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Enhancement of Average Velocity of Hot Carriers in Appropriate Heterostructures Due
to Inversion of Distribution Functions.

.Vladimir A. KOZLOV dnd Alsxander B. KOZYREV

l rrsritrto tor Pb4/lcs ol Mtcrostructuns ol Russian Acadamy blSclcnect
16 lluanw 8t.,603600, Nlzhny NovgotYlld, Russtd

ThE helem$truslwcu viur $pEuilio plolllcf ol lhc intcrnrl potcnual rrE prqorGd to Gr$an€c the avcrrEc cnrflcr
wlocity hr strong ficld in comparc to tho homogoroour matcdrb. Montc CA o dtttulatlon of iho tnotlo$ of tho onrrmble of
elE€iront lD c$9h hgtergotruotnr€ irrr oordod ort, tl avno olawn tlrol st lorv temprrqt+ro fqr cqrnr eprcifre Eondttlonr lha drilt
wloclty cafi bc Inor.{s6d try 1.5 timas In corrpodeon witb ono in hornogonooug lristcrisl el thg cgrnc vrlug of ttrc ar'c.rsge
rppliod tlcld.

1. INTRODUCTION

Tltr rcslxrr$ir thllu uf urany slwtluliu tluviuus iu rlufunxl
nainly by tho avsrf,gc olcctron vclocig and by thc dcvicc
dinrnniorr*. Tha wfiyn to rcduca tha dimensions of
clectronic dcvices ars wcll knorvn. In the report w€
constder some opponunluc$ of tlrc ln0r08$0 0t urc avcfffgc
velocity of en*ernble of elecmons ln heterostrueturc$ (HS).
The averagc velocitv of electrons in semioonductors in
strong field is saturflted due to the scnttering with enrission
of longitudincl optiool phononc GOP).?he.rnotion of on
$lq;tron qlnr;l;ls of twg $rilBs$: Htdrgtcrflrlon urrd rtptl$al
phonon emimlon, AccelEration of an electrod by the
cfcct.tia fiald givca tho inorcaoc of cncrgr, Erniooion of l,OF
Ieadc to thc loee of cnor€Dt ond, honog, te tlrc locc of
velocily of elostron. $uch cyclic motion at lorv
terrrlte,rnfures Rnd slrorrg ficld* rcsufts in the distrihution,
funcrlons sf rhc sfiEflmtng rype tU flnd ln ilre occutronce 0f
lhe i'vsrriu' [2f. Tfta uwgc uf ths pra,ullarity uf tlpsE
dislrihrrtinnn givas sn .\nnfirtnnity ln innrnncp. tlra evrrrngF
clcctron vcloclty at oertain conditions. we oonsider for this
purpoac tlrc IIS with epccial laycrs Intcndad fpr the
emission of LOP at assigned plaoor. Thin givcs u$ an
opportunity to roduso auffrcicntly the tirne of aecalgration
of electron rnd, thereby, to enhane,c thc avsrflgg volocity of
tlrc ele$trurr eusturblc, Avcragcd electric field ls suclr ilrar
tho avalsnchc breakdorvn doesntt aries eince the regions
with high fleld are rpatially localizod. Moreover the energy
obt.ained' l,y the electrorr in Jhe. hlgh_fin1l_tnyn-r. ;l+err.Jt-
qxceed the energy of LOp that prwents from thc
breakdown.

2. STREAMING IN IIOMOGENEOUS
MATERIAL.

Lst ns desuibe qualitflt.tvely the prooess of motion
of clocffion ln honrogcncous nratcrial undcr etrcanrirrg.
condilions which cgn bs raaliecd in comparativcly purs
$emicotiluctors ilt lattice tcnrpcratnre leis rhan Dcbya

lqnrper*turc, The releeted trqieet+ry of the motion sf
electron in conflant freld is rhown in Fig.t. It ls convenient
to ceporote tho nrgrugtrturn oF$os irrta trt'o regiono: the
passivc lcgion (1l { //o) whcrc cufraion of optical phuuw
lE lnrposslDle ano rne 8filve regtou (p> pil wnlcn l8
l+csrtcd rrbovc thc dnehcd linc in Fig.l. ffcrc

po = ,,|ffi,. hr thc pauuivc rsgion (bstwccn roud nnd
douhvd liuv iu Fig,.f) drs vlt*,lrvn pvcllvring, io wvoh, ov
thst in a gtrong ficld fiil olsctron mw€6 in the pnssive
rcgiott almos( witlffiil scattering. In the sctive region n
$lr.o1g $catterins.nrechanism caused by thc I.oP ernission
ls switchod' orr, Bcing. seattorcd with optical phonon
ernission, the electron jumps back to thc passivc rcgion and
tlrc ncxl sycle of the motion begins.

Tlro dpnnricol honting,of corticre lcodl to tho.
dislrihrrtinn firnetinr ffrctnhcd in th+ diraal;otr af thr
electris field (Fie.2.3). Calculationf, lvere cnrierl orrt for
twh injentnre. cnlid lina - pl = f!.* 4 n O nrrd dnshed line

*p^'*pl=0.

Fig.f . Q,clic motion of nn clecrron undur strenming
s'ortdition.
, \,...-/ -- . Gleclron trnjector.y; % - bottom of th+
colrdlrclion bnndi - opticaf phonon energy
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Fig ? ninrrihrrrion ftrrrcrlon -f (p.l= J nnldp.dp,,
h.h

3. STREAMING IN EETEROSTRUCTURES
WITH STEp LII(E INTEnNAL POTENTTTTL

l+t us oonsldcr tltg lrrutluil uf slrfl,lrsrr irr ho(oto$tl.rlctllrre

Fig,4. prolile of the corrductlon band.
(HS) with tntantial profile shown in Fig4. At certain

q:

Fig.S. Distribution tunctiotr f (p,7 = !.f e)dpdp,
jr4

*,*;=*.ff

*.Id
4

Fie.r, Distribution firnction .f (p,, p,) = J Itilp,ap,

valucs of the jump of the potential (botrom of the
conduOtion ban$ Ad and rhe asrmfn valuu uf upplled
vultagc tlrs o;an'ifiG ril$?tron trqicctory conriltorrt with the
period of H$ mey erim. In rhis casa tho time of flighr in tho
engrgy range neaf tne Lc'P encrgy beoomeu lorrgsr' tll
conrparc witlr onc in tlra caoc of thc atrcoming in.
homogenoous materisl. Thir rituation takes plaoe at
appropriatc valnca of the cxtornnl eleotric field E The totsl'
edergy obnined by electron in the.pcriod of HS should be
exncily eqlHl ro tlrc EuffBy uf LOF. Altsr ;*rurirrg, rlrrvug,lr
the heterqiurrct.lon the. enerw of electron beoornEs a litrlc.
bit less than two-fold I.oP cncrgy. so the electron irntu an
opt.iecl phenstr during very thott timp n*d pnsies irrtn stntp.
with energr s little bit lcss than tha cnergy of Lop wherc
electr,on csn ptf,\,fo,r conrparatively long time,

Thc di*ribution function f (pr) for the HS undcr
oonsidqation is shown in Fig..t. Tlrs trouble wlth tIS undsr
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CortlildgtittitJn il the (l(+urlcnsg of tho rr.ido borrrop of
rskctrons app+oring oftor LOP cmiseion, This rnenns thnt

tlrs elocuons more probably populaF.llre lx.h ra'ith p, e 0

sn the nrenoohronrotlo ogrhere S,v fiars. Actually', nftar thrrr

LOP cnriuuiuu glg$tr'on appenre wit.h cncrgy fi ru ftrrro orrd
can ffovc in any dircctlon. This lendo to ihc distribution
fqnation ruiddy epre.nderl rrvcfi energy f,Fhcfc
Unfortunstelv in this ffise there is no electron bunching in
the momentum space.

4. S'IREAMING IN IIETEROSTRUCTURES
WITH SAW SITAPT:D I'('I'I'$N'I'TAL

lct uq consider the $flw shapod HS witlr the
profile of the conduction band slrown onthe insct in ltig1,
Tlte tl$ rs!'sr$'lr itualf thc pllc of thisk a.d ilri. loyoro: irr

A4ni*

,I=
Fig,?. Profile of the.conduction band;

.5 0.0 1.0 1.5

thc thich lsl'er thorn is I cnrrfilh rina nf potentlnl: end in tlfe
thin laver rhere in a ntrict falt of Dotential, At appropriatc
spplied elcctric freld' the potential profile has tlrc form
shown in Fig 7, Thc motion ot the eloctron in'the rhtck,
la.ver with hig,h onergy of o litt,le bit loss thnn LOF s,ill br.
approximale.ly free. of, ncnttering unfil electron feaghos tlre
thin layer with $1qng electric ficld. In the thln laycr'
cl_cgt1o1 quickly achicvcs the cuergy excoeding lhe cnergr
of LOP and immediately emtta ulc t-UI,. Afier tne Lulf
$rttluslott electrult luuun igl crrsrg,y rrrrd i;6 rugnrarrtunr
lncontss cqual t0 zsro. But eleuron is located now in thc
I.htn lAyer or lts wirh flrorrg, r-irtri. -fr- -rrrcilrm.-rilur

tuuuur(uur /, irrsr'riaogo rnpidly till elsolr=n .lc'Gveo tlfirr
lal'er and crfrnes ro the thick one rvhe.re. eloctrie. field is
approximntely equal to ?,cro so thc eloctrun hag oonflant
tlfunr$rrl$trr urul nruycs iu thc vicirri(y sf LOf 9n9r6r. At
tllc sarrtc ti*rc, rhg rrilnfvsrral mornenturn p, lrcclru its.
cnrnll rrnhre drrring ncrnlnrnlion nn thnl the momenttrm, p.

in thick laycr is of the order of po. One can $ee from Fig.g
und Fi6,D thot dioribulion firnotionc in thie aoec orc loeated
in nrorngnlunl spaoc ncar ills point p, H pi, pt H0, Such
self-consistent moilon of electron redrrces the accolgrarlon
ritre nnd:lirer a pnscihilify fn trnnsrrrit fhe rhrno. dintanna
morc quickly lhfln, in lrcmogeneous materialst Tlrs
hunchi*g of eleetronr in tha cofirFqct region of rnnmantrlnr
$pilce producc the invcrtcd distributior of llot electrons
whioh or€ very rittractivs for thc' gcncmtlon of
eleclroma gnct ic rndiation [3',4].
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Irig.9. Distriburiorr funcrlon .f (p,,p,) = tlelf,a,J,*

3:*X* *TJ'H T]L':.rybti1tio1was 'rads 
possiblc i* part kv orn*r # t.toLooo flvrrr rrrr,+r.rrarlurral B$lc',;c

Fig, 8. Disrrtbuiioii lknarion../tf+ ;. * . j n r+ ) r/p, rJFi. .. . . .
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