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. ABSTRACT 

UCR.L-16317 

.. A .Fauo factor of O.l0£0.03 has been measured for germanium with a 
l 

Uthium•drl!ted semiconductor detector used £or measuring gamma-ray energies 

ranging .from tOO to ZSOO keV. A value ot Z.981k0.01 eV for the average energy por 

hole-electron pair at ,77• K was measured for gamma-ray peaks in the energy region 

from 100 to 1400 keV. 
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i~ .~· THE .FANO FACTOR. FOR OERMANIUM ' .. , 1 

. ·' 
,. 1.1 INTRODUCTION 

' $ 

', , The ability ol semiconductor detector ayetems to measure a wide energy range 

while simultaneously providing very good energy :resolution has led to their wide• 

spread use in modern nuclear spectroscopy. In this paper the ultimate resolution, 

as related to the Fano factor, for ~thium-drilted germa.n!wn semiconductor de• 

tectors is discussed. 'l'he resolution o! the system is determined (apart from ex

perimental sources that adversely affect resolution. such as high counting rate and 

bad experimental geometry) by two funclam.entally clilferent characteristics: 
I 

. ' 

(a) Noiee from the associated electronic equipment, mainly from the input 

eta.ge of the preamplifier: 

(b) Statistical fluctuation in the number o! electron·hole pairs created in 

the crystal by the incident partiele. 

· :The noise is minimized by well-matched preampli!ier-Unear-ampllfier systems 1• z). 
\ . ·. . 
'Although the noise performance of such systems has been investigated by many author~ 

the statistical fluctuation in the number of charges created in the crystal has hitherto 

received little attention. This statistical fluctuation, being a fundamental property 

· of the detector material, sets an ultimate resolution limit. 

For a rough estimate of the statistical .tluctuation An in the number o! hole• 

electron pairs created in the detector by an incident particle with energy E, the 

following equation can be used: 

An a (E/t) i/Z , (i) 

'• whe:re c is the average energy per hole•olectron pa.lr. Experimentally, however, 

the statistical fludtuation is less than that calculated from eq •. (1). The magnitttde 

of this discrepancy is given by the Fano factor F, defined by 
z . z 

(An) exp a F (An) , (Z) 

where (An) is the experimental statistical nuctuation. 
exp . 



. (.' 

.. 

~· .. r·~i ·· .... 
:: ~ t; ".... ~ •. • 

.z. OCRL·i6317 
. . . 3 . . 

In i 94 7 .Fano ) treated the statiot1cal fluctuation in the number o! ions 
·• 0 ' 

produced _by radiation ln gases ·and predicted a !actor o! approximately t/3 to 1/Z. 

4 Van R.oosbroeck ) did a detailed theoretical investigation, using analytical and 

Monte Carlo methods for the calculation o£ yield and. Fano factor for hole-electron 

pairs generated in semiconductors: we use some o£ his results in this report. 

From eq. (2) it can be seen that a Fano !actor ot t would correspond to 

. the Poisson distribution that applies when the ~venta in the ionization process are 

. independent. But the energy-loss mechanhmm in the senuconductor are not ht• 

dependent, and therefore a Fano factor between 0 and t would be expected. Very 

little experimental information is available, and the values r:eported, ranging 

frorn 0.3 to o.s for germaniurn5• 6), have usually been obtained as incidental in· 

!ormation. 

t.z THEORY 

En6rgetic particles inc!dent on a semiconductor produce phonon.s and 

. ·electron·hole pairs through a branching process, the mechanism of which is shown in· 
' 

.fig. i. An electron or a hole ereated by the energetic particle can lose energy in 

two .fundcunentally different ways t 

(a) Creation of a hole-electron pair. The available energy (primary electron 

energy minus band-gap energy loss )is randomly shar~d by the degraded primary . ' .. 

electron and the pair. The electron and the hole are assumed to share 
. f" 

0 . . . . 

·; ·:. ':equally the energy aiven to the pair. 
•"'--

(b)' ·Phonon lceees to the cryetallatticea These phonons arise lrorn electron~ 

having energiea both .\lbove and below the ba.nd·gap energy. · 

For a ma.~ematical description of the creation o! hole-electron pairs hi. 
' 

aemiconductora, th& following parameters are introduced. Theoretically, the 

relative yield Y ie defined by the ionization threshold energy Eth divided by 

the average energy per hole-electron pair 11 
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• The statlstlcal behavior of the energy-lose process is determined mainly at the 

end of the branching process,- where most of the secondaries having an energy of 

Juet a !ew ionization-threshold units are generate~ The yield and Fano factor, 

and therefore the average energy per hole-electron pair, are essentially inde .. 

pendent of the type of incident part.lcle, 

The dependence of yield and Fano factor on the number N of generated 
_.,.,.,.,.,.· _:-.. 4 

phonons per ionizing collision has been calculated by Van Roosbroeck ), from 

whose report fig. Z baa been reproduced. for the applicatio
1
n of this theory to the 

germanium detector discussed in our· paper, an estimate ol the relative yield is 

necessary. This estimate requires knowledge of the threshold energy and the 
'· t ; 

average energy per hole .. electron pair. The a.verage energy per hole-electron 

'pair has been determined to be. Z.98:t:O.Ot eV, (See Sectio~ II) •. Although the three• 

:, . 

., . 
I 

I 

•. l 
' ' 

. '.· 

·l. 'l 

: '·' 
-·;" 

., ' 

... ' 
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' - . 4 
hold energy for germanium at 77• K ls not accurately known, Van Roosbroeck ) 

\ . . ' 

ha~ d~monstrated that_ Eth • Eg (E
8 

ts the e~ergy gap) is ~good approximation.. 

Since. E
8 

= 0. 74 eV, the relative yield can then be calcul~ted by n1eans o£ eq. (3) 

Y o. 74 0· ~s . • 'Z:l1S". • a. • . 
' ·~ ' 

From fig, 2 a corresponding theoretical .Fa.no factor ol Oo3Z is determined. 

1.3 EXPERIMENTAL METHOD 

A Uthlum•dri£ted germaniwn detector ~th a. o. 5•cm. depletion region and a 
. 

rectangular 1- by t.S-cm area was used in these experiments, This detector was 

operated at 77• K and 600 volta btu, with a leakage current of lese than to•9;.,., 
'1:- ' <: 

The c:barge-sensldlve preamplifier, with an EC-1000 input stage, and the llne-~r 
' . 

ampl.ifi~r-aystem'llave been reported previoualy1• 2) • 
~t: ., 

. H, . 

The spectra were reco.rded in 
a 400-cha.nnel pulse·h~ight analyzer. 
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. Simultaneous o.'bael"Vationa o£ ga.mm&.ray and pulser peaks were made for 
... . . . . 

gamma. .. ray energiea ranging from tOO to ZSOO keV~ Sources having one or two ·. 

strongly doMinant gamma transitions o£ well-known energies were used. The pulser 

was a translatorized type with a abort-term. stability better than O.Oio/o 

(Lawrence Radiation Laboratory Drawing iiX3Z8i P·t). The full widths at half 
'\. ) 

maximum (.FWHM) of the gamma-ray and pulser peaks were determined by means· o_f. 

the energy calibration provided by the pulser, which was calibrated against known 

· gamma-ray energies. In those cases where eourc.es were available. a better 

energy calibration was obtained by calibrating the system directly from two known 

gamma-ray Unes in the energy region being studied. ·In addition to the energy 

c:a.Ubration, the pulaer peaks provided a means of resolution control throughout 

the experiment. Typical spectra are shown~ figs. 3 and 4. 

The linearity of tho ampUlier system, carefully investigated, was determined 

' to be better than 3 parte in iOOO, and the linearity of the puls~ ... helght a.na.ly11:er waa 
' 

.. \.better than 1 part in 200. Investigations of the time stability o£ the system indicated 
! 

no dri!ts in peak positions over a period o! two hours, which was the longest 

counting time used. To avoid a loss of resolution due to baseline shift, the total 

counting rate in the syste~ wae kept 'below ZOOO counts/sec. Since the pulser peak 

widths did not vary, these factors can be neglected. The accuracy of the rosolution 
f 

determination is given by three error contributions t 

(a) Inaccuracy in the pulaer dial reading causing an energy determination 

error, in all recordings lees than io/o; 

(b) Error 1n the energy•ecale determination arising from an error in the 

eatbrult1on o£ the peak positions, in a.U recordings less than o.5o/o; ;:' 
. . . 

• 

(c) The ~in error, arising from our inability to determine very acc~fately 
~: , . f 

the ntdhber o£ channels for P"WHM. The accuracy of this determination 

ia essentially dependent on the total number of counts in the peak and 

this errol" is typica.lly about 50/o. 

-~ 
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t.4 RESULTS AND DISCUSSION 
• 
In the measurements, an addition in quadrature of the electronic noise and 

the statistical fluctuation in the detector will correspond to the observed FWHM o£ · 

the peak. ' 
' z z . . z 
(F\VHM)observed • (F'WHM) electronic· + 2•35 FEe • (4) 

where the last term represents the etatistlcal fluctuation obtained from eq. (Z), 

converted to energy u.nlts by multlpllcation by f, and to .FWHM o£ a. Gaussian 

distribution by the factor Z,35. 

Tho observed resolutions are Usted in table t, and. these data are plotted in 
. I . 

fig. S where lines calcula.ted from eq. (4) are drawn. The linearity o£ the plot in· 

dicates that very little charge trapping O<:curs in this detector.·. The observed . 
' . u . 

broadening on the low-energy side of the 2754•keV Na peak can be accounted for 

by low-energy secondaric!IJ escaping from the detector, although some trapping may 

have been present., On the basis of. the lin.es drawn in fig. 5, we estimate a Fano 

·factor o£ 

F • 0.30at:0.03, 
. . 

. which is in excellent agreement with the value predicted by the theory o£ 
4 '· . . . 

Van .R.ooabroeck ). It io noteworthy that this factor remained constant throughout 

the energy region !nvest!gatecl. Ualng fig. Z and the experimental value .o£ the Fano 

la.ctor,. one can determine that the number ot phonons per ionizing collision is 

N a 5Z, &nfl that the value ot the threshold energy la 

Eth • 0.80 eV, 

a value only 6 perc~nt higher than the. energy gap a.nd thus consistent With the 

assumption Eth .. ·k . . 
.t1 I 
' ~ . 

·1 ~ • 

'• 

'\ •. _, 

·.~ 
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, Uahig th'e relation E = Eth + N ER' where ER :s Raman energy for phonons 

• in germanium, ·we obtain a value of 

'•, 

' ' ·.;.3 
. ·: Ea :s 4lX10 eV 

' . ' ' 1 
' which corresponds to a wave, number o! 339 em ... as compared with 370 em -i 

7 measured by infrared spectroscopy methods h These comparisons indicate that 

t · our measured Fano· factor leads to consistent results~ 

Z. · MEASUREMENT OF THE AVE-RAGE ENERGY PER HOLE-ELECTRON PAIR, 

FOR GAMMA RAYS IN GERMANIUM AT 77°K 

The average energy per hole-electron pair c has been measured by many 1 ~. 

authors· whose values range from 2.8to 3:o eV.AJ:. present, th~ rnost accurate lneaaure-
. ' 8 ' ' 

ment known to the authors is ) e :s 2. 94±0,15 eV.To deternline E more accurately, 

we measured ga1nma-ray peaks with the same experimental equipment described in 
' . 

Section I, except that an ac~urately calibrated mercury-relay pulse generator was 

'used instead of the tra.usistorized pulser. Each gamn1a-ray peak was recorded 

,during the same time interval as. a set o£ mercury pulser peaks whose voltages 

were determined by a precision digital voltmeter. This method will be described in 

detail in a later report 9). Measurement of the pulse. voltage V corresponding to m 
' . ' 

the peak position of the gamma ray and the value of the pulser test capacitor C of 

the charge-senetitive preamplifier enables one to calculate e from c = e E/V C , 

where e is the electron charge a.nd E is the gamma-ray energy. To obtain the 
. . y 

V used in th~ • c~lc't\l~tion, we lowered the measured value of the voltage V by 
m J 

about 0.25o/o because the charge-sensitive preamplifier does not have infinite gain. 

From these measurements, which are summarized in table Z and are also shown in 

fig. 6. an averag~ value of 
j 

' 
E = Z. 9S±0.01 eV 

'1i • 
~. 

is obtained for gamma rays in germanium. (The test capacitor h~d a value of · 

C :s 0. 767:!:0.001 pF.) Note that the accuracy of this measurement is strongly. 

supported by the good linearity of fig. 6. 
, . 
!{23 
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~· Knowledge of the Fano factor and c enables one to deter~ne the 

. theoretical limitation of the energy resolution, Figures 7 and 8 show these limiting .. 
values as a fUnction of the energy loss in the detector for difierent electronic (pulser) 

' \ 

resolutions. 
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~--,; -Table 1. · Measured·: FWHM values and the corresponding Fano factor 
··:'· _· • . ·_.·· of the·gamma-ray peaks · .i • .... -:i . -

' : ... 
.. '· . 

· .. 
:- • -~ :! -·~· 

,·. ~ '• I '. 

• . ' Source. . ., . " FWHMobserved (ke V) 
. . . . )·. 

: 

Co 57 : '. 122.05 :t: o.os . 3~02 :t: o. 12 o. 35 :1: o. 35 

. Cs137 661.60 II: o.os 3.41 • o. t4 o. 30 :!: o. 08 
:' I'". ! '. i 

Mn54 8.34. 9 * .1.1 3 .• 52 11: o. 14 0.29 = 0.07 
,.l ••. 

Co60 1173.22 :t: 0.04 3. 79 = 0.17 0.31·= 0.06 

Na 22 
.-t:~ 

,, •• __ c ,., ·\r'.1 

i274. 8 :!: o. 8 " :?. ~· 3.78•0.19 o.29 = o.o6 -l' 
60 Co 

. . .. ,. 'd. 
. ' 

1332.48 • o.os. . 3. sz • 0.15 ' 0.'29 = o:o6 
y88 

-~. 
t836.Z :1t 1.0 

,. 

4.24. 0.21 0.32 :!:: 0.06 ~--

; ' ~ 

> Na24 
... ~ . . . b 

zts3;. 92 $ o.tz 4.62. 0.31 o.zs d: 0.06 

.\~:..:.:: ,.:·~·-

.. 
i\ a 
· 1 The electronic noise contribution was ass.igned a. value.of 2.90 :t: O.OS kcV, 

averaged from about ZO pulser peak recordings. 

b . . 
This value has been calculated from the high-energy edge o£ the recorded 

gamma-ray peak. 
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l 6 . . . 

. ',}. 

I· 

·Source E (keV) · 
Y ' . . ' . 

V (mV) 
• I J, 

UCRL· i63 i 7 . 

,·. 

E (eV) 

.: : .... ------------------------------------
Co 57 

Co 57. 

::.! . :· 122.05 :1: o.os . 
. ' 

' ... • .. · · · : t36.4o ... tt: o.o6 .... 
,· •.• ;t, . . ',, .·• 

. ..,, .... ,,.. . sn:113 

Cs137 

Mil 54 

:; ! I·,.,' 

• ~ • t . i_ 

. Co6o , .. 

6() 
Co .· 

,i 

~ • ' • 1 • ' • • 

;I 

'. 

t 

393.0 :l: 0.3 > 

., 

:'/661.60 * o.oa .. 
·839~4 :i: 1. f . 

ii73.23·:.t: 0.04 

1332~48 zf: o.os 
. ·: ~ 

·.· .. 

; I ! ~' 1 ~ ' J I , 
0 

:'I : I, ~' • 

. ' 

8.56 :I: 0.03 .2. 978 :.t: 0.015 

9.55 :.t: 0.06 . 2. 983 :!:'0.014 
... . 

27.48 :.t: 0.04 ' 2.987 :J: 0.011 .. 
..:;• 

' . 46~36 ·11: ·o.os: .. . 2.981. :1:: 0.007 
' ' 

58.91 :1: o.os . I 
~ .... . 2.976 :!: 0.010 

82.16 :.t: 0~07 . ;2.968 :.t:O~ 015 
e·: ., 

93.32 :.t: (). 08 
... 

. 2. 982 :1:. 0.007 

. ·, 

;,. 
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· · • · . ·· FIGURE CAPTIONS 
.. e 

Fig.- ·1. Diagrammatic representation of the energy-loss process in a solid· state 

· .. ~dete~tor: ER _a Raman phonon energy for the lattice; Eg =band-gap o£ the 

· materialJ p • assumes a J'andom value from 0 to 1. 

Fig. z. Dependence of yield and Fano !actor on number of pb.onons per ionizing 

coWoion. (Rep·r_oduced from the paper of Van Roosbroeck 4). The· 

theoretical a.nd experimental Fano factors are shown. 

Fig. 3. Example of spectra recorded, showing the 834.9-keV ga.mma.-ray peak of 

M 54 
m • 

i 
Fig. 4. Example of spectra recorded, showing the 2.753. 9Z.,.keV gamma-ray peak· : 

•.· 

. . 2.4 . - '~. .. . - - .. - . . _· . - . . . . '. . ~', 

of N~ • , The_ qucgted FWHM value has been calculated from the high-~nergy 

.··side of the peak because low-energy tailing was Qbserved._ .. · " 
. ,: . , . 

.trig. 5. Plot of the resolution of the germaniwn detector versus gamma-ray energy • 

Linea representing Fano factors calculated on the basis o£ the value of e 

reported in Section II o£ this paper are shown. j 

q 
Fig. 6o Gamma-ray energies and corresponding pulse!' voltages, listed in table II, 

illustrating the excellent Unea.rity. 

Fig. 7. Total energy resolution as· a function of the· energy loss in the detector 

(up to 3 MeV) for different electronic (pulser) resolutions. 

Fig. 8~ Total energy resolution as a function of the energy loss in the detector 

(up to 30 MeV) !or d!Herent electronic (pulser) resolutions •. 
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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 

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. 

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 t~ his employment or contract 
with the Commission, or his employment with such contractor. 




