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We study tJie effect. of ali 011-sitse electroii-phonon int,eraction on t,lie electric transport of 
inesoscopic liet,erostructures~ (lescrihed by a. tiglit,-bincling Han~iIt,onian with a local electron- 
phonon interaction. The electroiiic problein is solved iteratixdy and tlie phonon population 
is found self-coiisisteiit,lg. Tlie conductaice as a. function of t,lie a,pplied bias is calcula.ted 
usirig a. new forma.lisii? suitahle to  t ieat  many body effect.s. Double barrier Iiet,erostructures 
are st,udied. Tlir: result,s compare ~vell ~ r i t l i  experimenls a.nd generalize previous calculations. 
We also coiisicler a fa. t  potent.ia.1 profile (1:.g. a. layei of C:u.As between a ,ÇiGe alloy). T h e  
coiiductaiice shoms a.n step-wise behavior wliicli is related t,o t,l-re openiiig of plionon channels 
when tlie bias is increasecl. T.lTe propose as well a device which coulcl generate colierent sound. 

I. Introdiiction 

S h e  study of electronic transport. iii imesoscopic het- 

erostructures has created izew ideas i11 tlie genera.l field 

of t,ra.ilsport in solicls vliicli n7as iiiainly developcxl tso 

understand t,he dyna.inic of ca.rrier.s in inacroscopic sys- 

tems. As soon as the size of t,he system approaclies the  

wavelength of the electron, tmnsport  tlepencls upon t he 

interference of propaga.ting elect,ronic r.iraves. 

The plioiioii assisted resonaiit t~~n i i e l ing  i11 a. tlouble 

barrier Iieterostructure (DBH),  first. ohservecl hi; Gold- 

man, Tsui antl ~ u n n i ~ h a n i [ ~ . "  aa.lld studiecl by severa1 

au t l~or s [~ , "  ivw: a.n important contrihution t,o t,lie un- 

'10Ui  derstanding of this problern. The oscillatory beliax ' 

of tlie coiiductance in semicoiidrtct~ing point contact,s 

and sateiiit,e peaks in double barrier devices are conse- 

qiiences of the electron-phonon iriteraction. 

The theoretical treatineiit of these systeins is ra.trller 

involved because they a.re ina.ny body systeins referring 

to a far froin equilibrium situation, where standard h -  

ear rcspoiise tlieory does not apply. 

Severa,l rnicroscopic models have appeared in the  lit- 

era.t,ure t o  st,udy tmnsport  in naiiodevices in t,lie pres- 

ente of electroii-phonon interaction. They were t,reated 

as a scattering probleni ~vliicli required a two particles 

Green f~inct,ioii[~], as a first, order tunneling strength 

calculatiori[" or using the very powerful Keldysh for- 

ii~alisin as a. iionec~uilil~riiim p r ~ b l e r n [ ~ ] .  

We clevelop in t,liis pa.per a formalism capable to  

trea.t. tlie many body probletii wliich results from a. sitii- 

at,ion in wliicli elect,ronic carriers int,era.ct with plionons 

as tliey go througli a inesoscopic lieterostructure. The  

problem is t,reated here witliin the context of the  gen- 

eralized LancIa.uer-Biittiker fo r ina~ i sm[~~"  eextended to  

incorporat,e tlie effect of many body interactions. How- 

ever i t  is based in a f ~ d l  microscopic model for the  elec- 

trons, phonons a.nd tlieir interaction, different from the 
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trons, phonc~ns and their interaction, differeiit from tlie In this Hamiltonian c+ represent the creation op- 

phenomenological approach followed by But,tiker to iii- erator of an electron iil a state localized at site i with 

troduce diss pation[g]. spin u. The spin index was suppressed t o  simplify the 

In partic dar  we are interested in the case when tlie 

distance betweeil the resonant. peaks Acp approaclies 

the energy ofthe longitudinal optical (LO) phonon hwo.  

This situaticn can be easily tailored by controlling the 

width of the well and the height and width of the bar- 

riers. When Acp  coincides with h. it  is possible to 

create a situation in which the electrons are injected 

at the seconi peak to invert the population. Tliese 

notation because we do not treat here the magnetic 

problem. The summation over i includes implicitly a 

summation over ã. The operator b$ creates a phonon 

in tlie well with linear momentum q .The potential pro- 

file is included by considering a site dependence of the 

diagonal matrix elements t i  . 

We suppose that at  +cc and -a the system is con- 

nected witli a thermal bath of particles which plays the 

electrons dec3y to the lower resonant leve1 eniitting co- role of fixing the left and the right Fermi levels EF, and 

herent L 0  pl-onons . This effect, aiialogous to the laser E I ; . ~  . 
effect but with sound instead of light could be called llie are assuming as well that the electron-phonon 

SASER and it will be discussed later. inteiaction is restricted t o  the well whose length L is 

Tliis p a p r  is organized in tlie following way. In typically of the order of 10a to  50a where a is the lattice 

section two we present the model Hamiltonian and also pa.ra.n~eter. In reciproca1 space this admits a localiza- 

tlie many botly operators adequate to treat it. Section tion for y, of the order of 1 /L .  Besides, as the coupIing 

three is devo.,ed t o  develop the method used to solve grq is stronger for low q ,  and for the sake of simplicity 

the eigenvaluc problem introduced in the precedent sec- we approxi1nat.e g, = ghqO.  

tion and to describe the calculation of the characteristic The state of the system is expanded in a basis of 

curve of the system . The fourth section discusses tlie states lin > which represent an electron localized at 

reliability of t ie  production of coherent ultrasound. Fi- site i together with the existence of n phonons in tlie 

nally in section five are discussed the results for severa1 well. 

different phys: cal situations. 

11. The model 

The systern is represented by a nea.rest neiglibors 
We assume the basis to be orthonormal such that 

one-dimensional tight- binding Hamiltonian. We ne- 

glect the interaction between the electrons a,nd the ar =< inJ$ > . (3) 

acoustic phonons because in polar semiconductors lilre If we define the operators 
GuAs it is niuch weaker than the electron optical 

phonon interaction which is considered in the Frohlich 

approximation. 

we obtain 

where 10 > is the va.cuum state. 
i 4 

(1) 
The equation of inotion for these operators can be 

easily ohta.ined and it writes 
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The  last te rm in tl-iis equa.tion represents ai1 

electron-electron interaction mediated by pl-ionons . 

This is the Migdal term that  gives rise to  superconduc- 

tivity . Consistently with neglecting the direct electron- 

electron interaction n7e do not consider the  one medi- 

ated by the phoilon field. 

We calculate the ma,trix element,~ of equa.t,ion (6) 

between < O [  a.nd 14 > and Iooking for sta.tiona.ry solu- 

t,ions of the problem we obtain t,he following eigenva.lue 

equations to  be solved 

111. The calculation 

As illustrated in Fig. 1, i = O is t,he first &e of the  

DBH left barrier. For i < O me liave c; = O and we 

can consider g = O. Therefore tlie system (7) decouple 

into a set of independent equations that  can be solved 

analytically. The solution is 

= ~ , ~ i k x ,  + ~ , , ~ - i k , ~ x ,  , i < O ,  

where k ,  is defined by the  dispersion relation 

h, . - - i z i i i o  + 2t cos k ,  a ,  

Figure 1: It is shown the potential profile for an applied bias 
V = O.02t. The position is measiirecl in units of the lattice 
parameter. For tliis situation five channels are possible. 

For a real L, t he  first. term in equation (8) represents 

an incident wave and the  second a reflected one. 

I t  is convenient t1o define the energy measured from 

tslie hot,tom of the  conduction bana E r iiw - 2t 

6 = nfwo + 2t (cos k,, u - 1). (10) 

TIie seconcl term in equation (10) is the kinetic en- 

ergy of t,l-ie electron. For n greater than some no this 

kinetic energy turns out to  be negative (no is zero if the 

Fermi energy E F  is Iess than tlie L 0  phonon energy fujo 

as it is usua.1). Tliat means that  we have kn = i ~ ,  and 

the solutions take the  form 

In this case the amplitudes In have t o  be  zero for 

these modes in order to  assure a regular behavior for 

z -+ -m. Tl-iey are vanishing modes a t  left. 

On the other hand for i > AJ we have a flat potential 

profile, i.e. = - V where V is the applied bias, and 

as g = O in tl-iis region as well; the  system of equations 

is decoupled. 

Without lose of generality we can assume that  there 

are no incoming wa.ves from the  right. The  solution can 

be writ,t,ei-i then as 

where t < 0. 
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where kk f~ l f i l l  tlie dispersion relat,ion 

We 1ia.v~ not soiutions with negative kinet,ic energy 

a t  the right part of the syst,em. 

Tlie problem reduces now to malte ~ompa t~ ib le  the  

left with t l i ~  right solutions wliat ca.n be  easily acliieved 

by nuineric;dly iterating equatioii (7). Tlie process is 

very fast ancl yields the  exact solution of this model. 

Froni eq-iatioli (7) we can get tlie coefficieiits a t  site 

i - 1 as explicit functions of the two followiiig sites. 

We calculate from expression (12) tlie coefficients a t  

two consecu.ive sites witl-i i > :V a,s a starting point. By 

choosing T, = O for some chamei  and zero for the otli- 

ers a,nd it*erz.ting (14) me get the expa.nsion coefficients 

a? a t  two siiccessive sites with i < O fi.0111 wliich tlie 

incident a.nd reflect,ed ivaves a.mplitudes cai1 he  calc~i- 

lated. This corresponcl to arbit,raries values for I1, a.nd 

R,, and in general I ,  will not be zero for tlie clianiiels 

below the ~c~i lduct ion bancl. Therefore these solutions 

have no pliyr ical nieaning. However, as t,he relation be- 

t~veen input (left) and output  (riglit) is linear, we can 

calculate tlie response T,([) for an  a.rbitrary in- 

put  11% . 

Let us define matrices MT aild MR such that  

R71(f) E lu~mn I ~ ( I )  (16) 
111 

or: shortly T = MTI , R = MRI 

As we start  from tlie right we liave to  express I a.nd 

R as functions of T by inverting the  former relatioiis 

o 1 R = MRMT T = GRT (18) 

For tlie sake of simplicity we start  with Tn(q = Sni 

and tlieii from the amplitudes calculated iteratively we 

get GI = I0 and GR = R'. After that  it is straight- 
1 forivard tjo obtain MT = ~ f '  and MR = GRGÍ . 

As it. ~ v a s  discussed above, the  situation for EF 5 

h,wo corresponcls t,o I,, = Io6,,o that  yields the result 

ancl gives tlie response to  an  incoming electron with 

energy O _< t < E F .  

Our purpose is t o  calculate the characteristic curve 

of this device. This can be achieved calculating directly 

the current J .  

In tlie region outside tlie well in which g = O the  sys- 

tem decouples iiito independent clia,nnels and the cur- 

reiit is easily calculated . Froni the Hamiltonian (1) we 

obtain tlie continuity equation 

dQi 
- + (Ji+i/2 - Ji-1/21 = 0 dt (21) 

where Qi = ec+ci is the  charge operator at site i and 

,JiJiSlIL, tlie current operator a,t the bond linking sites i 

an i + 1 , is defined as 

.Ji+112 = (et/hi)(c+ci+l - c?+'ci) (22) 

froin wliicli we get the average current a t  this place 

j i+ l / 2  -< d(J i+1 /2 (d  >= (Setlh) E ~ r n ( a $ ~ a ~ )  
1, 

(23) 

For i > 11; , a: has the simple analytical expression 

(12) aiid vve get 



334 Rrazilian Jonrnal of Physics; vol. 24, no. 1; ,March, 1994 

and eacli term (i..e. t,he current in each cl-ianriel) is sit3e ea.sily contiolled in samples grown by moleciilar beam 

iildependent as e x p e c t d .  In t,he s a n e  way for i < O me epit.a.xy. For Gah-G'u.Al-4s samples, tlie height of the 

ge t. barriers can be also ~ont~rol led  through the aluminum 

conceilt,ration. 

j,+1i2 = (2et/fi) ( 1  I? 1' - 1 nTl 1') sin (25) ' 

17 5 77 o 
l f  tlle lialf-life of tlie electrons traversing the well 

- 

witb energy corresponding to  the first excited peak is 
It. can be seen t1ia.t t,he current is coiiservecl i11 our 

long enough. tlhe populat,ion in the well is inverted (as 
i i~odel.  

it. occurs i11 diode lascr). TVhen an electron relaxes by 
For t,hc case r F  < hwo t,his rxprcssion rcxluces t,o 

ei~iit.ting a L0 plionon, this elastic excitation is con- 

because no = O 

In order to get tlie total currerit. we Imve t,o sum over 

a11 the states I>eloív tlie Fermi energy. This surn is trans- 

formecl in ai1 int,egral over energies ancl t,aking int,o a.c- 

count tha t  for tlie zero cliannel a t  left, p(c) = sin-' kou, 

wc get tlie simple expressioil 

where \ire haxe assumecl one iiicoming electron per s t a h  

ko a.nd spiii. 

IV. C o l i e r e n t  sou i id  

Tlie forma.lism clevelopecl here 113. cont,rast with tlie 

one clescribed by Kef. [4j is not lirnitecl to trea.t thc 

sit,uation in whicli Acp > hwo. Tliis lirnit,atioii arise 

tliere fiom trlie reduction of tlie well t>o a single poiiit via 

a renorinalization. Besides, oiir formalisni periilit,s t o  

treat tlie phonon system coupled witli electrons travers- 

ing the well. 

The  device proposed liere consist. in a double bar- 

rier systeiii witli a wide well in between in sucli a. 1va.y 

tliat t,lie energy clifference Acp bet,meeii t.he first ancl 

t,he secontl 1)ea.k localizecl írithiri it.: coincides iiritali tlie 

plioilon energy. Tlie eiiergy Acp rlepeilds upon tlie ap- 

plied pot,ential because t,lie well beconles a.pproxiniately 

triangtilar wit,li ali inclinatioii cletermined by tlie bias. 

If the barriers are wide or higli tlie widtli of the reso- 

nant peaks dirninislies and it,s spont,aneoiis lialf-life iii- 

cremes. Tlie widt1-i of t>lie well antl t,he barriers can be 

fined to  the d l I 1 o ' l l ] .  The presence of this vihra.tion 

a.t ii frequency tha.t. coincides with Arp  will stimulate 

the emission of ncw phonons in phase with the first 

one. I t  can be seen in our Haniiltonian that  the proba- 

bility of stimulated einission is equal to  the probability 

of absorption. As the population is inverted the pro- 

cess continues, proclucing a great number of coherent 

phonoiis~ uiit,il tlie lieat produced by the decay of L 0  

plioiions (and by electrons also) put the system out of 

tlie resn~iance coildition. Tlie system can be pumped 

coiitinuously by injecting electron but proha.bly it. will 

be necessary t,o work in a pulsed regime. 

Severa.1 shortcomiiigs have to  be overcome in order 

to produce tliis device in a laboratory. Probably a fine 

sintony will I x  recjuired in order to  achieve the reso- 

nant coiiclition. This can be done t,hrough the applica- 

tion of a. magnetic field. Tlie continuum due to  the free 

electron rnotion in the direction parallel t o  the  inter- 

face coiild broaden too much the peaks. This problem 

could be hypassecl by reducing lateral dimensions. Be- 

sides, tlie beam of LO-phonons lias a group velocity 

nea.r zero and they decay by em~ni t ing  a pair of acous- 

tic phonon ivitSh same energy and opposite wave vect,ors. 

Tlie time scale of this decay is a few picoseconds then 

tlie beain of LO-plioi~oiis is confined close to the  well. 

'Tlie seconclary 11ea.m of acoustic phonons has the ha.lf of 

enenrgy of the primary L 0  beam and i t  can propagate 

out!side tlie device. The beam of acoustic phonons may 

be no loiiger coherent. Several other effect could create 

otlier difficulties to  fabr icak the device. 
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If t,he col-erent ultra.sound could be producecl, it will 

have a. wide ra.nge of applications. As t,his high fre- 

quency sound ca.n propagate tlirough Gu.4.s it will be 

possible t,o ~epara.t,e a referente beain ancl inalie it to 

int,erfere wit -i one that  passes through a. sample. Tlie 

registered ini erference patt,eril could be used to produce 

an  liologram that  reveal the dist,ributioii of impurities 

and defects. 

IVe clon't know if very high frequency ult,rasoiind 

coiild by use11 tro stiidy biological t.issues but.  if it were 

possiblc! t,he coherence of tlie beam will strongly iin- 

prove tlic res ~ l u t i o n  of ecograpliies a,iicl n d l  perinit a.lso 

tlie p rod~c t~ ion  of medical holograms. 

V. R e s u l t s  

Here ive preseiit the cliaracterist,ic curves foi dou- 

ble ba.rrier li< terostructures aiid for syst,ems wit,h a flat, 

profile. 

For GaAs t>he lioppiiig co~ist~asit cai1 be t8alren 

t = 5.2eV cleterinined from t,he effective mass m* = 

0.067[~1. Tlic: L 0  phonon frequency o i  bulk Gails is 

bo = 36 111e'~r, an the streilgtli of t,he elect,roil-pl-ionon 

interact,ioii is approximatcly c/ = 20 meV. Tlie otlier 

parameters n.ill depend on sample prepara.t,ioii. Tlie 

height of the I~arriers va.ries t,ypica.lly between 401neV 2 
e" < 4001neb. depending on aliiininuin concentjration. 

The widths cf  t.lie ba~r i e r s  a.nd t,he well have a wide 

range of variàtion. Tlie Fermi lcvel dcpends o11 t,he 

dopiiig (n+)  in bullr Gu.4~ , and it cai1 be also varia.te 

casily . A high Ferini leve1 broadeii the pea.ks. 

We have ;aliei1 a typica.1 symmetric samplr co111- 

posed of a wcll of 25 layers of GaAs bet,nwii lnrriers 

of O layers of AI,Gal-,As. Tlie height of tlie barriers 

was taken eu I= 100111.eV aiid t,he Fcrini leve1 at  left Iras 

set t.o cri = 5meV . 

\Te cai1 okserve that  tlie energy clifference 1xheei-i 

the main peal: a.nd its satellite 4tl is iiot equal to the 

L 0  plionoii eiiergy t u o .  Tliis is due to the fact that  tlie 

potential droyl inside the well is less t,ha.n the applied 

voltage[']. As our rnodel assumes a linear variation of 

the pot,eiit,ial due to  the a.ppliec1 bia.s (neglectii~g the 

baiicl bending a.nd tlie asyinmetric profile due to non- 

linear effects): tlie potentia.1 drop a t  the middle of the 

well is half of tlie applied bias. Therefore we expect a 

salellite peali for V = Vp + 2 L o .  

Tlie resu1t)s are shown in Fig. L.  T h e  applied volt- 

a.ge is ineasured iii units of t,. The energy difference 

4ti = 431neV is very elose to tlie experimental result. 

M'e have a.lso calciilated the current for a system 

with a fiat profile. Tliis situation can be achieved exper- 

i~iieiit~ally giowiiig la.yers of GwAs merged in a matrix of 

a. S iGe tailoretl in such a way that  the conduction band 

offset betweeii tliem be iiegligible. The GaAs-SiGe in- 

terfaces act as cont,act,s, then the potential drop occurs 

t,lirough t.lie GuAs. Whea the applied voltage increase, 

new cliannels are open a.nc1 the current jumps. In Fig. 

3 we cai1 observe these steps. In a real device these 

discontinuities in tl-ie current will be recluced to  only 

discontinuit,ies iii tlie d e r h r i t i v e  of the  current due t o  

the mot,ion parallel t,o t,he interface. 

Figure 2: Tlie cliaracteristic curve for a DBH shows the well 
known satellite peak. 
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Figure 3: Characteristic curve for a flat profile (see text). 

The study of t,he resoimnt situa.t.ion clescril~ed iii the  

last sect,ioil requires tlie iiiclusion of tlic half-t,iines of 

phonons and electrons. LO-plionoiis cai] decay i11 two 

acoustic plioiions a,nd electrons cai1 also relax cmit,- 

ting acoustic phonons. These effect,s cai1 be included 

t,hrough a.n imagiimry pa.rt iil t,he systkin eiiergy hw -i 

t7hù + i?]. This calciilation is uiiclercoiirse aiid it will be 

published elsewhere. 
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