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The aim of this work is to describe the behavior of a device capable to generate high-frequeRidy)(
acoustic phonons. This device consists in a GaA&%A| ,As double-barrier heterostructure that, when an
external bias is applied, produces a high rate of longitudinal optid@) phonons. These LO phonons are
confined and they decay by stimulated emission of a pair of secondary longitudinal optidaktidrans-
versal acoustic phonons. The last ones form an intense beam of coherent acoustic phonons. To study this effect,
we start from a tight-binding Hamiltonian that takes into account the electron-phonon and phonon-phonon
interactions. We calculate the electronic current through the double barrier and obtain a set of five coupled
kinetic equations that describes the electron and phonon populations. The results obtained here confirm the
behavior of the terahertz phonon laser, estimated by rougher treatfSe®tdMakleret al, J. Phys.: Condens.
Matter 10, 5905(1998.]
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. INTRODUCTION # w4, the phonon emission is inhibited. For a given bitthe
resonant conditiome~#%w, is achieved and the electrons

Since the pioneering experiments of Chang, Esaki angegin to decay to the ground state by emitting primary LO
Tsu? the tunneling processes in semiconductor heterostrugshonons. The potential profile and the level positions at this
tures have attracted great interest. This has been increasingsonant condition are shown in Fig. 1.
with the development of modern deposition techniques such For an Al concentration greater than 0.@%®ef. 6 or 0.3
as metal-organic chemical-vapor deposition and moleculafRef. 7, these phonons are confined to the weiey can be
beam epitaxy that can provide artificial nanostructures. Sucf!S0 absorbed by exciting electrons fremto &,).

structures, coupled to electrical leads, can display many un- 1h€ process described above, acts in parallel with the de-
usual behaviors. cay of primary LO phonons due to anharmonicity. One prod-

Most of works have focused on electron transport phe_uct of this decay is a secondary longitudinal optical phonon

nomena through heterostructure devices. The double-barriékO). the other is a transversal acousfié\) phonon®® The
heterostructuréDBH) permits the creation of several kinds LO-TA pair is produced by stimulated emission. Therefore
of electronic devices such as semiconductor laser diode#ese TA phonons, for a bias greater than the operation
ultrahigh-frequency oscillators, and many others. threshold, are coherent and form a beam that we call saser by
One of the most important problems in the study of reso-analogy with a laser. The coherence of the device presented
nant tunneling in DBH is the electron-phonoe-gh) inter-  here was studied previousfyby developing a formalism
action. After the works of Goldman, Tsui, and similar to that employed usually to study the coherence in
Cunninghanf.® the importance of electron-phonon interac- lasers™*? that take into account the competition among the
tion on the electronic properties of these structures was reaseveral emitted modes.
ized. However, little importance has been given to the study
of the phonons generated in this process, the way they prope
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gate, their decay processes, etc. %00 ™ b b - 404 A 1
Our purpose is to study the phonon generation in a DBH 250 d=203.4 A .
under the effect of an external applied bias. Our device con- ., [ et =15 meV ’\‘ ]

sists in a DBH made of GaAs-/ba, _,As. It was designed
in such a way that the differences between the first excited
level e, and the ground state, in the well is of the order of
the longitudinal optica(LO) phonon energyi w4, for a small 50 i
applied biasV. Here, w, is the I'-point LO phonon fre- [ &7 . ]
quency. The Fermi levetr in the emitter is such that the A \% .
excited level is above it. With a further increase\in the sor L ]
levels in the well are lowered relative tof. When the -100 L—t L L L L L1
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ground state comes under the bottom of the conduction banc
the current is almost suppressed until the lewglreaches
ef. To continue increasiny, the current begins to flow FIG. 1. Potential profile and energy levels at the resonant con-
through the excited level, but sincee remains less than dition. b;(b,) andd are the barriers and well width, respectively.
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In the early 1960'$2 generation of coherent phonons was available that can produce three-dimensional images of very

discussed theoretically and observed experimentaly. high resolution.
Several experiments and applications were suggéSted. Equipments for acoustic microscopy are less known but
These phonons can be generated by intense pulses tifey are also commercially available. The most used tech-
laser'’~?'More details were described in the review of Kurz nique is scanning acoustic microsc8pthat can attain reso-
and co-workerg? In a recent review, Merliff discusses the lutions higher than 0.4um, taken with phonons of 2 GHz.
generation of pulses of coherent terahertz optical phonons by Besides the scanning acoustic microscopy, several tech-
intense femtosecond-pulsed lasers. niques have been presented in a recent redfgmrotoacous-

Coherent acoustic phonons can be also obtained with ic microscopy, scanning electron acoustic microscopy, and
wavelength given by the period of the superlattice wherescanning laser acoustic microscopy. The theory of acoustic
phonons are optically generatéce., 500 A)?*In our case, imaging was also reviewed, schematic diagrams of the dif-
the system generates coherent sound by electronic meaferent microscopes are presented and several industrial appli-
with much shorter wavelength. The generation of high-cations are discussed in Ref. 48.
frequency monochromatic acoustic waves by laser-induced The equipments mentioned above work at up to 10 GHz,
thermomodulation was reported by Dametnal ® The pho-  three orders of magnitude lower than the frequency of the
non frequency ranged from 2 to 4 GHz comparing with 2phonon beam considered in the present paper. Therefore they
THz for our device. have a limited theoretical resolution given by its wavelength

Generation of phonons by stimulated emission was thecothat is one thousand times greater than that generated by a
retically consideret® and observed experimentally. Bron and DBH device.

Grill?” reported the direct observation of the stimulated emis- To make the acoustic nanoscopy possible, it is necessary
sion of 24.7 cm? phonons in a three-level system of V  to have a coherent beam of ultra-short-wavelength phonons.
ions in ALOj5. Prieuret al?®?°studied the phonon emission To obtain images of a small structure, one would need waves
in a two-level system of a glass. These phonons had a widghorter than the size of the details of the system.

frequency distribution arounéb=0.34 GHz. Zavtrak and Maris* describes the process of acoustic nanoscopy by
collaborator®~**proposed a device consisting in a dielectric means of echoes of ultrashort phonon pulses optically gen-
liguid with small particles or gas bubbles working in a way erated. They are detected by measuring the variation of op-
similar to a free-electron laser. That device could producdical reflectivity due to the scattered phonon pulses. They
coherent acoustic phonons by stimulated emission at a frework with coherent phonons of about 2 THz like those pro-
guencyw~2 KHz. Stimulated emission of phonons in an duced by our device, but they were not produced by a pho-
acoustic cavity was obtained experimentally by Fokkernon laser.

et al**3” They used the metastable Zeeman-split doublet in Evidently, a laser is not necessary to produce optical im-
ruby. These phonons have frequencies of about 60 MHz. ages. Nevertheless, lasers are a very useful tool for imaging

At present, several kinds of amplified coherent beams ofind up today they are indispensable to make holograms. On
bosons are produced by stimulated emission. Besides the trtke other hand, many optical experiments that can be per-
ditional visible or near-infrared photorifasers and micro- formed with incoherent light are done more easily and more
wave photons(masers, other coherent photon beams are precisely with the aid of a laser. Therefore many experiments
produced. High-energy lasing processes like x-ray laserthat are performed today with incoherent phonons could be
(called also xaser¥*°and gamma-ray lasef6RASERS'®  done better with the aid of a phonon laser.
were studied. The phonon laser described in this paper has a wavelength

A very exciting field has recently opened with the devel-smaller than 25 A(that is about 20 times less than for the
opment of atoms lasefd-** Several applications of these device described in Ref. 24Therefore it is possible to use it
novel devices, such as high-precision gravimetry, are proto see structures of about 50 nm. A coherent source of x rays
posed. Strongly related to this is the study of vibrationalof about 20 nm begins to be available nthw! Even if it will
amplification by stimulated emission of radiatiorasey.*® be possible to make images of structures at the submicron

Kleppnef® voices concern against that complicated jargonscale by using x rays of a wavelength of about 25 A, they
of acronyms and proposes to simplify to atom laser, x-raywould have energies of about 0.5 KeV, what could affect the
laser, etc. system to be studied.

In summary, a great effort has been made to produce tera- The device presented here could be used to get a holo-
hertz phonons using other mechanisms different than stimugram at nanoscale. To do this, it is possible to build in a
lated emission. On the other side, acoustic phonons havaAs an acoustic analogous of a Michelson interferometer. It
been produced by stimulated emission but at frequenciesonsists of a thin barrier of AGa _,As designed as a
lower than 2 THz. The DBH resonator proposed here couldemimirror, placed at 45° to split the beam and to force it to
produce a continuous beam of terahertz coherent phonongass one half through the part of the sample we are interested
The ultrashort wavelength of these phonons permits potentiah and the other across a very pure reference GaAs. After
applications. that, we can use mirrofsnade of thick A|Ga, _,As barriers

Acoustic imaging is a very well-known procedure, mainly to superpose them and record the interference pattern with a
in medicine, where the fact that different water contents ordetector. This pattern could be processed in a computer to get
several tissues produce different attenuations for a signal & hologram of the sample showing the three-dimensional
about 4 MHz is exploited. Today commercial equipments areshape of the nanostructure. In a previous papee de-
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scribed, as an alternative, the acoustic version of a Sagnafilation) operators for phonons with momentun perpen-
interferometer. . o _ dicular to thez direction. Two imaginary termsif «,i# k)
Because of the high sensitivity to all types of lattice de-were introduced to take into account the decay by anharmo-

fects, the phonon beam could 426 used to give informationyiqiry of thé LO phonons and the escape of the TA phonons,

about the inner lattice structuré?®and form part of a pho- respectively.

non imaging setup as a sourte. _ To describe the electrons, we use a tight-binding approach
We will show that the amplitude of the phonon beam is, i, hoppingsy between nearest neighbors. Writing the

with atgr_(raﬁlt prfeC|S|tc;]n directly pro??rgonal t?dtge mcc:jmllntg Hramiltonian in a Wannier basis, in terms of the electronic
current. fnerefore the saser ampiitude cou € modulate eation(annihilation operatorsx:;r(cr) at siter, we get

by modulating the amplitude of the current. This will permit
the use of the phonon laser as an information carrier between
circuit components at very short distances. These “phono- _ t t T
electronic” devices could work at smaller distances and He Er: SrCrCr+U<;r,> (CrCerrCrCe), )
lower energies than optoelectronic devices.
If we achieve to make a “phonoresist,” i.e., a material wherer=(l,m,j) with I, m, j=—o, ... . As the system
with a soft mode close to the frequency of our phonon laseas no magnetic behavior the subscriptfor spin) is left
the saser could be used for nanolithography. Due to the shoimplicit.
wavelength and low energy of the phonon beam, “phono- Our system has translational symmetry in the perpendicu-
lithography” would be a better option than the methods cur-lar directions &y). Therefore the Hamiltonian can be un-
rently in use. coupled by expanding the operatars in plane waves in
The potencial applications of the device described abovéhese directions
could be inhibited by several shortcomings. The lifetime of
TA phonons could be limited at finite temperatures. Besides, )
the inelastic scattering of the emitted phonons could be also Cr:E Cjke'k'x"“- (6)
a limitation. However, images with terahertz phonons were .

obtained (with coherent phonons generated in alternative . .
forms),>%*° showing that these shortcomings could be over- We can treat the system as a sum over one-dimensional

came. Hamiltonians for each wave vectdr perpendicular to the

The rest of this paper is organized as follows. The Hamil-currentz direction
tonian that describes our system is presented in Sec. Il. The
solutions of the Hamiltonian are obtained is Sec. lll. In Sec. ~ 4 + T
IV, we show the procedure used to obtain the kinetic equa- He:; > Ejehcitv 2 (CjkCj it CjiCikd) | »
tions. We devote Sec. V to present our results and conclu- : arn
sions.

)

wheree .= &, — 4v. The energies;, are measured from the
bottom of the conduction band of the emitter angl=¢;

To describe our system, we considered a Hamiltoniant k- The energiess; are chosen to describe the energy
composed of a single particle part and one representing throfile of the DBH. For the sake of simplicity, we will leave

II. THE HAMILTONIAN

interactions. The single particle part can be written as implicit the dependence ok.
For thez direction, we separate the space in three regions:
Ho=HetH1+Ho+Hs, (1)  the dispersion region and two semi-infinite one-dimensional

chains. On the left we will have planes with eneegy-0 for

whereH, describes the electrons, af}, H,, Hs the LO, j=<0 and to the right;=V for j=L+1, L is the length of

LO, and TA phonons, respectively. the DBH. The corresponding eigenstates of these two regions
Assuming the grown direction as tkzeaxis, the Hamilto-  are planes waves. If we disconnect the DBH from the left
niansH;, H,, Hs for the phonons can be written and right chains we get for the dispersion region the profile
of an infinite (even not rectangulamwell as it is shown in
leE ﬁwlbI by 2 Fig. 2. . . . . . .
0 a "% For the dispersion region, we diagonalize a three-diagonal

matrix of orderL corresponding to the profile showed above
getting the eigenvalues, and the eigenvectotsn) of equa-

Ho=2 (hw,—ifiry)b) by @ tion
a2 92 %
HLJm)=e|m). 8
Ha=, (hwz—ifikz)b] by 4 A =en
a3 93 s

. Here, Hy, is the part ofH,, that goes from the beginning
wherefiw;, fiw,, hwg are the energies for LO, LGnd TA  of the left barrier to the end of the right one. Written in the
phonons, respectively, arhjq‘ (biq,) are the creatiorfanni-  basis of planes this is,
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FIG. 3. Diagram representing the electronic Hamiltoniab.

As it is well known?® the dominant dispersion process in
polar semiconductors is due to the coupling between elec-
trons and LO phonons.

The interaction Hamiltoniaft;,; has three terms

\ Hint:He-e+He-ph+th-phu (12)
whereHe.e, He.ph andHpn.pn describe the electron-electron,

the electron-phonon, and the phonon-phonon interactions, re-

V =0meV

FIG. 2. The profile for the scattering region.

spectively.
- He.e IS taken in the Hartree approximation. That means
gr v 0 that the energies,, of the levels in the well depend on the
V3. v accumulated charge.
2 The electron-phonon interaction Hamiltonian has the
) 0 v &y form,
He= : C)

R
He op= et cob! +clco by ). (13
e—ph %1 gkql( 0y_q,C1/kP1, T C1iCo, 1q1) (13

In order to recover the translational symmetry in the

wheres =& — 2v plane we take the average gp[Ref. (1)]
] ] .

After the diagonalization we get discrete levels. We

label these levels through the indexasm=0, 1', 2" ... Heph= 2 0,(C4,Carb], +c1,,Cob1,), (14)
For the right chain we rename the planes, fram1, L k

+2, ... 101, 2, ...;and for thieft one, from 0,—1,  \hereg, measure the effective strength of the interaction
-2, ...,—»tol, 2, ..., » Therefore we get a new and was calculated as in Ref. 54.

picture where we have two sgni-infinit_e chains, the first one  The phonon-phonon interaction is given’by
corresponding to the plangs-«, ..., 1and the other one

corresponding tg=1, ...,c. Among thelL levels obtained H _ b, bl bi+bl b, ba). 15
from the diagonalization of the matrif9), only the two ph—ph qz1 Vay(P1, b2, P3+ b Do, B3) (19

states with lowest energies will participate significantly in
the electronic transport. The others are far over the Fermi This Hamiltonian describes the decay £Q@.O+ TA and

level and their effects will be considered later. its inverse proces@ecombination

To connect the DBH with the left and right chains we As in the GaAs the TA phonons are emitted fundamen-
compute the matrix elements tally in the[111] direction® we considered here a device that

was grown in this direction. The inside barrier walls act as
vim=(j|Hem). (10 mirrors of a Fabry-Perot interferometer selecting discrete
) S cavity modes. These mirrors also serve for a selection of the
The electronic Hamiltonian is saser modes: those running in the grown direction are re-
flected several times between the mirrors and stay longer in

_ T T t i the well, while all others are lost.

He_; 8ic) CJ+% smcmcm+j§m 0(€jC+17 €j+1G)) With the increasing of the applied bi&s from a certain

value, called saser threshold, the TA phonons associated with

the cavity resonant mode, i.e3;=0, stimulate strongly the

LO phonon decay and their number grows sharply. Once this

mode is sufficiently populated, the probability of stimulated
A diagram representing the electronic Hamilton{at) is  emission for that mode exceeds the sum of the emission

shown in Fig. 3. probabilities for all other modes. Thus, the TA phonons emit-

— (AT
+ 2 {vin( e+ CreD) + Uma(Chestciem)}. (1D
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ted in this mode will slave the other ones, giving rise to a Making use of the equations turning out from EG9)
coherent acoustic phonon beam. This process is similar tand the previous definition for the amplitudes, we getjfor
what happens in a laser. Due to the momentum conservatiof1 1m (m=0,1',2",3 ...L)

g1=0,+0s and because aj;=0 (Ref. 10 we getg,=q;.

The parametery, appearing in Eq(15) represents the dp!
, : R : ifh—r=ep+ Y +op" +op" (22)
intensity of the interaction and was estimated from Refs. ar _ &iP; jTURj+17T VP -1
9,55 and 56. .
Finally, the total Hamiltonian is the sum of both terms: and forj=1,1m
the single particle and the interaction parts .
. de n_n _ _ n — AN n — KN
'ﬁﬁ:SIpﬁY1+U11'p1r+Ulopo+vp?+ > UImPm,
H=2 Ho(k)+ Hing(K), (16) "
where we had made the approximation that the momentum o} B
0, [appearing in expressiorig), (3), and(15)]) varies in the th=sgp3+g\/n_1p2, +Yo+vToPy+voip],
same range ak. We can see at expressi@h6) that the (23b
Hamiltonian became, in this approximation, fully uncoupled
for eachk. This simplifies strongly the obtention of its solu- dp”
i . 1 . n"
tions. |ﬁ?=82/p2,+g n1+1p8 +Y1’+UTl’p%+Ul’lp21
IIl. THE RESOLUTION OF THE HAMILTONIAN (239
We assume in this section that the temperature is very, dpg_ non n n n n
low. Therefore it is taken equal to zero. 'hF_81p1+Y1+Ul'1p1’+001p0+vp2+m§2, U1mPm,
In order to solve the Hamiltonian described in Sec. Il we - (23d)
introduce the operators
. dpnm n.n n _ n !
- blb)2b]3 i~ = emPm T U1mPrF UimPy Y, mM=27,
O} B=c————. 17
T Rt (23

where

.
The operatorss(’)?é’”z’r13 create the eigenstates 64,

(without the hopping terms &)= it Nfiwrt Npfiwy—ifig) Nl —ifig),
_ _ oy n~={n;—1n,,n3},
|ljknynzng) O |0) (18
— n+E{nl+11n2!n3}y
formed by an electron at plajendn,; LO phononsn, LO

phonons with parallel momentuky andn; TA phonons. Y= 7{,/prn’+ /_N*pf‘"},
As it was done before, we will leave implicit the depen- J .

dence ork. I n'={n;—1n,+1ns+1},
Using the operatorél7) and the Hamiltoniaril6) we can

calculate their equations of motion. In order to simplify the n"={n;+1n,—1nz—1}

notation we calin for the set of{n,,n,,n3} phonons
N7=nl(n2+ 1)(n3+ 1),

'hdo?— 0" H 19
K =[O} H]. (19 N*=(n;+1)n,n;.
By expanding the eigenstatgb) of H in the eigenstates The amplitudespJn are time dependent. We transform
of H,, them
|@)=2 pflin), (20) pn(t)=i " dowal(w)e i, (24)
o ] o) - ]

and due to the orthogonality ¢fn), the amplitudes can be By doing that, we get the following set of equations
calculated as

. ] hwal=elal+T;+val,,+val ,, for j#1,1m
pj:<Jn|¢>=(0|0j|‘I’>- (21 (254
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ﬁwa%: sga%l— T+ va§+ vfl,az, +v0ag+ 2 VIm@ms vazz + (s%ooi v— ﬁw)alz +v108y + n;o UImdm =0,
m=2’
(25b) (28d

n_ _.nagn n- _.n n
hwag=egag+gniay + ot vioar+voai, (250 vindl+ S vmakt(ed-ho)al+oal=0, (289

m#1’
.
ﬁwag,qu,aq,-l—g\/nl—l—lag +Fl/+l)?l/a%+vlllar£,
(259 voidy + O vman+ (1% y—fhw)aj +va; =0,
m#1’ ( f)
28
hwal=elal+ T +va)+vy1a], +ve@)+ > vimam,
=2/ + +
" (250 vimd, + (e’ y—fiw)an+vma; =0 for m#0;
(289

hwag=enan+n+toma+vima;, m=2'. (25 o . o N

vimd, t(em—hw)agtvma; =0 for m#17;
HereT; is the Fourier transform of ;. (28h
In order to obtain the solutions of E@®5), we considered

only ones three channels through which the electrons can . 100 . 9 .

tunnel. Such channels are the only ones that are between the  Vi0dy T (80" +y—hw)ag + an tvpma; =0

bottom of the conduction band & 0) and the Fermi energy

eF at the emitter, near the resonant condition. Therefore they

are the only ones that contribute significantly to the current.

(28i)

These channels are: one elgctron through the excited level UTl/a%_*_(sg/_hw)a;),_F ﬂaﬁ iaﬁvl/lag:O.
and no phonongchannel 0, i.e.n={0,0,0;, one electron \/5 \/5
through the ground level and one LO phon@hannel 100 (28))

and one electron through the ground level and a paiTiZO . + 0 o .
phonons, respectivelychannel 011 The amplitudesa,, and a, appearing in equation&8)

To solve the system above, we drop the imaginary part O]eake into account the electronic energy levels different from

27, This copes wih the probiems caused by the nonq < UA0ATerLa e Sxeied one. To eimnte tese ampl
Hermitian Hamiltonian.

We have to note that the amplituda?, (for j=1 or | that participate directly in the LO phonon generajiore use

_ the equation$280—(28h). The resultant system is
=<1) remain uncoupledthis tunneling channel does not mix
with any othe). On the other hand, the other two channels va?_ ,+ (s’ fhw)al+val, =0, (2939
are coupled due to the ph-ph interaction. To uncouple them . ! J !
we propose the following transformation for the amplitudes: at

vaj  +(ef % y—tiw)a] +va ;=0 for j#1,m1;

1 (29b)
100 + -
oz va%(s%ﬁw)a%-#vfl,ag,+v%la2=0, (290
1 ENE- N
a]Qll: Z(a;r_a;) 27) va, +(e; = y—hw)ay +vipdy tv;a8; =0, (299

~0 _0 0 ~0 0 0
. . . —atvyna,, +(e;—hw)aj+tvay,=0, 29
Making the above transformations for the amplitud¢% v turdy e fie)a tod, (299

andaj‘! we get two new uncoupled channétsalled chan- _~
nels+ and—). U8y
Considering only the channels 0 and the system(25)

+vmag +(e] Ty—fho)a; +vay; =0, (299

can be rewritten as o . 0 o 9 . 9 _ 0
. . . . viya;t (e, —ho)a;, + an+ﬁao+vlrla1=0,
Ua]_l+(8]_ﬁw)aj+va]+1:0, (28@ (299)
vaf_1+(sj1°0i y—hw)ay +vaj,;=0 for j#1,m,1; . g
(28b vfoaf-l-(aéooi y—hw)ag + —a2,+001af=0,
V2
(29h)

0 0 0, _ _0 _ 0
vazﬁk(srﬁw)aﬁvll,alﬂr z viman=0, (280
m#1’ where
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“’0
l1

Channels

FIG. 4. Diagram representing equatiai2®). The vertical tran-
sition represents the LO phonon emiss{ahsorption. As the chan-

nels + and — have the same energy, they are represented in th
same plane. The gray points represent the sites with the renorma
ized energies and the gray lines are the renormalized hoppings.

U1mUmi

(ho—¢el)

5%1: E

m#1’

(30

and
=D — (3D

are renormalized hoppings joining sitjarsT,l, and

So=e2+32, (32
B (32b)
=g9+39, (320
Ef_8100+21 ) (320

are renormalized energies at the sitesl,1 for each chan-
nel, where

2

2
292 _ im 33
! m%f (hwo—¢e9) (333

v%

= im
3T= ngo ooy (33b)
sy _Um (339

me1’ (Ao—gd)

+ Uﬁu

Si=> (33d

m#0 (Aw— 8 0% 'y)

A diagram representing equatio(®9) is shown in Fig. 4.
To solve the systen29) we proceed as follows.

PHYSICAL REVIEW B 64 125311

For the channel 0 andt, in the regionj=1 the solutions
of (299 and(29b) are, respectively,

a?=A%eo, (34)
a = AZelk 7, (35
wherez; is the coordinate of the plane (z;=ja; ais the

lattice parametgr A%, AT are the amplitudes of the trans-
mitted wave, and andk™ are thezcomponent of the wave
vectors that fulfills the dispersion relation

ho=2e9+2v cogkja), (36)

hw=e1%+2y cogk*a)+ y (37
?_v‘e did not consider the terms 'n% because we assume
that there are no electrons coming in from the right of the
DBH.
In the regionj<—1 we have two kinds of solutions. The
first one is obtained for the excited level that is above the
bottom of the conduction band, in this case the solution is

|kz

a)=Age ko7 + A elko (38)

where Ag and A, are the amplitudes of the reflected and
incident waves andt, satisfies
fiw= e+ 20 cog ko). (39
The second kind of solution is obtained for the ground
state that is below the bottom of the conduction band then, in
this case, the solutions are evanescent modes with ampli-
tudesAg andAg

a"=Afe 4 (40)
where thex™ are positive and fulfill the relations
100 +
ho=e] +2v coslik™a)xy (42

After replacing Eqs(34), (35), (38), and(40) in Eqg. (29)
we get a system of nine equations with the following nine
unknown quantities:

al,, ag, a, Ar, A% Az, Af, A7,

and Af.

The solution of this system permits to calculate the elec-
tronic current taking into account theeph and ph-ph inter-
actions and to obtain a set of five kinetic equations as it is
shown in the following section.

IV. THE KINETIC EQUATIONS

To get the kinetic equations that describe the population
of electrons and phonons we need to obtain the equations of
motion for the electron number operatcor%: and the pho-
non number operatots'b;
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d d ’ 0
hgp(clep=lce; H], it (bfby)=[b]b; H]. 1 Gy
(42)

We define the average populations for electrons in the ex-
cited and ground states as

n=2 (®|c[c;|d) for j=0, 1.
occ

From the definition(20) of |®), the electrons average popu-
lations can be calculated as

_ Gl GO
n;= n%C |pjI? (43 0 0
FIG. 5. Diagram for the several rates appearing in E4%a

For the LO, LQ and TA phonons, the average populationsand(41b).

are
2 *
Go=7 > violm{pg p} (49)
=> (®lbfb|®)= > [pln, for i=123. O Rt T
e moce) (44) is the input rate from the emitter directly to the ground state,
and
Using the equation&!2) we get the set of quantum kinetic )
equations *
a Goozg ngcc vodlm{p? po} (50)
dny, ’
d_tl = G'l, - G?, — Gf, , (459 stands for the output rate from the ground state to the collec-
tor.
in The balance between the decay of one phonon LO by
n .. . — ..
d_tOZGB_Gg_,_ Gf,, (45p ~ emission of a pair of LCand TA phonons, and its inverse
procesgi.e., recombinationis given by
dn,
W:GE,—GEO, (45C) LO h E ylm{p] pj }\/— (51)
o whereN=(n;+1)(n,+1)(nz+1).
2 o B
W:GEO_DL_’ (450) The decay rate of the L@opulation turns out to be
dn, Dto=2x22 {P" pf}nz=2xzn;. (52
W:GEO_ ETA! (453 . ' . .
Finally the escape rate of the TA phonons is given by
where
2 . Era=2k32 {p]" PJ}ns=2x3n5. (53
n ,
Gl’:% E UTlrlm{pgpr} (46) !

n.oce A diagram for the input and output electron rates is shown in

is the electronic input rate from the emitter to the excitedFig. 5.
level; The kinetic equation$45) can be approximated by a sys-
tem involving only populations. To do that we have to re-
Zy | 0t n place the amplitudep? from Egs.(22) and (23) (See the
PR mipy Py} (47 Appendix for a detailed calculatioriThen, we get a new set
of kinetic equations
is the output rate from there to the collector.

dny/
2 +x = G Rl/nl/ R y (543)
=7 > glm{pf ‘piivmi+l, @8 dt N
represents the net balance between emission and absorption %: —Rona+
of LO phonons via electron transitions: dt Rono+ R, (54b)
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— 012

]
dn; i
-~ = _ I ----y=0meV :
dt Rv—R,, (549 00| ——¢=065meV | :
ER ! E
- g om| 1 y
dn, — = ' '
F = — K2n2+ Ry y (54d) % 006 L E: ::
5 n "
dn, - § onr ,":\ i

W:_K3n3+R7' (549 § 0.02 /]-_----I ----- o |_ §_|--|----|- N |_—---|-_ 1 /

where T o L L_J
_ — _— 0 2 4 6 8 10 12 14 16
RW:W[nll(n1+ 1)_n0nl], (55) Energy (meV )
R,= Yo[N1(No+1)(N3+1)—(n;+1)n, n3].  (56) FIG. 6. Dashed line: the two polaronic peaks when0. Solid

line: if we assumey+0, it appears a third peak corresponding

G is the input currentR;, andR, are the escape rates for mainly to one electron in the ground state with a pair LT) of
one electron through the right barrier awds the transition  phonons.
rate due to LO phonon emission estimated in the Appendix
(and more roughly in Ref.)1 The other parameters are: the  Once the transmission probabilities through each channel
decay rate of a LO phonon,, the decay rate of a LO are obtained, the output electronic curréual to the input
phononk, and the TA phonon escape ratg. current at the stationary regimtrough the structure can be

It can be seen in the expressiofE5) and (56) that the  calculated by summing over the occupied states at the emit-
Bose factors were obtained. That means that the phonons &if- This sum can be easily transformed into the integral
produced in a stimulated regime. For the case of TA

phonons, the Bose factar;+ 1 is thousands times greater GV _ S m* g (SE—S)J’(s)P(S)d cg
than the others. (V)= 22 13 Jo 1+R+T e (59
V. RESULTS AND CONCLUSIONS where S=0.5x10"% mn? is the device area, m*

. =0.06M, is the effective electron mask,is the reflectance
The results presented here correspond only to the station;,

ary case, i.e.p}‘(t)=a?(w)ei‘“t. In this case, all the popula-
tions(43) and(44), and the rate&46)—(53) are time indepen-
dent and they can be written as the same expressions of i :4_v L 01 26in( k! Fl2gin(k*

. : N X N i(e) 7 —2{|AT| sin(koa) + At [“sin(k " a)
aj'(w) instead ofp(t). The amplitudes(w) are the solu- |A]
tions of the systeni29). o

The following parameters were used in our calculations. +|Ar|*sin(ka)},
The barriers are 42.4 A wide and 300 meV hi@8% of
Al concentration. The well has a width of 203.4 A. The _ 1
Fermi energy at the emitter was fixed at 15 meV. The values p(B)= 2v sin(kqa)
estimated for the decay rate and the escape raie; were
30 ps ' and 0.05 ps’, respectively. The other parameters  Instead of using the expressi¢s8) to calculate the elec-
used arew, that depends on the applied bias but it is of thetronic currentG, it is calculated from the sum of the terms
order of 2.5 ps?, y,=0.11 ps*taken from Ref. 9, and,  (46) and (49).
that also depends on the applied bias and is of the order of The difference between the currents calculatedfgr0
3.2 ps*. The value ofy was taken equal to 0.65 meV and andy=0 is appreciable only in the dashed region of Fig. 7,
was calculated from the experimental valueygfusing Refs.  that is amplified in the inset.
55 and 56. Finally, the saser intensity and the TA phonon population
The transmittance through the DBH is calculated from are shown in Fig. 8. This curve is obtained by solving the
kinetic equationg54).
|A%12+ AT 12+ ]|AT |2 We can see in Fig. 8 that the intensity of the beam follows
= A |2 (57) the current. Therefore the saser signal diminishes when the
! system goes out of resonance.
In a previous papé? we showed that the coherent stimu-

A plot of the transmittance as a function of energy isI ted emissi h X LO ph L
shown in Fig. 6. It can be seen that when the ph-ph interac21€d €MISSION occurs when primary phonon injectin

2 . . . .
tion is consideredtaking y+ 0), a central peak appears. The 'S Qreatef tharl’ykox3/ ", where the |nject|9n rat.el 1S
other two peaks correspond to the polaronic branches alreadigfined ass;=wn;, and the absorption rafé, is defined as
shown in previous works’->8 I'y=w(no—ny).
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i trons, is given by the produ@ X (eV) that is proportional to
the device cross-sectional ar€awhereas the power of the

7200

6400 ----y=0meV . e

sgo0 ——Y=065meV ) saser beam is given bygns) X (A w3). Since, at the station-
_asooff 1 ary state,x3n3=Rgyng, and G=Ryny+R;/ny,, the power
"2 4000 [ ] conversion efficiency is
g 3200 | E
S 2400 . ( RoNo (ﬁw3

1600 - . Roﬁo+ Rl’Hl’ eV

800 |- E

"= P 20 = % 00 This efficiency is of the order of 1%.
V(mv) The internal quantum efficiency of our device, i.e., the

relation between coherent and incoherent phonons, is taken

FIG. 7. Solid line: the current fory#0. For comparison, the in this paper to be equal to one, because it is supposed that,
electronic current whery=0 is shown in the insdidashed ling It above the threshold, the coherent mode slaves all the
appears a shoulder @ (y#0) corresponding to the third peak of gthersl®
Fig. 6. The cross-sectional area used \Bas0.5x 10~ mn7. In conclusion we presented here a full-quantum many-

) N body formalism to study the GaAs-Aba, _,As double-

For the parameters used here, this condition occurs Whegarrier heterostructure phonon laser. The Hamiltonian con-
V is greater thanVy, =60.25 meV and less thaWVy,,  sidered takes into account explicitly the electrons, the three
=94.04 meV whereas the incoherent TA emission begins gbhonon branches, the electron-phonon interaction, and the
V=60.18 meV and does not finish so sharply because thphonon-phonon interaction. The electron-electron interaction
tail of the peak corresponding to the excited electron staténside the well was treated in the Hartree approximation. The
remains above the bottom of the conduction band at thelectronic part of the Hamiltonian is solved exactly through
emitter. the renormalization procedure that takes into account all the

At the beginning of the LO phonon emission the electronselectronic levels in the well. The main approximation done to
begin to accumulate in the ground state of the well for whichsolve this many-body problem was to take an average over
the escape rate is low. Therefore the accumulated charge rthe transversalparallel to the interfacesnomenta, in order
pels the input of new electrons. That means that the levels ito recover the translational symmetry.
the well tend to rise and to diminish their energy difference, Besides, a set of quantum kinetic equations were deduced.
preventing the LO phonon emission. This set is different from those presented in a previous Wwork

The process described above represents an instability thathere the kinetic equations were derived phenomenologi-
was discussed in detail in a previous papebue to this cally. We can see that the results obtained using the old ki-
process, at the beginning of the phonon emission, undampetktic equations are qualitatively similar to those presented
temporal oscillations appear, meaning that, in this regionhere. In fact, the old kinetic equations could be derived as
stationary solutions do not exist. In consequence, the selapproximations of the quantum ones. These approximations,
consistent treatment of the charge accumulation, oscillatinghowed in the Appendix, seem to be rather rough. We ne-
between two branches does not converge. This can be seengdhected crossed terms and did some averages. It was shown
Fig. 8 as a thick vertical line, due to the overlap of the os-that when the phonon-phonon interaction is considered, only

cillations. small modifications are observed for the current.
The total input(pump power injected in the form of elec- In summary, the accurate full-quantum calculations for a
35000 T T T T T T T T
- 1600
30000 |- J
- 1400
25000 -
- 1200 ~
20000 [ J 1000 :8;
o) J—
1= 00 {00 Z FIG. 8. The TA phonon populatiom; and the
2 saser intensitys= x3ns.
H600 =
10000 2
-3
J400 =
5000
- 200
0 0
50 100

V(mV)

125311-10



GaAs-AlGa _,As DOUBLE-BARRIER . .. PHYSICAL REVIEW B 64 125311

DBH phonon laser confirm the results obtained using o 2 s 2 v o
rougher phenomenological methdds. G,=- 2, vy, sin(ka)|p-,|2.
S T 1[222—2022coqua)+02] o
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o _
Gl’ = ernlr ,
APPENDIX
where

In this appendix, we will show the way to obtain each
term of equation$54) from Eg.(45). To illustrate the proce- 2, v
dure, we will limit ourselves to showing only two examples. Ry=7vi—m ; sin(kja).

We begin with the term " 5Y 203 fcog ka) +v?]

o 2 o When the renormalization effects are not taken into ac-
Gp =4 nEOCCUm|m{P1 Pyt (A1) count,i.e.39=0, the expression obtained here Ry is the
’ same as that appearing in Ref. 59.
The channel 000 is the only one that contributes signifi- The othe_r term to be analyzed here is the rate of LO
cantly to the sum appearing in EGAL) (see Figs. 3 and)4 phonon emissioi48)
Taking this into account, the expressiohl) can be rewrit-

2 +x
ten as Gf,=% > gim{py “pl iV +1. (A7)
n,occ
GO :E 2 [ 0* |0 A2 . -
U= & v m{p; P, }. (A2) First, we expand the term inside the sum and change the

range over which tha; runs to obtain Eq(55). That is,

As the amplitudes appearing in E@\2) are time depen-

dent, we substitute one of them by their Fourier transform > |m{p8+*p2,} +1=> i(p(()nﬁl)nz"%k pr11, i +1
using Eq.(24) n n

—p ). (AB)
. (A3)

1 (= A
* 0 * 0t 30
Im{p? plr}:'m[ﬁ _ dwa (w)e'p},
Writing p(()nlﬂ)nzn3 in the first term of Eq(A8) in terms
To obtain an expression for the amplituaff (), we use of its Fourier transfoma(nlﬂ)”zng, doing the same with
Eq. (29¢ and neglect the term containing the renormalized (ny—1)nnt 0
Z . :
hoppingv%l in it. Taking into account the dispersion relation Py in the second term and using Eq25¢) and

(36) and (320 and using Eq(34) to calculate the amplitude (250 (only the terms that contain the factgy we get
in the planej=2, we get

(ny+1)nong g \/— n
* — o a -~ n,+1a", (A9)
ag (w) = :'l’la(l)l (w), (A4) 0 Aén1+ 1)nyng 1 1
where and
— (Eg_veiikéa) (ng—1)nyng g n
2117 U111 2 ; . a., = ;- Dnn; VN130, (A10)
[39"—2v3Jcogkga) +v?] ! N

Replacing Eq(A4) in Eq. (A3) where

1
0* 0 1 oo _ o* o0 A(()nl+ )n2n3=ﬁw—(nl+1)ﬁwl—n2ﬁw2—n3ﬁw3—80
Im{p; pl,}=Elm mnl,lal,(w)dwe Py f-

- and
(A5)

(ny=1)nang _

1 ha)_(nl_l)hwl_nzhwz_ngﬁw3_81/.

The termE ., inside the integral varies very slowly in

the range where the amplitu@tgf(w) is not null. Therefore Replacing Eqs(A9) and(A10) in Eq. (A7) and doing the
we can take it out of the integral. Now, performing the inte-inverse Fourier transform for the amplitudes with the same
gral overw and taking the imaginary part we get approximation as those made to get equati6)
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2 E —_— — .
g n G].;ZW[nlr(nl"Fl)_no n1]=RW, (A14)
Gl = —————(n;+1)|p],|?
! n%:c I ﬁA(()n1+1)”2”3( 1+1) P1 where
gZ n|2 g2
— — =D N . All = =
hA(lrjl 1)nyng 'l Po ( ) W gc A

If we do now a mean-field approximation to take the pho- _ _
non terms out of the sums, we get the following expression I’IOE;C |p$°‘12 and nlrfgc |p2,|2.
2
GE':(EJF 1) 2 %mq,ﬁ The other terms appearing in E¢5) can be transformed
nocc AA T by the same procedure described above.
In summary, to obtain the kinetic equations similar to that
— g ni2 used in Ref. 1 i.e., involving only populations, we did not
B nln;x 7 A (M1~ Dn2ng [pal” (A12) " take into account the crossed terms. For example, if we con-
v sider the term withy, in Eq. (250 to obtain Eq.(A9), then

The amplitudesp}"° and p® are the only ones that con- the expression for the amp"t”d’{)nlﬂ)nzns would have a
tribute significantly to the first and second sum, respectivelyterm depending om7,. That term would describe a virtual
Taking this into account and the fact that close to the resoProcess. In this process, an electron tunnels through the left
nance €, —eo=hw;) Ag,:AéOO:A, equation(A12) can  barrier (=1) directly to the ground statej €0) emitting
be written as one LO phonon. Even when this process could occur, its

probability is much smaller than that of the indirect process:

first tunnel to the excited level, and then decay to the ground

state emitting a LO phonon. Therefore we make the sum
(A13) of each process as being independent. The results obtained

from equationg54) are quite similar to those obtained from
Finally the expressioA13) can be written as Eq. (45).

2

2 2
E_ — 9" 02 =5 9 | 1002
Gl/ (nl+1);c ﬁA|p1’| nl;c ﬁA|p0 '
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