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CneKTphl 11mi6B 34s _· 11 · 40 Ar, H3Mepe1111b1e KpeMHHeBbIM · ;ieTeKTOpm1, 6hm11 
•r1poa11anH3HpOBallbl B npe)lenax KOl1uenu1111 JllIIJaMll'!eCKOii q_JOKyc11pOBKll 3JJeKTpH-
4~~KOl'O non~. 311a•i°em1e BenH'llUlbl HOIIH3aUHOJIIIOH KOIICTal;Thl b 6bln0 nony'leHO 
'.nn_ll pam11•t11h1x noneii. CJlenana ouenKa Tei,mepaTypbI rop.H'!HX 3neKTponoB. npeJl.: 
no)Ke!I cuettap11ii pa3BIIT_irn npouecca MynhTHnm1Kau11u, Y4HThIBamm11ii ponh Ha'!anh
uoii 'KOHUe11Tpaum1 3ne~Tp0110B. H JlblpoK' B o6pa30BaHHH IlOJlCllCTeMhl rop.H'lllX 
IIOCHTeneii: 

Pa6orn shmom1e11a B Jla6oparnpm1 .HJlep11~1x peaKJi,ii HM. r.H.<llnepoBa 0115111. 

Tsyganov Yu., _KushnirukW., Polyakov A'.. 
A Look at the Phenomenon of Charge Multiplication 
in Silicon Radiation Detector Within the Concep.t 
of Dynamic Focussing of the Electric Field 
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'. The spectra of 34s an·d 4o Ar ions measured \Vith silicon detectors ~ere.analyzed 
· within the concept of dynamic focussing of the electric field. The ionization constant 
b was obtai~ed foi- .different fieids. An estimatC oftemperature of hot electrons was 
obtained. A reasonable scenario for development of charge" multiplication process 

. i~ suggested, taking into account the iritluence of initial electron-hole concentration 
on the formati_O!} of ~oi ~arriers subsystem._ . I ' • 

The fovestigation has been· performed at the Flerov Laboratory of Nuclear. 
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I. 

. ·:the effect. of ch~rge 'multipli~ationis k~own1 si~ce silicon deted~rs . 

,v~relis~d forfi;~i~n f~ag~~nt and hea~y;.i~n'.~pe~t;~II1etry [i-5]. The-_· 

. fi~st 'therireti~al treatI~e~t. as~oci~t"ed this. ph~nom~non with t~_nnel:. 
.·.- .:-:~_--, _., ', -.- • < • ' ' ·_;-,._ • ~ .-·:,-:. - •• ~--- _,•-.·._~ -- •• ·_.,,,, __ : ✓ • 

"' - ing of' electrons from front electrode into the depletion layer .of the 

.. se~ico~d~~tor [2]. A different €011c~ptwas devei~pe_d i~ [3-,6]. bas~d .. 

pri aval~nche multipli~ati~~ due t~ thedyuamic focus~in~. ofth_e el~c;- -· 

- ti-ic)ield by the plasma:. coluriu~ c:reated by 
1
charged _p~ticle: )n· [6] 

the
1
me~ti~~ed conc:_e~~ ~a,s' ~ppli~d to explai~ "the charge m~lti~ii~a~- --

. ticin effe~t of the ord~r of1074 1Ilea~uied for ~5.8 a,n.cf ~:65 Me V .tlph~ 
' . ~ . 

particles, ,muc;h less than 'the one measured for heavy ions" andfis-

-_ sior1-fragme~ts .. ·The f~rmul~ ;for th~. value of multi~m~a ch~rge;¥ -. 
/•~ , .. " • ~ ,- • - •· ~ • • ' , •·. . . _,. • ."" :·, • ;_ •. • •· • ·•c • 

derived: __ -.; -

·Here:· __ , 

: -D..Q is ·the charge rrmltiplicati~n value, -

,Q~ ~ the regular ch~ge valu~ ( without multiplication)' 
• . ,· .. • •• • .. . r.._, 

D -- the-ambipolar diffusionconstant, _. · --

Ro--- the initial plasma·cohimri radi11s;'-: · 
:r~(t)'·=• (R5 +4Dt)112, - . . -

.6 · .f.231~ x 106 Volt/c:m, A~ 0:703 x" 106 1/c'xn~ ccmsf~t from · 
•,,,;. -.; . .. . ' : ,. • •. ,: ~ , . - ' , ,I . '. I•. / > ' •7 • . • • : ••~ I • • 

· ~the -relation f<?_r avalanche ionization coefficient in· the conventional -

' :<form ofa(F). Aexp('--b/F),, ,vhere' Fis theelectri~ fi~ld,' _\ 
·,-· / . . . - ' ' -- -· 

\ 



t~ ~ the plaspi~· tim~'. . . 
F~-.. the value of maxim~ electric'field at the track pole. 

Note, .that for, bettecagreement with e~p_eiimental:data,.the au:. · 

thors o([6]1i~ve taken 'the'~alueof'.Ro ,;hich-.is about seven times -

.la;;~r tlian~th~ orie ~eporied b;,_ Seib( [7) ~riiu.sually; ac~~pted for,,, 

' th~ radius: of plasiria cblumn createdbycharged particle at the ti~e •. 
•• :,'',, , ·,, •• • .:'·. -f. •-. • •• ,', ·-··.', -· - -,< .. /., - > -~-.)~ .. ',_,- --~,. ~ 

just after 'thermalizatiori of c·arriers.' In the present workwe:attempt, 

,vithin the fr,1_~~woi:k of the secon~ concept,in acco!gance:witlrfor->·:' 

n~ula (1}, ,witli"fix~d Ro ~hie :ofJ.15)µm[7] tci e~tract tb.e'vallie' ~f 
. . - ; .· ' ' ', _. ..· .'• 

b in·the·form ofits dependence on electric·fieldf~oiri 'our1n~~ured. 
, :_ -·- ',, --. ··.' \:'":.··· •. :•, , ; ---~i· -'·:·.,: 1,._- ,_ - .··.,.: ,. .. -. ~ 

. spectra '.for 34S ·. arid 40 Ar ions.', . This step is' well grohnded .from .the · 

viewpoint .of .Shockley pheii6~eriological 
1

app;oa~h'·tb ~he''av~l~n~he 

, inultipli~ationin·semiconductors \vhi~h predicts th~ increase oft.he 

para:meterof · ionizati~n, b, •. f~rr~lativelyhigh h~Id§ [8]. )-Th~~valu~ 

c6Q/Qr_;.as defir1ed ill,: (Qm-CJr)/Q;,wh~rn Q~,,andQr'are-~he,cen"'. 

t~rs of gra~ity. oL ~ui~iplied and . regular p~aks, respectively>-Olii ~

.. : :_ choice of sulph11r and argon ions is bill3ed on the possibility,Jor-these . 

. ~artide~, to p;~:d~ce ~ell resolv~d ~ultipli~d ~~akf in' siiiXo~ sti;fade . 

barri~rd~tecto~~ (SSl3D).It:simplifi~s the In~~s~rii~e}!t ~fthe-~al~e 

of l:i.Q/Qr, by COil~~ntional~pecti~m~try techrii~~e,,,narn~ly: ch~rge 

prea~;iifi~r;_ sh.aping amplifier·~· aiiafJgJ~ di~ital ·c'~nvert~i:, 34S 

' : a~d _40 Ar. io~s · .. w~~e accele!~~e_d ,, by ' the-U~400 :cycl~tron ·of' FLNR, 
- • .• . ~. , • -·. '. ,, I • - , . , . , • • '.. - .-.\ ~ . :: <. _-, • ; 

JINR, and, after scattering :to the 'angle of 25°, were.d~tected by tlie 

· ·ssBD.:A~ an~exa~pl~, in fig.·i~,b-the speJtrio£40A.r~ith tw~-p~ak~

. . and"22Ne wi,tliout.niultiplied:~-~ctl{, an~ shown. iln'.the fig.2a,b,c,d,the · 

.. ~· .meas~red:spectr;of,_34S:io~s~~e pres~n~ecl fo~'.:differentbiases· ip- -
. ·,• plied tq the .detecto~/to.~how_'the dev~lop~~~{9f tie-~ultiplicatio~--

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

., process.' 
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Fig.3a The. dependence of param~ter dQ/Q against th~ ~lectric. field. 
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~"~.~ fa fig;3a,b t=-==~~of dQ / Q and eXt,~~ted .val~es of b .;.-~:,: . -~ r--~ .. -• 
_ against the value (!f electi'.ic 'field Fm taken as Fm=h/Rox1(0 and,: · ) 

. Fo-}Vfd(i' ~ h~d) __ ac~ording)o [6l, \~he~e··v1st~e- ~:t:ct~i~:bi~ ·. r . 
-~n4 ·d_-the d. ep,l~t~_<:_n.lay ___ ·.e_rt~1ck_~ess,·~::-:-the p. ~:~Id•e .. ~-a .. n~e m,?1_1~ . ; L_·_·.·. 

icon: Iri fig.3b f~ur pomt~ wluch_.correspond to :1.1 MeV/amu/13.0 Xe , · J • 
'. ___ ;i,ons:_[5],·s,.¥~V/a~u 4

_
0Ar'(~a~~fro~;[f]),•an&~o;pbint~-- for~,6A .·.. J•·· 

MeV/amu 40Ar (th1swork) were.added. '.J:'henurnencal yalues otthe, ·\' 

par'ameter b .He mainly.wjthill'the range '\veil k.no;~ frdm. physics of .. I ... 
. . .. . .' . . ' ·. ' ·' ·. °' ·:. . •, . . . . .·, '" . :.. ' . . . ;- ' 1 

semicoiig1ictors [~]; '.fhe·'obtained dep"endence allows. fo estiniat~ the,. .·. l '· 
. ' ' ' . . .. . ' . . . " .· . . • . . . .. : . .- : , •. ·• ' .• . ·: ;. :· . . '-•!.,• 

'temperature of hot electronstsince it· is··relat~d :to the b/ Fm·value by : 
.the,,eq~~t'io~ . · ··· · .. ' · . . ·. ·: . . . ~- · · 

,.;.._...-,· 

:, ' ':-; - . • ': : '. '.'t 

·:;"kTe·= Ef(Fmf ... ,(2), 
.· ' . . ' \ . ' : : . < 2~R '_b · . . :;'.. . . '' . <, . ' 
where Ei = Ll eV, is the,threshold carrier. energy above,.-,vhich the 

c~r;ier.•may prod~c; a hole~klec~~~Ii:pair, .En -;; 0.12, eV;,' is the 'fuean 
·. . .• ·' " '. ·: '· .• : . , .: .. · .. · ,,' ' ' .. ·- i . l .. - . .; . . ., .. 

energy loss for. the hot electron ,on the mean-free:-path_LR between· 
• : : •• •' ••• ·,>' ,.·, -.. ..;• ·, ••• : '.' '·.. ·;_ ,; ,, ' 

; ~cattering by "Raman'\modes'.[8]; 
', . . , .',: :, - ','_:~· ' .. ., . l ,. . ', >. --~-~ ,; ··. ' ·, , ',. ·,_ "' ... · . ,·, ·-.. . 

J;'he v~riaNon qf ~he parameter,oftlectr<;mtempera~ur~Te is shmyn :' 

in ·fig.3qby· .dotted line .. ,Th.e ~oriespcmding vertical. axis :has the 
~- ' • ._ • ' • , - . . •• . . I • • ' ,• 

,sam~ scale a; for b ,v~tie. Due. to high teniperat~r~ of the ele~tron 
, :. ", '• :_.:,_'. ,', -. ",. ;,, ._- ~ __ ,· .~- '~.,·• •• •:: -.:_-_ / ·.• ·.:·:'.' .•., • .• -l • ·.•,::,, ·< C '- ,•.: ,-, 

subsystem it.is possibleto observe the.influence oI thec·omplicated .. .,.. 
. . . ·.' ... , •.. ' ·._ ... ··'· ' ' ·. . . ,' ' ... ' ,· . . '. '• '. . ',.' -~; 

con'drictive: 1:>and structure of silicon on the developmenf of charge , \· 

~ultiplicatiori, which.means that, the c~rriers corresp~ndi11g to dif,; · J .• · 
C f~re~t valleys can:_take parti~ thi~'p;o~~ssi /As-a manifest~tion'<>f .. : .. b 

···•·;~iu:::~:p::::d:tt~: :::.::e::ti;0:~~:o:;!:·:; .• ·•·• ;i• · .. ·•,. 
:1 
t> 

·{ .. 

"]' 
-~ 1 

'40Ar 150 V · 
·, t " 

"-·· .. -

.. CHANNEL. 

b)-,: . 

of 10Ar arid 34s ions; demons~ted two m~es ~- .. . . ;, . . :: 



I . 
I 

. \ ·-·· 
L 

argon ions, although; for the last case the presence. of two multi-
•• ' - ~ - • ' • ' I , • ' 

plied m~des is. more· evident :( fig.4a, b).. Concerning this· effec.t. and 

· followjng the philos·~phy of [10]' w~ can state that lighter electrnns. 

.. 'are ~ore ea~ily accelerated by'the electric field ·.and sh~uld attain 
,. ,. ' •• • ·• • I 

. · higher mean energy thanthe heavier bn~s; On tl~e.othe~ hand, when 

the applied· field is.'high enough fo~ the electron~· in colder. v~lleys to 

have ~nergies suffici~nt to e~it intervalleyphonons, tl1e roleof differ-' 

:--- : ;, . ~ 

.. ent gr~ups of el~ctron~ is.smoothened. As a result v;,e should observe1 
· 

•• } - . : • ' -,. :· / • ·1 • J ; •• ,' -_ ',. ' '· 

only single common multiplied peak. We 'also should ~ote that the < 
. . .· . I'\·· • . . . . . . . . ' . .. . . . ' : ; .. 
'obtained.value of Te--:1-2.5 eVagrees well with that given by Shock-. 

ley as b~ing of the order of one.~l~~tr~n-volt. The ab~ve 
1

results 
~ . . . . . . . . . 

'indicate .that- the second concept has sorrie advantage _as compared to . "-'"-· - -- ·- __.,,- ' ' 

, the· first. one· in explai~ing t.he,phenomenon \of di~rge multipli_~ation 

.j.n silicon detectors> As one of its.drawbacks, one"should'note an 

- abs~rice of tJ:iose p~ra:mett:rs .which c~uld take into' account some ~rit

ical electron~hoi~ plasma density 11eed~dt~ start the proc~ss ... This is 

I illustrated i~ .fig;ll/as weHas in t~b.l in symbolic fo~ni, whe~el'.-" 

.denotes, that n~ mliltiplication w~s obsery~d. f~r ~~y' bias value :u~ 

..... ' 

', •.. _-- ' ' . - . . , ,_.,,,,,._ . -. . .·-' 

. to near-breakdown ones, ,whereas "+" denotes that charge multipli..: • . 
. ·. : . . ·. •, · .. \ ' .. .· . . ' . . . 

cation took place under d~finite conditions.· Note, that the role of · 

. plas~a d~nsity was•rep~rted•alread~jn [2], but,,only within the first . 
- . ,,. - . . . . ' ' . ' . 

cqricept. Within th,e seco~d cbncept,~the influepce of piasrna ·density 
• s -. • -- ~ , ~ • • t . ~ •. ,-

cari be ~otic.:eable if one takes into acc6urit the possibility; especially, 

in, the starting ir10merit; ~f the two-parti~le (~r tw~-step )prri~esse~. 

fat.which ;he•threshoid ~f ioniz~tion could:belessthan thatfor ~on-,·,:· .· ,· . - ,, ,. ' .. ...._ ' . 

ventional si~gle-"pa~ticle (single st~p)" iciniz~tio~, due tothe s~m~ing 

of the carri;r 'enei'g~es [8:9): We do no_t. exclude the. mecl{anism·of. 

i ·s 

- ,' 
•I\ -.., 

-··,', 

... : electro~'_i:ieating by ele~tric fi~ld when the ielatimi•Te/<.<r;<<. -Te is~ 
. . valid {here .Tee~is· the· ave~age' time interval_ b~-tween ,~lectron-'ele_ctron 

· · ~ollisim\s. ~nd Tp: ~nd Te. are·, the ~ornentum and eneigy r~i9:x~tion. 

·. _: ti~es,. respe~tfveiy) ~ In this• cas~ .the· heating :of c~r;iers is mo.se :eflk 
cie~t; b~c~useor'~;h~ni;d en~rg~ ~xch~nglbetween th'e~ .. Of c~~rse; . 

- . , •.: .•• . •: ~• . ' • .• . . , ' • . '• . '< I •• .~ ,,. ".:. • : ! ,.. ' . • -- • • 

the above relation is satisfied better for lowerree values and, hence, . · · 

for higher plasma densiiies. ,I~respectiV~~ to'the ~oncep.t,: ~~e .should; • 
. . ' . : ·, ' . - ...-· . . 

· not~ that nearly .up to b~eakdo~vn. we have observed a regular mode. 

· We consider: this observ~tions t~ be i:el~ted to· the time limitation of - · 
• ' " • . ' • •. ' • ~ . ~ I . I 

-_' the process; As tci:the pafam~ters, wliid1 can limit thti' pr6~~s\, w~· / 

c~neviclen~ly co~sid~r the pfa~maerro;iop.·tim~_arid, ~robably,· the.·,· 

lif~time ~f _high local field, which can;· be even-sh6rte;.· l)ue to:-tl~e~e 
~:- .. t _·_ ,.· ·,. -· __ ,• ~- ' ~ -~:~ . . . '·: ··; .. : - :· . : . ' ·, ,t 

'..:..reasons,-:taking into account that for, every electron the. probability 

--pe(ti.me 11riit to start ~n av~ianc~i~ finite, ;~~Cclll.state:thit the tot~l' 

. ' . prob~bilit:i of charge· multiilication_f~~ eVe;y given iric~dent p;rticle : .. 

·,.. .is also finite'and.·increases.witf the fielcl·valti{.From t1iilyic\;~oint 

.:the value·or P(F~) .· ... ,·Nm/(N~+!ITr)'sh:o~ldbeco~~i<l~red as_equiva~ :\ 

. . lent. to that_ p'ro babili ty. Her~ -N r'and JV~. are the suins' of the regular. 

. a~d. multiplied pe~ks, resp~ctiJe1~: As to. our,riearest plans; we:h~p~l .· 

. to 'rne~ure th~ spe~t~~ f~r different'.hea~y fo;s as well as io esti~ate 

contrib~ti<>n of two::p_articl~, ioniiatio~· in. a qu~ntff~tiveform.~·, 
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