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'I'he presence of large electric fields cai1 ca.use a substa.ntia1 electron heating in small semi- 
conductor devices. Tliis effect cai1 also occur witli tlie application of a laser pulse, when 
ihe electrons become optically excitecl. In order to return to  the equilibrium, these hot 
clectrons must lose t,lie excess energy to their surrounclings (t>he cold lattice). In this work 
lve ha.ve cleveloped a theoretical stucly for tlie energy loss ra.te of one-climensionally confined 
Iiot electrons to  LO-phonons, in polar semiconductor cluantuin wires. Calculations are done 
ior a niodel in wliich we assume tlie valiclit,y of the electron t,einperature model, descrihing 
tlie hot elect,roii gas by a. Fermi clistribution f~inction at  a. temperature T > TL. We consider 
only t,he intrasuhhand rela.xatioii within tlie lowest) one dimensional subband, neglecting hy 
iiow the  effects of liigher subbands. A11 tlie relevant physics is t,alteii into account, including 
severa.1 n~eclia.nisms sucli a.s degeneracy, dynaniic and static screeiiing quantum confinenient 
a d  hot plionon bot,t,leiiecli effect,. T h e  effects of plionon confinement are also included, using 
two macroscopic models, the mecliaiiica.1 a.nd tlie electrostatic models, which differ tlirough 
the 1va.y bouncla.ry conclitioils are applied. The  values for the energy loss calculated for the  
I:,ulk plionon modes range between tlie results obtained for both confined models. We find 
tliat tlie guided (mechanical) inodes produce more tlian an  order ma.gnitude slower energy 
r-hxation t,liaii tlie s1a.l) (eleclrosta.tic) or tlie bull; i~iodes. Our results show also that  in the 
experimentally interesting elect,ron t,en~perat,ure ra.nge of 50-200 K ,  the hot phonon effect is 
the single most iinport,ant pliysica.1 meclianisin in our calculation. 

The inveztigation of tlie loss of tlie eilergy of tlie 

hot electrons in polar semiconductors ha.s attra.cted a 

h rge  amount of experimeiita.1 a.nd theoretical effort ,~,  

mainly iii twc~ and three diinensiond ~yst ,e ins[~ ''1. More 

receritly, one dimensional hot electron relaxa.tioi1 lias 

been studied theoreti~ally["~I, stimulated by Ilie fact 

tha t  samples of one dimensional Ga.As quaiitunl-~vell- 

wires (QWW) witli only t,he lowest. subband occupied 

have been su<.cessfully grown["]. 

The actual situation for energy rela.xation even for 

a siiigle electi.on is somewliat complex. This is clue to  

the fact tliat the longitudinal optical (LO) plionon, by 

itself? does not í,a.ke energy 0111. of t,he coinbiiictl &c- 

tron plus lattice system. The  energy transfer from the 

source (electrica.1 or optical field) to  the  surrounding 

environnxnt occurs in four steps: (i) the electrons gain 

energy from the source, (ii) they lose energy by eniitting 

acoiistic and L 0  phoiions, (iii) the LO-phonon decays 

into acoustic plionon via anharmonic processes, and fi- 

nally, (iv) the lattice t,lierrnalizes wit,h tlie surround- 

ing lieat ba th ,  producing a net energy dissipation from 

tlie coupled electron-phonon system. The most efficient 

energy-relaxatioli process for the hot-electron gas, ex- 

cept at  very low teinperatures (T<30-40K), is to 

e n i t  L 0  phonons, 

since tlie polar elect,ron - LO-phonon Frohlich coupling 

is significa.ntly stroiiger tlian the electron - acoustic- 

plionon deformation potential. At low electron tem- 
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rclaxat ion calculatioii. 

ll'c c:tlcula.te t,he energp loss per parthde via iiltra,- 

subl)aiicl relaxatkm for a syst,eiil of electrons confined 

by iníiiiit.c square wcll pot~ciitia.Is iil a GaAs QWW of 

finite rectangular cross sectioii of dimensions Ly and 

L ? .  'I'he electron-tci-ril-ierat,ure rnodel a.nd t8he st,a.ndarcl 

finit,e-t.ei~ll>era.t~tre randorn p h x e  approximation (RPA) 

werc itssriiited t.o rlescrihe elect.ronic response. The  real 

lat.f.icc tcnlperntiire is talíen t.o be zero, but  because 

t,lic 1,O-pliononsin GaAs correspond t,o a rather high 

t,eiiiperat,ure of 42OI<, our resiilts should he valid for 

1at.t.ice t,eimpr.rat.iires iip t.o 10-1õK. Ilie have talten into 

accouiit i i i  our u-orlí ai1 tlie relevant physics, including 

sc\wnl niccha.nisins such as clcgeneracy. dynamic and 

stat ic scieciiiiig. quaiiturn confinement and hot phonon 

Imt t 1riic.cli c 4 ~ c t .  \1:e havr also iriclutled t he efftxts of 

plionon confii~enicrit[""], witlt the help of t,wo preva.iling 

niacroscopic iiiodels: t.lie eled.i.ostatic or slab model["] 

and tlie nieclianical or guicled model["]. \.Te will re- 

st,rict. this stildy t.o 11-cloped Q\V\T'? with the electroris 

ncar t,he bot,tom of tlie coiiduct,ion band, and with only 

tlie lowest clect,ron siibband occupied. This is jiist,i- 

fictl for wire widths of Iess than ~ o o A ,  in the range of 

t.11~: elcctroilic clensities of lo4 - 106 em-'. The  elec- 

t,ronic conduction baiid is assuriied to  be isotropic and 

paraholic, clefinrcl by a band effective mass m. This 

a.l'~)roxiiiia.t,iorr is valid for rnost 111-V semiconductor 

iiia.t,erials: providcd that  the elcctron energy is not too 

Iiigli (< 200 incV in the case of GaAs). Also, we will 

coiisitlcr oiily tlie sit,uation in whicli there are few holes 

in thc valencr~ band. l h j s  assurnption is reasonable for 

rspcriiiieiit.s involving l-ieating of doped semiconductors 

via c:lcct.ric field. bu t  it is not nccessarily valid when the 

(?lt:ct,roiis are c:xcit,etl in ali undoped semiconductor by 

a laser prilbe. S h e  holes in t,he valence band could be 

t.reated i11 a way similar tjo that, developed for elect,rons 

in t liis paper. 

Tlie clectron das is assurnecl to have a th ined  quasi- 

cquilibrium mit,li it,self a t  an electron temperature T 

wliich is higlier t,han t,he surrounding lat,tice tenipera- 



t ~ i r e  7>, . M'c coiisider elect.ron t.r.inpernt ures low (:iioiigli 

as coiiipared \rit.li the disporsioi-iless 1.0-plioiioii eiiergy 

( k B T  < h ~ ~ , ~ )  so tliat oiilj. tlic oiic-plionoii ciiiissioii 

process is si;iiificant,. At cq~iilil~ritll-11. t1ic siilgle clec- 

troii \ri11 I)c a t  t,lie bott,oiii of tlie coiicluct.ioii bíiiid 

( k  = O). whcre tlic eriwgy is ~ i i in i~ixi i~i .  111 ali (:ii~pt~l 

1,and of a polar mat,erial, for tlic t.eii~pc:ra.t.iirc? range 

301< < T < 5001<, t,lie oiily availal~le iiiccliaiiisiii 11). 

~rliicli tlic clectron ca.11 lose cncirgy is tlic. T,O-lilioiioii 

eniission. Tliis emissioii continiies until it is forl~itldeii 

113. cnergy ccnservat.ion. i.(,.: uiit.il l,lie olcct,i'on lias de- 

cayed t,o a leve1 wliicli is l e s ~  tliaii f i w ~ , ~  froiii t.li(i hot- 

t,oni of t,he c:oiiduct.ion Imiitl (E < T u L o ) .  For eveii 

l o n ~ r  teiiipei.at,ures, a.coiistic plioiioiis iiiay play ali ini- 

portaiit tluaiit,it.at,iie rolc, biit t.lrc- ciloct ronic conpliiig 

to acoiist,ic l*lioiions (via t,lic dpforinatioii pot,eiit.ial oi' 

t lic piezoeleclric coupling) is siil,st.iint.ia.lly wca.ltcr 11i;iil 

t lie polar FrC lilicli coupling w11:it iiial;cs tlie eiiergy loss 

rat (2s inuch lon.er['l. 

Tlie energy relíl.xa.ttioii rat,e is calculat.citl usiiig 

Ferini's "golc eii r ~ l e " [ ' ~ ] ,  I o r  the LO-plioiioii emissioii, 

tlie relevant iiit,era.ctioii is t.lie long-raiigc Frolilicli iiitei- 

act.ioii. Tlie 1)ullc LO-phoiion ciiiissioti rc:laxat.ion t.iines 

for a single electron liave 1x:cii ca1ciil;itc:tl for :311[12] aiid 

2 ~ [ ' " ]  syst,eiiis: aiid t.lie rcs~ilts a.rc> of t.lie ortler o i  oiie 

t,enth of a picosecoiicl. I11 a cliiasi 2D 1ietc:rost.ruct.ure or 

cliia~it~iiiii ~vell, tlie finit,e elect.ronic \vn.\~ef~iiictioii wiclt,li 

iii t.lie Iliird diinension rediices tlie scat,t,eriiig r a k  froni 

the st.rict.1~ 2D result., iiirikiiig t . 1 1 ~  rc?la.xa.t.ion t,iiiie foi. a 

real layer soniewliat. larger (10-40%). 

Lct. iis firzl. examine tlic siniplest. moclel, wliich coii- 

sists of a systein of iioii-iilt,era.ct,iiig liot. cl(ict,roiis a.t a.ii 

electroii t,eiii])erature T, iii contact with a lat.t.ice a t  

teniperature TL and obeyiiig a noii-dege1iera.t.c chssi- 

cal sla.tsistsics 1:i.e.: RIax1rell-Rolt,ziiií1111i st.al,istics). Tliis 

model is a.pp,opria.t,e for a lon. tleiisii.y elect.ron g;is at, 

liigh tcinperatiires (kBT >> E). I\'(: \vil1 coiisidc,i. limi 

only t.he case wliere T >> T,,: so t1ia.t. t.lic ' \ IR frict.or r1.t 

t.lic lattice t.c-nperat.ure cmi I)c iicglect.cd as compaicd 

witli tlie elecl ronic fact,or. Tliis iiiodel will h? refcrrecl 

to as lhe c1a.ssica.l rnoclel, alt.lioug1-i it uses the quantuni 

int,eract ion nla.t,rix elemeiit,! as \vil1 be seen later. 

For c:lect,roiis obeying a cla.ssica1 M B  distrihution a t  

a t1einperat,ui.e 3 = (kBT)-'  t.lie total power loss per 

elcctroi-i cluc to L0 plionon emission, (E  2 h u ~ ~ ) .  ca,n 

wherc .14(.c) is tlie Frdilich mat,rix elemeiit for the spe- 

cific oiií:-cli~iicnsioiid elect,ron-phonon-interaction, 01,- 

taiiietl froiii a. quantuiii hainiltonian, the energies are 

g i ~ w i  in iiriit,s of Rydberg a.nd Ire have defined x s 

( E  - 1 1 . w ~ ~ )  anel .c* (.r + f ~ u ~ ~ ) ' / ~  . x ' / ~ .  Siiice 

nre a.rc iising classical st,atist,ics wr. are not considering 

t,lic: Pauli excliisioii principie wliich requires tha t  the 

tra.iisition is possil~l(. oiily wlien tlie fina.1 state is un- 

occiipi(xl. 17C are taltiiig iiito account only siilgle LO- 

plioiioii cruission processes, wliicli is just,ified bcca.use 

tlic ncliiiieiisioiial Frohlicli coupling constant defined a? 

CY = ~ ~ ( 2 1 i ~ w ~ . ~ / r n ) - ' / ~ ( f - '  3 ~ i  -c; l )  is rnuch srnaller than 

uiiity iii t.lie materials of our interest ( a  E 0.07 for 

<';a.~is)[L41. 

For oiie-diriiensional syst,enis, tlie integral of Eq.( I )  

lias t,o 1,e perforinecl iiunierically. IIowever, for 2D aiid 

311 syst.eiiis tlie corresporidiiig results can be obtained 

analyt,ically a.ncl a.re of the general exponeiit,ial form 

P = ( ~ W ~ ~ / T ) C - ~ ~ " L ~  , wliere tlie relaxation t,ime r 

is ( 7 í u ~ ~ , ~ ) - ~  in tlie 2D case and ( 2 a u L o ) - '  in 31). 

For GaAs! one finds r = 0.OSps ( 2 D )  and 0.13ps (3D). 

Xlt~lioiigli tliis simple inodel for energy relaxation 

is st.rict.ly valid oiily for a low density electron gas a t  

liigli tempcra.t,ures, it provides a clualitat,ively correct 

clescript.ioii for hot electrori energy rela.xa.tion in two 

a n ~ l  tliree dinieiisional systeins['l. 

11.2. Qiiantiini treatment 

For tlic piirpose of tlie eiiergy relaxation prohlem, 

tlic, total Hariiiltonian for tlie system can be written 

as I1 = IJo + I{,-,,,,. wlierc tlie "unperturbed" part is 

11" = 11, + 11,-, + H,,,,. Tlie electron-phonon terin, 
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wliicli is responsible for t h  dissipat,ion of eiiergy froim 

tlic electronic system, is consitlered t.o bc a sinnll per- 

tiirbatioii t o  H. a.nd cai1 he expressecl a.s 

wliere M, is tlic electroii-phoiiori int>eractioii inal;rix el- 

einent, calculat~ecl for tlie oiie-diirieiisioiial systein coii- 

siderecl; (S = ( q ,  q l )  is t,he three-diii~eiisional phonon 

wave-vector, with q a.nd q l  respectively parallel aiid 

perpeiidicular t.o t,he QW\I' axis; (LQ ancl a$ are tShe 

crcation aiitl aiiiiihilation opera.trors for a.11 LO-plionon 

with wave-vector Q a.iitl /I, is llie Fourier traiisforin of 

tlie elect,ron deiisity operat,or. 

For ai1 iiifiiiite well potciit,ia.l, t,l-ic 1D electroii wa.ve 

firiiction for the (1.: s )  st ate lias tlic well known for111 

where V is tlie 3D volume of t.lie system! aiid -Ly 5 
2 1 ~  5 L, aiid -L ,  < 22 5 L,. 

h r  tlie QWW system, t,Ii(: inatrix elemeiit for the 

electron-plionoii interaction cal1 bc writt,en as 

~ I i e r e  a is the Frolilicl~ coupliiig constant a.nd 

F ( q ,  L y ,  L,) is tlic electronic for111 factor a.ssociatec1 

with the subbaiicl qua.iit.iza.tion i11 tht: z direct,ioii. This 

factor includes the specific gcoriiet.ry and boiiiidary con- 

clitioiis of the syst,enl and will Ile disciissetl l a k i .  

Tlie expression for t,he p o w r  loss pcr carrier for a 

systcm of liot, clectrons ancl lmrc plioiioits, for TI, << ?'> 

can bc mritteii as 

wliere nT is tlie Bose factor aiid 

2 
R, = --.V: T r i i  x ( q . d L o ) .  

h 

This equation for the total power loss coiitaiiis tlic indi- 

rect effect,~ of electron-elect,ron intei.;ictioii t,liroiigli tlie 

retarded pola.rizahility function, whicli, witliin the RPA 

is giveii by x ( y l w )  = ~ ( q , w ) / c ( q , i . ' ) .  The  electronic 

dielectric f i ~ ~ c t i o n  is ~ ( q , w )  = 1 - p ( q ) X O ( q , ~ ) :  p ( q )  

being tlie 1D Couloiub interaction in the lowest sub- 

baiid represeilta.tion ~vliich includes the form factor for 

talie system. Tlie fiiiite temperature bare polarizability 

x0(q,.  i.'; T, p) ca.n be obtained[15] using the identity 

Tlie chernica.1 potential p(S) is calculated n u r n e r i c a l ~ ~ [ ~ l  

from tlie total electron clensity of the systern and the 

free-electron polarizability a t  zero temperature is given 

by t,he ba.re bubhle c l i ag ra~ i i [~~] .  Im X O ( q , u ;  T = O )  is 

nonzero orily inside t,he single-particle excitation region. 

Tlius only bare LO-phonons of large wave-vectors can 

be eriiit,ted. At finite temperatures, in principie, a11 

values of q slioulcl cont,ribute to  t,he power loss in Eq.(5). 

At, low teinpcratures, however, the rnairi contribution 

is still expected t,o come froni values inside the  zero- 

tempera.tiire single-pa.rticle excitation region. 

The diele~t~ric coiistaiit t (q ,  w) tha t  screens the po- 

larizability ca.n be coiisidered in two different extreines. 

Tlie unscreeiled case [ t ( q , w )  = 11 is expected to  be 

valid at  low electron densities, where screening does 

not play an important role. On the other extreme the 

st.a,t,ic-screening a.pproximation [ E  = ~ ( q ,  O ) ]  should be 

adequa.te to  describe high electron densities, because 

tlieii tlhe LO-phoiion energy is small compared 

to  t,lie typica.1 energy sca,les a.ssocia.ted wit,h the  elec- 

t,roiis, iia.iiiely tlie plasma energy hu,. A more realistic 

approxiinatioii would he  to consider the  full dynainic 

dielectric function, that  is, t o  calculate E(Q,G(  = W L ~ ) .  

Shis  should bet,t,er represent the interrnediat,e density 

region. Our numerical calculations e~pl ic i t~ ly  test the  

quaiititat,ive va1idit.y of these a.pproxiniations by using 

t,he full frecluency clependent dielectric function in the  

tlieory. 

111. Hot phonon effect 

Tlie actual situation for energy relaxation is some- 

what more complex tlia,ii is sliown in Eq.(5), even for a 
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single electron, I~ecause tlie einission of ai1 LO-plionon 

doe:, not t:tlíe energy out of t,lie cori~hiiiccl electron 

plus latt.ice system. Tlie einit>t*ed LO-plionon n~iist  cle- 

cay int,o a.coustic phonon (via. tht: a.nliarinonic plioiion- 

plionon int,e .action terin), wliicli t,lien t,liernializes witli 

tlie siirrouiiliiig heat. I~at~l i  fairly quiclíly. Tlie clecay 

of LO-phonons into acoust,ic phoiions involves a fiiiite 

LO-phonoii lifetiine, rph. Slie sigi-iificance of tlie Iiot 

plionoii effect depeads on t,lie relative ina.gnitudes of 

r,,,, and tlie (ilectronic relaxation h l e  r ,  becon-~ing very 

i~npor t~ant  fcr r < ~ ~ 1 ~ .  

This effed lias Reen st,iidiccI in great detail for I m e  

~ ~ - p l i o n o n s ~ ' ~ ]  a.nd can be incluclecl, cluit,e accura.tely, 

\ria. a. Iíiiietic ri.pproximri.t.ioii. MTe assume t,ha.t. the  re1a.x- 

at,ioii of the ],O-plioiion can be  coi-riplet,ely rlescribecl 1)y 

the plioiion lifet,ime rpll. 111 this sit,ua.t,ioii, t,lie average 

LO-phonon occupat,ion nuinbers are not given by a Bose 

factor a t  tbe Inttice t,eniperature, since t.lie einit,ted LO- 

plionons are no longer a t  ccliiilil~riuin with t,he la.tt,ice. 

The clissipatcd power cai1 be writt.en as 

whicli, of coiiim, is ident,ical t o  Eq.(5) wlien tlie phonon 

relaxat,ioii t.iine is zero: i.e. wlien tlie emitted LO- 

phoiions clecqr insta~lt~aneously. When r,,/, is large, 

therc could 11:: a suhsta.ntia1 liot. (i.e. iioilequilil~riuii~) 

phoiioii bottlc neck effect., causing a. stfrong rediict,ion in 

t.he cooling rate. 

IV. Phoiioii i n o d e l s  

We liave ;tiiclied several clifferent inorlels of the 

electron-phonon interaction. Tlie finit,e cross sect,ion 

of tlie QWW ucts to rediice tlie Coulomb int,eraction, 

ancl may also inodify the LO-plioiion spectriirn t,liroiigli 

plionon coiiíinm~ent. effect ,~,  conseq~ent~ly  affecting t,he 

electxon-phonctn i i l tera~t~ion.  

The  simp est approxiination, wliich is wiclely 

co:lsists of coiisidering bulk 3D-plionons, 

that  is: t80 assume that  t,he LO-phoiions of the mi- 

crost,ructure a:.e the  bulk ones? t,lierefore ignoring any 

modificat,ion oj' tlie phonon spectrum iiit,rocliiced by t,he 

fiiiite widtli of the QWW. We shall refer to  this model 

as tlie bulk inodel. A more realistic approach is to  

t>a.ke intlo account Lhe effects of the confining geome- 

try on t,he LO-phonon spectrum. This can be done 

using two diRerent rnacroscopic approaches to  phonon 

confinement,, tlie electrostatic or slab model and Lhe 

mechanical or guided rnodel, which differ essentially 

in t,lic way the macroscopic boundary conditions are 

appliecl. In t,he electrostatic or slab r n o d e ~ [ ~ ~ ~ ~ ~ ]  one 

applies boundary conditions on the electro-static po- 

tential. Then for the  LO-phonons, we have traveling 

m v e s  in tlie direction of t,he wire (z), and standing 

wa.ves i11 the transverse directions (y ,  z ) .  This approxi- 

mation is valicl when tlie component of the polarization 

along tlie x-axis is iauch larger than i ts  components 

in the confined diiections [k, >> n / L y ,  n/L,]. In the 

i~ieclianica.1 or guided n ~ o d e l [ ~ ' ~ ~ ~ ]  the boundary con- 

ditions are applied to the atomic displacements a t  the 

interfaces. Tlien, tlie phonon wavevector directed along 

t,he quant,uni-wire a.xis is small relative t o  the sum of 

tlie t,n70 quantized phonon vvavevectors in the other two 

directions [(k,:)2 >> (,/Ly)' + (T /L , ) ' ] .  

For a11 these one-dirnensional models, as we dis- 

cusscd before, the electron-phonon matrix element is 

given by Eq. (4) and contains the quantum form factor 

corresponding t o  the system considered. 

IV.1. Bulk model 

111 the  bidk model the electroi-is are confined in the 

cjuantum wire and tlie phonons are three-dimensional 

bullr phonons. The  form factoi for this system, for elec- 

t,rons in tlie lowest subband and assuming an infinite 

well pot,ential ca.n be xvritten as["] 
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IV.2. Confined models 

Tlie synmietry or tlie parity of t.lie nJa.ve f~inctioiis 

of tlie slab aiid mecha~nical models has to be opposik 

since in the slab model lhe electric poteiit,ial 1ia.s nodes 

a t  tlie int,erfaces> wliereas in tlie niecha.nically co~ifiiiecl 

model it is tlie electric field wliicli is made to miiish 

a t  tlie iritcrfaces. Tlien, n~athernat,ically, t,lie diíference 

between tliese t,wo sets of inodes is iepresented only by 

tlie intercliange of tlie sine m d  cosine f~mctions i11 tlie 

d1ra.tiona.1 a.iiiplit,ucIes of tlie ~ i i o d e s ~ ~ ~ ~ ~ ] .  

For the confined morles lal~eled 1)y m aiid 11, in 110th 

models, tlie forni fa.ctor Fl,7.1,(q) can be writ,ten a ~ ~ ' ~ ~ ]  

only non-vanishing term is P,,, = 0.25. Thus, in each 

case, we can consider only one value for P,,, which cor- 

responds to the lowest possible m and n for the  model. 

In tlie rest of tlie paper, we present our numeri- 

cal results for tlie intrasubband energy loss rates in 

GaAs QÍVW. \Te have used the following parameters: 

tn = 0.087 nz,, a = 0.07, t 2 ; j ~ ~  = 36.8meV. \Te con- 

sicler wires with lateral dimensions between 20 to  1000 

A,  clcctronic densities of 103 - 107 cm-I and electron 

teniperatures between 50 and 300K (TL = 0 through- 

out) .  \%'e have considered both classical and quan- 

tuni cases for tlie tliree ~ h o n o n  confinement models 
(1 1) descrihed before. In the quantum systems, severa1 dif- 

where P,,, are tlie overlap integrais bet.weeii tlie elec- 
ferent a.pproaclies to  electronic screening were used: no 

t.roiiic ground sta.t,e n7avc fuiiction aiid t,hc conilned 
screening [ c ( q ,  w) = I], static screening [c(g,  w = O)] and 

modes, given by 
full dyna.mic screening, with ~ ( q ,  w = w L O )  In the  dy- 

with tlie funct~ions d,(t) deliiied as «,,(t) = sin[(i-rt + 
Fl,)lr/2], for tlie s1a.b iiiodes: ancl cos[(nt + F,,,)7~/2] for 

the guided modes. 

Since the only non-vaiiisl-iing iiit,egra.ls of tlie t,ype 

of Eq. (12) a.re t,liose involviiig exclusively protIuct,s of 

cosines, P,,,, can l x  expressecl as 

(%)L 171. K 
P m  = mn(4 - m2)(4 - ? r 2 )  .sin (T)  siri, ( y )  

(13) 
In order for P,,,,, to be norizcro for the slab niodcs! 

we must liave hot,li 112 ancl 12 odd integers, clue to 

the functioiial dependcnce of tjhe plionon \trave iunc- 

tion. The  total iiiatrix element is ol~t,ained perform- 

ing tlie sum over tliese odd lsl~cls.  Slie lowcst or- 

der is Pll = ( 8 / 3 ~ ) ?  Si~icc it cai1 be sliowii tlzat 

IPlsl = 0.2 x Pli and IPij( < 0.04 x Pll for i , j  > 1, 

Lhe doil-iinant contribution t,o this suin is made 11y tlie 

mode v i th  nz = 12 = I .  Tlius! wc cai1 to a. good approx- 

ima.tjion consider only t,lie lowest orcler overlap iiit,egra.l 

P,,,,, for t,Iie slab iiiodels. On tlie other Iia.iid, for the 

guidcd modes m ancl n niust havc ~ \ ~ e i i  values and tlie 

na.iiiica.lly screened case we have also considered the hot 

plioiioii effect, with values for rph from 0 to  100 ps. Note 

tliat iii the  classical, unscreened and st,a.tic screened 

cases Tve have not considered the liot phonon effect. 

Tlie single suhband approximation, used tliroughout 

this paper, is valid for tlie electron densities and the 

wire cross-sect,ions chosen in our calculations. 

In Fig. 1 we compare tlie results for a11 three mod- 

els, for a. given densit,y, wire dimension, and dynamic 

screeiiing (rp,, = O and 7 ps). Although, the experimen- 

t,a.l value for tlie hot phonon life-time in GaAs quantum 

rvires is not yet I~nowii, 7 ps is the experimental 3D bulk 

v a l ~ e [ ~ ~ ] .  111 lhe scale of this figure, for each modeI, it 

is not possible to  dist,iiiguish between the curves for 

the classical result, tlie unscreened or t,he dynamically 

screened system wit,hout hot phonon effect. For tlie 

smaller wire sizes aiid lower densities, a11 the  results 

for tlie differeiit approximations coincide with the  cor- 

responcling cla.ssica1 results. The  effectfs of the  density 

and of the inclusion of the hot phonons are more pro- 

nounced for the slab iiiodes and the values for the me- 

c1ia.nically guided modes are mucli snialler. The  results 

corresponding to  the bulk model lie in between the two 



Figure 1: Polver loss per carrier as a fiinct,ioii of inverse elec- 
tron temperatiire, for a quantum wire of lateral diinension 
L ,  = L, = 11)0A ancl ,V = i~\ciri-'. We liave represented 
the tlynamically screened results for tlie bulk plioiions (dasli- 
dott,ed curve:), slab modes (solid curves) and guicled inocles 
(broken curv,:~). In a11 t,lie t.liree models, tlie tliick curves 
correspond to the case wit,liout liot phonons (r,>,, = O )  aiid 
tlie tliin ciirvzs t,o T p h  = 7ps .  

confined mollels, but  the behavior is clua.litat,ively sim- 

ilar to tliat of the slab model. 

For a11 the models, with or witJiout phonon con- 

fineineiit, qiiant,um ~ ta t i s t~ ic s  lowers tlie energy loss, 

even wit,hout t,he inclusion of ~ c r e e i i i n g [ ~ . ~ ] .  Tliis is 

more noticec.ble for high clensit,ies and or sma.ller wire 

cross section due to restrictions iii the pliase space for 

the electron scattering. As expected, screening usudly 

further 1owei.s the energy loss rate. For the dynam- 

ically screenod systems and low clensities, t8he results 

are slightly liigher tlian those for t8he unscreened ca.se 

( the so-callec' anti-screeniiig effect). However, for high 

densities, dyiiamically screenecl results are almost the 

same as tlie statically screened ca.se. Tlie inclusion of 

plionon confiiiement does not change the overall behav- 

ior of the polver loss curves, hut  only produces a rigid 

dowiiwarcl shift reducing Lhe cooling ra.te. When we 

consider slab phonons, t,lie loss is enhanced, wliile iil 

the case of guidecl phoiions, it is diininished. For all 

the studied ctses, the energy loss is larger for snialler 

systems, a l t l i ~ u g h  tlie activation energy for the  curves 

is approximabely the  same. The  results for log P vs 

1 /T  are a11 approximately linear and parallel to each 

other, as can be seen in Fig. 1. This a.rises from the 

Figure 2: Electron relaxation time T as a function of the 
electron density for L, = L, = IOOA, as obtained from the 
pomer loss for tlie bulk model. Each curve corresponds to a 
diffcrent approximation, as described in the text: classical 
without screening (thin solid curve), quantum without any 
screening (thick solid cnrve), with static screening (thick 
dasliecl curve). with dynamic screening and no hot phonons 
(tliin dashed curve), and including hot phonons, rph = 1 ps 
(dotted curve) and r,,, = 7 ps (dash-dotted curve). 

fact tliat the Bose factor represents the dominant tem- 

perature dependence in Eq.(7). Then, we can write 

P x (fihJLO/r) exp(-huLO/kBT), what allows us to  de- 

fine tlie electronic relaxation time r. 

Tlie results for the electronic relaxation times T can 

be calculated from the low temperature region. Fig. 

2 represents T vs density, for hulk phonons interact- 

ing with confined electrons and the different approx- 

imations considered, and Ly = L, = 100A. For a11 

approximations, when no hot phonons are considered, 

the unscreened case constitutes a good approximation 

for clensities up to  4 x 1 0 ~ c r n - ~ .  However, for larger 

densities, the static screening is a better approximation 

than the uilscreened case. The effect of the inclusion of 

11ot phonons is very strong even for small densities and 

mide cluantum wires. Fig. 3a shows the dependence 

of tlie electronic relaxation time on the lateral wire di- 

mension, for tlie bulk phonon model and a density of 

10%m-l. For the  larger wires the screening effects on 

the electronic relaxation time become more noticeable. 

Also, the "hot phonon" effect depends strongly on the 

electronic dcnsity, evcn for lower densities. This fact be- 
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Figiire 3: (a) Elecbron relaxation tirrie r for tlie bulk niodel, 
as a fiinction of tlie lateral dimension of tlie mire L, = L, for 
to  different densities, N = 10" arid i o5  cm-l. In t,lie x a l e  
of the figure, the reslilts witliout consideriiig liot plionons 
cannot be distinguished, for these densities (solid ciirve). 
Tlie values for tlie dynarnically screened resiilts (ri7h = 7 
ps) are slio~vn in tlie dotlerl ciirvc (,\- = 10"cnt-~)  amd tlie 
dashed one (104cm-I). (b ) r  as a function of tlie plionon 
lifetinte TI%: for different densities and lateral, diniensions: 
L, = L z  = 5.02 (tliick curves) ancl 200A (tliin curves). 

comes more evident i11 Fig. 3b, where ive slioiv tlie cor- 

rela.tion between the "liot phoiions" iil llie bulk model 

and the diniensions of t,lie wire for ri niiniber of different 

densit.ies. 

Qualitatively similar result.s[" x e  obt,ained for the  

elcctron relaxat.ion t,imcs iii t,he t,wo nioclels t,liat incliicle 

phonon confinemcnt effects. Fig. /la shows, for the 

three models, tlie calculaterl r vs electroii clensity, for 

r,,, = O and 7 ps  und L, = L, = 100A. The  s l a l ~  and 

t,he guided niodel result,s werc s l i i f td  so tha.t. afl tliree 

models coincide in the low deilsity region. The actual 

resultas for tlie two confinerl iilodes are shonm in Fig. 

411. The values for thc guicled rnodcs are more tliaii 

Figiire 4: (a) Electron relaxation time r as a fiinction 
of tlie elect.ron density for Lg = L, = IOOA, and the 
tliree plionon approximations: bulk phonons (dash-dotted 
ciirves), slab modes (solid), and guided modes (daslied). 
Tlie tliick (lower) ciirves correspond to (rph = 0) and the 
thin oiies to T ~ I - , ~  = 7 ps. The  curves for the two confined 
models were made to coincide with the bulk results, for the 
low densities. The actual values of the two confined modes 
are sliown in (b): wliere tlie iipper curves correspond to tlie 
guitled inotles and the lower ones to the slab modes. 
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lated bulk results. Hot phoiion bottleneclí is found to 

be tlie single most important physical rnechanism in our 
Ly= L,= 100 A calculations provided r,h > 1 ps. Our calculated relax- 

N= 105 cm‘l ation ra.tes are coinpa.rable to  those found in quantum 

I' ! wells. 

For a11 the oiie-diniensional systems considered, 

when the diniensions are sniali ( ~ o A / ~ o A ) ,  it consti- 

t,utres a good a,pproxiniation t,o neglect screening for 

elect,ron densities below 106 cm-l.  For higher densi- 

ties, screening effects are iiliport,ant with static screen- 

ing becoming a good approximation a t  very high den- 
o. 1 1 1 o 100 

sities. For ia.rger systerns ( ~ o o o A / ~ o o o A ) ,  the screen- 
Tph (PS) ing effect,s cannot be distinguished except in the case 

Figtirc 5: Eltctron relaxatiori time i- as a fii~ictioii of tlie 
plionoii lifctirle rP,, for mire widtli I,, = L2 = IUOA and 
S = l u 5  cm--'. for tlie giiided rnodes (bioken ciirve). tlie 
slab modes (sdicl curve) and tlie bulk plionons (dot-daslied 
curve). 

an orcler of magnitude largcr t1ia.n t,lie sla.11 or t,he bulk 

result ,~,  indic~t i i ig  a rniicli slower rela.xa.t,ion. 

In Fig. h TVe slio~v tlie act.iia1 resiilt,s for r,?,, for 

tlie t.liree mcdels, for a densit,y of 10"cm-' and LI/ = 

L, = 1 0 0 ~ .  Yhe overall depcndeiice on r p h  for the tliree 

cases is tlie s:.me, altho~igli the guiclecl mode results are 

sloírer, especially for lom va.lues of 

VI. Concliision 

In suinina:y, we have calculated tlie liot elect,ron en- 

ergy relaxaticn raie iii GaAs cluant,uin wires for iiit,ra.- 

sitbband rcla~.at.ioii via bullr and confiiied LO-plionon 

iiiocle emissioii in the elect,ric cluaiituni liinit,. Our cal- 

culat.ion inclu -les elect,roti a.nd phonoii confiilement ef- 

fects, cluaiituril degeneracy. dyiiainic screening and liot 

phonoi-i b ~ t t l ~ r i e c l i  effect. \é coimpare llie result ,~ for 

bulk plionons interacting witli confiiied electrons with 

t,he t.mo standwtl plionon coiifineinent inodels, iiamely 

the  slab and tlie guided mode models, and find! coiisis- 

tcnt witli the quantum well situatioli: tliat the guided 

(meclianical) inodes procluce more than ali order of 

magnitude slo~ver energy relaxation then the slab (elec- 

trostatic) m o d s  for int,rasiibbailcl relaxation processes. 

T h e  results foi tlie slab modes are close t,o our calcu- 

where hot phonon effects are included. Another im- 

portant result is tha t  the hot phonon effect depends 

on t-he electronic density. For r p h  = 0, the low den- 

sity electron system cai1 be regarded as unscreened and 

nori-degei~erat~e, which rnalres the power loss per carrier 

practically independent of density. Wi th  the  inclusion 

o i  the hot plioiion effect (rph = 7 ps), when the density 

varies froin 103 to  l ~ ~ c m - ~ ,  the value of r increases hy 

a factor of two. 

At tlie present time, tliere is no available experi- 

menta.1 information on hot electron energy relaxation 

in seniiconductor qua.ntuin wires. Our hope is tha t  our 

ext,ensive nurnerica,l investigation of the cooling rate will 

stiniula.te experimental activity in the subject. 
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