

it were possible to specify the temperature dependence of L.. In the electron
l 

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 L. is a constant. This is not a bad approx-
.· l 

· imation, since the population of the filled-valence- band 1and empty-conduction-

band electron energy states are approximately proportional to [ 1+ exp( -Eg'2kT)J 

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

detectors. The temperature dependence of L. should therefore be much less 
l 

than that of LR' since ER < Eg/2. According to this approximation, the ratio 

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

at 300·°K is given by 

L. rER at T 

rER at 300°K 
= 1 

LR(T) 
or 

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

value used by Shockley. 

'! 
The results obtained from equation {13) are shown by the dotted lin:.e 

' '· ,, 
of Fig. 6. ; The experimental results of this work are seen to be in qualita~'ive 

agreement with the temperature dependence predicted' by equation (13). 
},. 
.~ 

Consideration of the contribution to the phonon population arising from 
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... _. e~ectron-phonon · scatte.ring would lead to a weaker temperature dependence 

than predicted by equation (12), since equation (11) would have to contain an 

··additional constant term that in all likelihood would be greater than ·:: 

:·: .. · .. ·· 

·. ·: ::_:. ~ J:~' ·;· .. ' . . ; 

.. ··• '· 

_~:·· ·:,::: ..... ·:.; :. ·exp(-ER/kT). 
;; ••.. i-1-' ··.·, •,; 

. ... ~- . 
• : • ~- ... l' . 

' 
"'·· "'' · ... ·: -· 

.. · ...... 
•1 , • 

CONCLUSIONS 

The average energy per electron-hole pair obtained at room temper- · 
. ~. ; _: ~- ' 

. . : . \'. : ~ -- ' 
._ ....... ,. ... 
', .. 
-~ . '~ 

. ,_·· 

\ .. ~ . 

.. ·: :· .. 

,.· 
· .. 

'·,·' .. 
._ ..... ' 

·,.. 

' 

' . ' , 
'·' 

·,·.' ... 

I 

· ature,. € = 3.5'7± 0.01 eV, is in good agreement with the majority of other 

recent experirnental work • 

The temperature dependence of € was found to be in agreement with 
I . 

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

falling below theory at temperatures less than 250°K. The results showed 

an even greater disparity when compared with the. theoretical work of Czaja 
' . . . 

· and·.,the experimental results of Fabri et al. 

The measured temperature dependence of rER was found to be in 

·' .. ~ l· .. 
. I ... _ qualitative agreement with that expected for optical phonon scattering when 

the corresponding lattice eigenstates are populated solely through thermal 

excitation. It appears that inclusion of the contribution to the phonon 
· .. 

population arising from the electron-phonon scattering process would bring· 

theory and experiment into better. agreement. 

The manner in which the measured charge depends upon the bias 

applied to the detector is not completely understood,. Dependence of this 

. '. . quantity upon detector bias through the voltage-dependent detector capacity · · 
. • . I ~ (; 

li ~. ;· }-

' .• 
~>r... . ~ 

..... .. · 

~- : . ·.' 

.,', '·· 

· was elimi~ated by performing a calibration at each v·alue or the detector Bias •. : 

The observed voltage dependence of the measured charge [ that is, f 
Q -

1 = 0 - 1 !f. ·m(V + \jJ )- 1/ 2] must therefore be attributed to chargeR 
m 0 D D 

. carrier trapping or to recombination in the depletion region of the solid-state 

... --·--·---~·--·· --

!':7·~ ((,.,. 
''-~\:!! !\.. ..•• • 
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detector. It is, however, not at all obvious why this phenomenon should 

lead to a bias dependence of the form observed. Additional analytical and 

experimental work in this area is planned in order to make possible a more 

-1 rigorous technique for the determination of o
0 

·• 
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Table 1. Forbidden energy gap and energy per ·electron
hole pair for various solids, 

Material ~ Eg ~JEg ·(~ - Eg} 
(eV) (eV) (eV) 

Diamond(a) 10 :::;6 -;:; 1. 7 :::;4 

Ge{b} 3. 0 o. 72 4.2 2. 3 

Si (c) 3.5 1.1 3.2 2. 4 

AgCl(d} 7.6 4.88 1.6 2.7 

AgBr(d) . 5.8 3.95 1.5 2.4 

CdS(b) 
t' I 

· 5-1o 2.37 2-4. 2-4 
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(b) \McKay, K. G,, Phys. Rev. 84, 829 {1951}. 
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l. 
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·Table 2 •. Average energy per electron holf.~ pair, €, in 
-_silicon for various ionizing radiations • 

Particle 
type 

a 

a 

a 

. . . '· ' . (.\ .... ,.-. ,..., 

E: 
(eV) 

3.6 :t:O. 3 

3.6 :!:0. 1 

: -: 3.,60±0. 15' 

.. ;;, 3.53±0. 07 •. 

. : '· ;. 3.69±0. 14' 

. a . . , or fission -. · 3.50±0. 07 · 
fragments , . . ~ -

··-·.:·-. 

. : , .a.- -·-·· 3.55±0., 02 
.. 

f j 

Year and Reference 

1953(a) 

J958{b}' 

1959(c) 

.;., ' '·. 1960{d} 

~ . 1960(e} 
'· 

' 1960(£) 
.. 1 

. ' . -~-. 

.· 1962(g) 

I 'i .... 

--------·---....... ------------------_,...-- - ... ·-/_ 

(a) j McKay,. K. G.,, and McAfee, K. ·B., Phys. Rev., 91, 1079 (1953). 

(b)\ Davis, yv,.- D., J. Appl. Phys. 29, 231.1 (1958). 

(c)· McKenzie, J .. M., Bull. Amo Phys. Soc. 4, 422 {1959) •. 

. •' . '\;·,. (d).· Koch, L., and Valin., J"; Compt. Rend. 251, 2912 (1960) • 
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FIGURE CAETIONS 

Block diagram of equipment used for the measurement of the 

energy per electron-hole pair in Si. 

Fig. 2... Diagram of detector and test pulse components during a test 

. pulse (where the associated capacitances are indicated). 

Fig. 3. Calibration peaks and a.-particle spectrum typical of the RIDL 

Fig. 4. 

Fig. 5. 

. system. 

-1 Plot of Q . m vs .(V + ljJ )- 1/ 2 used in the determination of D D 
-1 0

0 
for· detector N-38. 

Comparison of energy per electron-hole pair for all the 

detectors employed. 

Fig~ 6. Optical-phonon scattering energy loss term for the hot electrons 
I 

produced via a.-particle stopping in Si. 
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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 

B. 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. 
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mission, or employee of such contractor, to the extent that 
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