Q) cael- -0l AD

PHONON TECHNOLOGIES FOR HIGH-SPEED
MICROELECTRONICS AND OPTOELECTRONICS.

Final Technical Report
by
Prof. V. A. Kochelap
(January 2002)

United States Army
EUROPEAN RESEARCH OFFICE OF THE U.S. ARMY

London, England
CONTRACT N68171-01-M-5166

Institute of Fundamental Problems
for High Technology
Kiev, Ukraine

Approved for Public Release; distribution unlimited

20020215 132




Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188
Public reparting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this ion of i ion. Send ts regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Washington H ) Services, Directorate for Ir ion Op and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302,
and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503
1. AGENCY USE ONLY (Leave 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
blank) I January 2002 Final Report, January 2002
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
PHONON TECHNOLOGIES FOR HIGH-SPEED c- N68171-01-M-5166

MICROELECTRONICS AND OPTOELECTRONICS.

6. AUTHORI(S)

Prof. V. A. Kochelap

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Institute of Fundamental
Problems for High Technology
Kiev, PO Box 58, 03028
UKRAINE

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

EUROPEAN RESEARCH OFFICE
OF THE U.S. ARMY,
Edison House, 223 old Marylebone Road

London, England ’

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release; distribution unlimited

13. ABSTRACT (Maximum 200 Words)
In this report we present the results on innovative phonon technologies for high-speed microelectronics an

optoelectronics. The electrical methods of generation of high-frequency coherent phonons in quantu
heterostructures are studied. Efficient electric generators of sub-terahertz and terahertz acoustic and optica
phonons are suggested on the base of practically important materials and heterostructures including Si/SiGe
AlGaAs/GaAs, GaSb/InAs, etc.

The presented results create solid fundamentals for practical developing electric generators of high-frequency
coherent phonons and implementation of the phonon technologies, which will gain strategic advantages for
numerous applications in high-speed microelectronics and optoelectronics

14. SUBJECT TERMS Phonon technology, terahertz frequency range, quantum heterostructures, coherent 15. NUMBER OF PAGES
phonons, phonon generators, electric methods of phonon generation.

16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANS! Std. Z39-18
298-102







FINAL REPORT

PHONON TECHNOLOGIES FOR HIGH-SPEED MICROELECTRONICS
AND OPTOELECTRONICS.

Contract N68171-01-M-5166

Abstract:

In this report we present the results on innovative phonon technologies for high-speed
microelectronics and optoelectronics. The electrical methods of generation of high-frequency
coherent phonons in quantum heterostructures are studied. Efficient electric generators of sub-
terahertz and terahertz acoustic and optical phonons are suggested on the base of practically
important materials and heterostructures including Si/SiGe, AlGaAs/GaAs, GaSb/InAs, etc.

The presented results create solid fundamentals for practical developing electric generators of
high-frequency coherent phonons and implementation of the phonon technologies, which will
gain strategic advantages for numerous applications in high-speed microelectronics and
optoelectronics.
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Background:

It is well known that in solids the electron-phonon coupling is always much stronger than the
coupling between microwave emission and electrons. If there existed reliable high-frequency
phonon sources, it could trigger a number of phonon applications to control both, high-speed
electric and optical signals. Indeed, phonon frequencies cover a very wide frequency range
including sub-THz and THz frequencies. Being excited high-frequency coherent phonons can
control the electric current due to electron-phonon coupling. Particularly, a flux of coherent
phonons or a coherent phonon standing wave can modulate the electric current, i.e., it provides
new methods of generation of ultra-high frequency electric oscillations. Similarly, interaction of
coherent phonons with a light beam leads to modulation of light at phonon frequency (stimulated
Brillouin and Raman scattering by intense coherent acoustic or optical phonons) and can provide
an efficiently controlled beam deflection. Besides, engineered and controlled phonons (lattice
vibrations) can significantly enhance the performance of a wide range of devices.

In addition, intense fluxes of short-wave phonons could have other technological applications,
for example, nondestructive testing and treatment microstructures and materials.

Thus a wide range of novel phonon-based devices and applications are possible. These phonon
technologies demand the elaboration of special technique to generate, detect and control the
lattice vibrations.

The elaboration of electrical methods of generation of coherent phonons in solids is the problem
of primary importance. Generators of high-frequency coherent phonons would open wide
possibilities for development of innovative concepts and methods, and novel devices for ultra-
high-speed microelectronics and optoelectronics. Among these generators those are the most
interesting, which can be directly integrated with semiconductor devices.

The advantages of using phonon-technologies include:

- Ultra-high frequencies; ultra-short-wavelengths; highly collimated beams; electric methods;
efficient electric control; high efficiency of transformation of electric energy.

- Possibilities to be integrated with other microelectronic circuits and optoelectronic systems.
- The use of different materials: III-V compounds, including wide-gap nitrides, GaN/AlGaN,
which possess strong electron-phonon coupling, Si/Ge heterostructures.

Some applications of high-frequency coherent phonons to solve actual problems are:

- THz-modulation of optical signals. THz-electric oscillations.

- Phonon enhancement of electronic and optical devices through phonon active control of
electron transport, phonon induced photo-transitions in indirect-gap semiconductors and heat
removal through stimulated phonon decay, etc

- Miniature deflectors for light-beam control integrated with semiconductor lasers. Nondestruc-
tive testing of nanostructures by short-wave coherent phonon beams (phonon wavelengths can be
scaled down to 10 nm ).

- Processing (treatment) of surfaces and interfaces, fabrication of nano-relief with 10 nm scale
(phonon-lithography).

- X-ray deflectors.

Development of efficient electric generators of coherent high-frequency phonons is a long-
standing problem. This study proposes and justifies innovative approach to practical realization
of phonon technologies.




Technical results:

The project aim was the analysis of new phonon technologies for microelectronic and
optoelectronic applications. We have identified and developed innovative efficient and powerful
electrical methods of generation coherent phonons in THz-frequency range. These include
generation of short-wave sub-THz-acoustic phonons and THz-optical phonons under electron
drift in quantum heterostructures (the Cerenkov generators), and generation of THz-phonons
under vertical electron transport through multi-barrier structures (the ‘phonon laser’).

Quantum heterostructures based on different practically important materials have been analyzed
including Si/Ge-based structures and III-V-compound-based structures, some estimates have
been made for nitride-base heterostructures. Analysis of basic parameters of generated phonons -
frequency bandwidths, intensities of phonon fluxes, efficiency of conversion of the electric
energy into the energy of high-frequency phonons has been performed.

The Cerenkov_electric_generation of sub-THz confined acoustic phonons in quantum wells
(QWs). To study the generation of high-frequency phonons in QWs we have analyzed acoustic
phonon confinement in elastically anisotropic (cubic) QW-heterostructures grown in a direction
of high symmetry. We have established a general criterion for phonon confinement and found
the dispersion curves, the displacement fields corresponding to the confined phonons for
Si/SipsGeg s/Si, Si/Ge/Si and AlAs/GaAs/AlAs QW-heterostructures. It has been shown that
confinement of acoustic phonons in these QW layers is especially strong in the sub-terahertz and
terahertz frequency range. Two main electron-phonon coupling mechanisms — interaction via
deformation potential and piezoelectric interaction — have been considered. Using these results
we have analyzed amplification of the confined modes by the drift of the two-dimensional
carriers as function of phonon frequency, crystal temperature, electron drift characteristics and
other parameters of the heterostructures. It has been established that the amplification
coefficient of the confined phonons can exceed 10° cm™ for the Si/Ge-based structures and 10°
cm™ for the AlAs/GaAs-based structures. In both cases, Si/Ge- and III-V-based structures, the
electric current amplifies the shear-vertical confined phonons, which comprises both longitudinal
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Fig. 1 The dispersion dependence (the left panel) and the amplification coefficient (the right panel) for confined modes in
Si/SiGe QW.

and transverse lattice vibrations. Purely transverse vibrations can be amplified as shear-
horizontal waves in III-V-compounds devices. In Fig. 1, a the dispersion of lowest confined
shear-vertical phonon modes are presented (thick solid and dashed lines for anti-symmetric and
symmetric modes, respectively). In Fig. 1, b spectral dependences of the amplification
coefficient is shown for the 5 nm width QW for two modes at four temperatures 50, 100, 150 and
300 K, the carrier concentration is 2.10'2 cm™. The electrons amplify the symmetric shear-
vertical modes, the amplification coefficient decreases when the temperature increases.




Frequencies for generated phonons as functions of the QW width are presented in Fig. 2 (SiGe -
the upper curves, AlGaAs - the lower curve). It can be seen that a wide sub-terahertz frequency
range is covered by the electrical method of generation of the acoustic phonons. The appreciable
frequency tuning can be made by choosing the QW width parameter.
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F ig. 2. The frequencies generated by the electric current in SiGe and AlGaAs QW heterostructures.

The Cerenkov electric generation of optical phonons in quantum wells. We have analyzed he
drift of two-dimensional electrons in QWs under conditions of strong coupling to confined
optical phonons. We have found that the electric current can excite the instability of the optical
phonon subsystem: populations of the optical phonon modes confined within the QW layer can
grow exponentially in time, if for the drifting electrons the Cerenkov criterion is met. A general
formula for the phonon increment has been derived. The electron screening of the electron-
confined optical phonon interaction is incorporated into this formula. The phonon increment has
been analyzed in detail as a function of the phonon wave vector, electron-phonon coupling and
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Fig. 3. The phonon increment as a function of the optical phonon wave vector for two particular heterostructures:
AlAs/GaAs/AlAs - the left panel and AlGaSb/InAs/AlGaAs - the right panel.

electron kinetic parameters — the electron temperature and the drift velocity. The optical phonon
losses (the phonon lifetimes) have been estimated. Next, we have performed numerical estimates
of the phonon increment for several particular heterostructures. It was established that in
selectively doped AlAs/GaAs/AlAs and AlGaSb/InAs/AlGaAs quantum wells — which exibit
high drift velocities — electric current can generate coherent confined optical modes. In Fig. 3 the
optical phonon increment is shown for these heterostructures, the WQ width is supposed to be 10
nm. The electron parameters — the drift velocity and temperature are indicated in the figure. The




frequencies of generated optical phonons are 8.8 THz and 7 THz for AlAs/GaAs/AlAs and
AlGaSb/InAs/AlGaAs, respectively.

We have shown that the phonon increment depends critically on the electron drift velocity. One
of the important results is that if the criterion for the Cerenkov emission is met, the phonon
increment has a maximum as a function of the phonon wave vector. The latter leads to
discrimination among the different optical phonon modes and to the generation of a very narrow
phonon distribution, i.e., to generation of highly-coherent optical phonons.

We have analyzed regimes of generation of confined optical phonons in QWs under the electric
pumping. To treat the phonon and drifting-electron subsystems self-consistently we have
calculated the phonon increment as a function of the electron temperature and drift velocity,
while in the balance equations of the electron energy and momentum we have incorporated the
terms describing the energy and momentum losses due to coherent phonon emission. As a result
of the analysis of the coupled nonlinear equations, we have found steady-state generation
regimes with macroscopic populations of the optical phonon modes and electron transport
appreciably controlled by the generated phonons. The generation regimes have a pronounced
threshold character under variation of the applied electric field, as shown in Fig. 4 (the left
panel). Above the threshold, a fast narrowing of the range of wave vectors of generated phonons
results practically in a single mode generation. The generated mode is highly populated, which
leads to coherent macroscopic optical displacements of the lattice and large amplitudes of
oscillations of the electrostatic fields conveying the optical vibrations. We have established that
the electron parameters, such as the temperature and drift velocity, are affected by the generated
phonons: at a given electric field their magnitudes are considerably suppressed and negative
differential conductivity can occur. We have estimated the efficiency of transformation of the
electric power to coherent optical vibrations, the efficiency can reach values of the order of 50%,
as presented in Fig. 4 (the right panel).
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Fig. 4. Demensionless population of generated optical phonons N (the left panel) and the efficiency of optical phonon

generation n (the right panel) as functions of the electric field f for AlGaAs-QW at two values of phonon losses (the phonon
lifetime is 10" s for upper curves and 5 107" s for lower curves). The frequency of generated phonons is 8.8 THz. N =1
corresponds to 1.6 10'® phonon/cm?.

Electron transport under strong electron-optical phonon interaction. Besides the results on
generation of the coherent phonons, analyzing drift of carriers in high-electric fields we have
found that strong electron-optical phonon coupling leads to extremely non-equilibrium
distribution function of the electrons. Particularly it has been established that in nanoscale




samples emission of optical phonons gives rise to population inversion of the carriers. This
provides for a high-frequency electron instability and microwave generation in sub-terahertz
range (0.2..0.5 THz). The results have been applied to nitride-based semiconductor nanoscale
heterostructures such as A1GaN/GaN and GaN/InGaN.

The THz acoustic phonon generator using voltage biased multi-barrier structures. We have
considered high-frequency phonon generation in a weakly coupled, n-doped semiconductor
superlattice. Electric bias, applied to such a superlattice, destroys the electron minibands, creates
electron states localized in the individual quantum wells (the Stark-splitting effect) and forms
population inversion between these states. An electric current occurs due to the phonon-induced
interwell hops. We have shown that under such conditions the electric current produces a
phonon instability: populations of phonon modes propagating almost collinearly with the
superlattice axis increase exponentially in time. It has been demonstrated that the population
growth increment can be as high as several times 10% s and exceeds considerably the internal
phonon scattering rates. The frequency (energy) dependence of the increment is shown in Fig. 5
(the right panel) for a given electric field (Stark-splitting). Effects influencing the increment,
such as screening of the electron-phonon interaction and modification of phonon spectrum in
superlattices, have been discussed. For electrically biased superlattices demonstrating the effect
of phonon instability we have analyzed nonlinear problem of high-frequency acoustic phonon
generation. We developed the theory treating self-consistently the phonon generation and
electron transport through the superlattice. We found that the main mechanism providing the
steady-state generation regime is the electron heating caused by the nonequilibrium phonons. It
is shown that under the generation regime the spectral distribution of phonons is extremely
narrow (a single mode generation — the ‘phonon laser’). The generated power density can be as
high as 10° W/m? for terahertz phonons (see Fig. 5, the left panel). The electric current is

controlled by the nonequilibrium phonons and is higher by an order of magnitude than that
under the subthreshold conditions.
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Fig. 5. Left panel: the phonon increment as a function of the phonon energy. Right panel: the phonon occupation density (left

axis) and generated power density (right axis) as functions of phonon losses under generation regimes at different lattice
temperatures. For both panels Stark-splitting is 3 meV.

Brief summary. The study of amplification and generation of acoustic and optical phonons under
the electron current has been carried out. Three different generators of high-frequency phonons
have been suggested: (i) the sub-terahertz Cerenkov phonon generator of acoustical phonons in
multilayered heterostructures; (ii) the the Cerenkov phonon generator of confined optical
phonons; (iii) the THz-acoustic phonon generator using voltage biased superlattices. All
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suggested generators are based on practically important materials and heterostructures. A high
efficiency of transformation of the electric energy into the energy of coherent phonons is proved.
The obtained results create solid fundamentals for practical development electric generators of
high-frequency coherent phonons and implementation of the phonon technologies, which will
gain strategic advantages for numerous applications in microelectronics and optoelectronics.

Implementation of the results:

During the course of this project the working relations with US Army Research Office (Research
Triangle Park, NC, USA) have been established. Particularly, all the results of the project were
discussed with Dr. M. A. Stroscio from the Electronic division of ARO. The PI of this project,
Prof. V. A. Kochelap, and researcher Dr. B. A. Glavin visited North Carolina in February - 2001
and April - 2001 for discussion of the results and their implementation for the Army. Application
of the results to wide gap materials was also discussed with Dr. J. Zavada.

Besides a close collaboration and exchange of technical information have been set up with the
group of Prof. K. W. Kim, which works on the problems of phonon enhancement of electronic
device performance. These studies are supported by the US Army Research Office, as well as by
the Air Force Office of Scientific Research in the frame of MURI-project “A COMPREHENSIVE
APPROACH TO PHONON CONTROL FOR ENHANCED DEVICE PERFORMANCE” monitored by Maj.
D. Johnstone.

Publications of the results:

The basic obtained results were discussed on several international conferences and described in
series of the papers. The support by the European Research Office is acknowledged. The list of
published or submitted to research journals papers is:
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Appendixes:
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Coherent optical phanon generation by the elactric current

In quantum wells
§. M. Komirerko and K. W. Kim*

Drpe seoores of Blearical ond Compuser Eapiearrqg, Morsh Carolics Snaar Gahersry

Rabriph, Norzh Carolies 22957511
V. A. Kochelap and |. Fedoiov

Drpe rsweeas of Throrrdenl Physics, jasriae of Savd oo sducior P hysics,
Wadow d ardewy of Scircers of Uhmien, Ky, 252050, threior

M. A. Stroecio

.3 Arey Reseerch Officn, fAricarch Triscple fark, Mord: Carliar 27 203-221)
(Received 14 July 2000; accepied for publication 25 October 2000)

Thie letter oddreceee the effect of genertion of confined LO phonons by drifiing electrons in
quamum wells. We have derived o geneml formub far the phonon incremen = a fundion of
phonon wave vedlos, electron drifi velocity, and struciure mrametems. Numerical edlimales of the
phonon increment and the phonon lifstimes lave shown that AlAsAbAS/AlAs and TaSbAnS W
QaSb quantum well etrusiuses n demoneimie the effoct of coherent LO phonon genemtion by the
eleciric current. @ 2000 Americen frstihte of Fhysics. [S0003-6951(00%3152-1]

High-frequency coherem acoustic and optical phonons
have been obeerved fora number of semicondustor materle
and hetercetruciures. ' Theos studies provide infaromion on
the excitation mechanioe of the coherent phonons, their dy-
namrics, ekciron-phanon interactions, and other impariant
phenomena. Imenge coherem phonon vaves can be ezploited
for variow applicotions, panicularly for temhents (THz)
madulatien of fight and genemtion of high-fraquency electric
osciltione. Usually, high-frequency coherent phonom are
excited optically by uhmbst beer pulees.'? The develop-
meni of elecinical methode of coherent phonon genesation is
a long wlanding and imporam problem.

An eleciric currem flowing though o semico nducior can
produce coherent pooustic and optical phonone via the Cer-
enkov effact when the electron drifl velocily exceede the
phonen phxe velosity. Follbwing three requiremens are
necesmry for proctical e of 1the Cerenkoy #ffect: high elec-
1ron mobilfties, buge olaciron dengities, and etrong coupling
between electrore and amplifying phonone. For ercoustic
phonans ihic effect hx been siudied imensively for bulk
sample? Oeneration of phonane of fraquency below 10
QOHe loe been ochieved. Very recently, it wax found 1k in
heterostruciures the drifting 1wo-dimensional (2D) elecirons
can provide amplification of confined ocowtic phonoms in
the sub-THz fraquency mnge.? Analyeic of the Cere nkov ef-
foct for opticed phovions® ke shawn that their amplification
(generation) by drifiing elecrom in bulk goieriak s prcti-
cally impozeible: the re of the phonon genemtion cannot
compete with 1he kuge mie of phanon leeesz.

Advanced echnalogy of eemicanductar heteroetruciures
allowe one ¥ monipulgie eleciron and phanan properfiss and
opene new pomibilifien 0 employ the Cerenkov effact for
optical phonon genertian. Indeed, o5 confined elecirane in
modulation dopad heterostruciures, 1wo conditione—high

"Elizh i w0tk kv kDo neay

OO0F- G5 1 00T 41 TEAT 17 00 4178

eleciron drifi velositis (much greter than that in
necererily-heavy dapsd bulk mxmples) and large electon
dengitiss—are alreody remlived. Then, simuleneons confize-
ment of electrons and optical phonone within the mme quan-
fum well (QW) provides the nececzry strong coupling
Thees can rewuli in a large Cerenkov =ffect, which now may
compete with phanan bzes. Thi kieroddremes genemtion
of cosfined opticed phonons by the electric current in o QW
layer.

Comider a heterosinkture where elecisons are confined
inths QW hyer A embedded in a semiconducior goierial B
(the kurier layem). The thicknem of biyer A is L. Let the ¢
coordimite be perpendicular o the layems and x and y be 1he
in-plane coordinaies. The elecison drifl is along the & direc-
tion. Both oateriak, A and B, are supposad 0 be polarcubic
crychle. Let the rebtive deplacement of iom in the primitive
cell be W% a,2,1), where g={x.y}. The gocroscopic pokbr-
jzation veclar F(f,2,1) ic proposfioral w0 o' g,2,1). Peri-
odic changes of u'"" (and P} inspoce and time carrsepond 10
the opticed ibnrtions of the Iatiice. 1f 1the fraquencies of the
optical vibrations in ooleriok A and B are ditferem, different
1ypee of optical moder exied in such a double heterosiruc tuse:
ths interfoce modes; the confined LO and TO modes; and
halfspace LO and TO modes in the barses layens. For Qe
wides than about &0 :%. 1he electrone are coupled moinly 10
the confinad LO modes. Eor the reed of thic letier v concen-
irate on 1h= Bt¥er phonone.

The canfined LO phanone can be chamsteriied by 2D
phanon vave wecton q and diccrete (imnevemnme) number &.
Becmee the dispereion of the optical phonone ie zmoll in the
long-vavelength limit, we con atiribute the came frequency
w % all confi ned LO modex. L&t wv:p,;,ﬂ be the camplete
el of orthogonal and normalized solutions dewcribing the
confined LO vibmtions. 1n the dieleciric cominuum model of
the confined LO phonone,” the sxplicit form for thewe solu-
1ione is

02000 American Imettute of Frydos




PHYSICAL REVIER B, VOLUME 63, 165308

Generation of coherent confined LO phonoms under fhe drift of two-dimesional electro s

5. bl. Komisenko and K. W. Kim
Orparvarat of Shearical aad Compamr Ecglarmiag, Norh Camli S tahwraly, Relriph, NWorrh Cerolize 27095.74))

V. A. Kochebp and 1. Fedorov
Orparaemes of Theo rracel phydes, festrue of Sevdcond saar Physta, Nedoss! derdany of Scirors of thrmion, Kamy 252850, thmear

Bl. A. Stoeco
(A5, A rxp Research Offer, Research Triaeple #am, Nors Caroliae 227092211

[Received 9 overpber 2000; publihed 3 Apcil 2001)

This paper addresses the effea of ge nerarion of <onfined LO phonom by crit ing e kerons in quannum welk
We tave comined 2 genmal focmu b foc the phonon inTemen = 2 function of the Fhonon Ruve vecwe, the
elecmon deit velociry, and pammersm of the muaire The kinetic parwmerers of the driking elecrons are
eximred by 1xing momeum and enrgy tahince apxion foc ekamn scanecing by the comfinad opvical
pronom We mve pecfocmed numerical asrimaxes of the phonon incremen, ax well ax e phonen life imex,
and feond crar AASGaAcAlAs 2nd GaSHTSEGASh qumim mell mmairs with high dcift velocikiex can
demonarae the effea of generarion of the cohae  ¢o mfinad eprical mods Emxencilly, he phono n inaeme e
tos 2 rmaximon ax 2 funceion of the wave vecoor This implics o mrong sckaion of the genaated phonen
modee We beiefly divasm the nonlinear elecoron mechanim whidh smbilizes the incmase of the phonon
popubrions and provides fer the meady.mxe phonon ge nemtion
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T.TNTRODDCTTON

High-frequency coherem acoustic and opfical phonens
have been abeerved fora number of semiconducior maerials
and heterortructures (eee Refs. 1 ond 2 for a secent review).
Theve etudies provide infaraofion on the excittion meca-
nexs of the coherent phonons, their dynammics, elkctran-
phanon intemctions,and other imporiam phenomem, includ-
ing effeck of interference of coherent latfice vibmtionz and
phonon canirol of jonic motion? lnteme coherent phonon
waves can be ezploited for varioue apphicatiane, mrticularly
for termheriz madulation of ligh and genemtion of high-
frequency eleciric oecilbiions. Ueually, high-fraquency co-
herent ghonone wre exciled optically by uhmfmt biser
pulezs.'* The development of elactrical methads of coharent
phonon genertion is a long wianding and importnt problem,

U is ezpectad that an eleciric cumrent flowing though a
semiconduclor can produce cohersni acoudlic and opical
phonone.

Tmnsitiors of carriers betwsen bound eleciron eigter
thapping tanepon) con leod 10 o popubition invemisn be-
twee n theee stiter and, eventally, 10 generiion of caherens
phanone. Emmpler of helermiructures with this 1ype of
populbdtion imversion include three-barrier heterostruciuse
similar 10 thoee wed in the capcode bren ™ = well = su-
perbittices with vertical hopping tanepon.”

U the currem # due 1o free elecisan mofion in an eleciric
field, amplification (genemtian) of 3 phomon mod= can be
xhieved vio the Cherenkov effect when the elediron drfi
velbocily ezceeds the phonon phake velocily. 1t hae been well
extablihed that the following 1hree requirements are neces-
sary for proctical we of the Cherenkov effect: high e lectron
mobilitiee, largs eleciron densities, and eirang coupling be-
tween elecirons and amplifying phonone. For treousie

063 JEXU W0 IEX JE)1 16 BMET I3 20 1)
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PACS nunbtets): 730 BE, 6322 +m, 63 W Fr, 630 P

phoncns thic effect b been mtudied intermively in bulk
eamples ¥ Qeneration of cohere m ocourtic phanone of fre-
quency below 10 OH: hax been achiewed, Very mnﬂy'" it
wix found that in heterottructues drifting 1wadimenzional
electrone can provide amplification of confinad acoustic
Bhonons in ub-THe frequency range, Analysis of 1he Cher-
enkov effect for guticer! phevioas'' ™" hax shown thai their
amplification (g=neration) by drifiing electrons in bulk mmie-
siok & pmctically impomible: the rote of 1he phanon genem-
tion cannai campete with the large mie of phonon lome.

ddvanced techmology of semiconducior helerxtruciuses
allowe one 10 manipubte 0 eleciron and phonan properties
and opens new poesibilities 4o employ 1the Cherenkoy effect
for optical phonan genertian. Lndeed, far confined electrons
in modubniondoped hetercetructures, two canditions—high
eleciron drif) ve bocities (mruch gremes 1kan that dn necexsarily
heavily doped bulk eampler) and large electron de mitice—
are already realived. Then, goulsmenns corfinement of e lec-
sone and optical phonone within the mme quamum well
(QW) provides 2 necewary strong coupling. Thewe can result
in a lurge Cherenkov effect, which now may compete with
phanon lomes. This poper oddrecees the amlyeic of genem-
tion of conflied epticer! phovioss by drifiing electrone in a
QW layer. The genem! revult areapplied 10 AlAeDaAs and
QaSb/nSh heteroetructures.

The paper e arganized = folla we. 1n Sec. 11 we formm o
the model far confinad electrone and phananc and their in-
teraction. In Sec. M we calculate the mie of spo manecuz and
efimubied emigeion of confined optical phononz by the drifi-
ing electrons. An amlysiz of the phanon increment & given
in Sec. 1. Section V it dewoted % mumerical estimaies of
both the phonon increment and 1he phanon ifstime in differ-
en heterminciure. The disawzion of the rexule & pre-
zented in Sec. V1. The cakeulation of the electron permittivity
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We have amlyzed amplification of tmneverse phonone confined in quonium well QW)
heterotructures through piezoelecinc eleciron—phonon interaction with drifiing elecirore. U was
found that tht mechaniem of intemdion couples the low-dimensional elecironc and the
shear-horizemal (5H) confined phonome. ¥We have sfudied the elecirosiatic potential accommnying
the 5H waves and found tha efficient imemction can be achievad for 1he loweet antis ymmetric SH
phonon bmnch in a muow band of phonon frequencies. For AldadAs QWs the amplificaion
cosfficient was cakulaied 1o be on the arder of 100 cm™ in the sub-THz phonon fraquency mngs.
Thewe revulis sugseet an elecisical method for coherent phanon genemiion in the technalogically
welldevelopad AlChAE QW helesoetnctures. © 200f Ameriin dnsthuw of Fhysis.
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I. INTRDDUCTIDN

Recently 1bs problem of high-frequency coherent
phonone ke afirocted comidemble ottenion. Coherent

- phanons have been obeerved for a number of semiconducior

aeneriok and heterodiructures (see Refs, [1-3] for o recent
seview). Mew effeck have been dzcovered in coherent pho-
non dyraumice, electron—cohareni phonon intemciions, opii-
cal control of coheren phanams, etc.Coherent phanon waves
can be ezploited for various application. Thewe inchude tera-
herte modulation of light and genemtion of teraberk-
frequency eleciramagnetic cecillatione? Typically, high-
frequency coherent phanons are excited optically by whnakst
ler pukes.'” The development of elecirical methads of co-
herent phanon generation i6 an impostam problem 1hat hx
preesmed many technical challengse.

Yery recently il was found thot e leciric current flowing,
though semiconducior hetercetruciwer can produce high-
frequency cohere nl acoustic phonane. Thees hetesostruciuses
include superlatficss  with veriml hepping  elecison
1rarepant’ and quantum well (QW) heierostructwes with pr-
allel 1mnepon.® 1n the former caee, the current recules from
tramitions of carriere between baund electron sidiee in 1he
weakly coupled Qs compoeing the supsriattice. 1n such a
cxe the genemtion of coherent phonone may be achizved
becques of a population invermion belween 1hme stries.

1n QY hemrostructures, when the curre m ic du= 10 pemi-
clazical electran motfian in on elecinc field, phanon ampli-

" fication (genemtion) may be ochieved via the Cerenkov of-

Moy o whows eowxpmdime sheul be oldemd; ckoum woik
kakQurancw . adu
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foct when the electron drifi velocily ezceeds the velocily of
sound. For proctical ute of 1he Cerensov effect, the fallow-
ing 1hree requirement have 1 be met:” high electron mobili-
tiet, buge eleciron densities, and strong coupling between
elecisone and amplifying phanans. The fird 1wo conditio ne—
high eleciron mobility and large eleciron demsities—are al-
reody realived for confined elecirons in modulation daped
heterainuciuses. Then, if there are phonoms confined near 1he
lacation of the elecirone, it & obvious thal the electrons will
be coupled more strongly jusl with these ghonom. QW siruc-
1uree gy provide confinement of both elecisons ond acoue-
1ic phonoms near the Q% byer® ' Qeneml analye® of am-
plificaion of the confined acowrtic phonone® hae shown that
1he amplification can be efficient for well confined phonons.

1n geneml, both mechanme of electron—acoustic pho-
non interaction, ie., the deforoaiion potentil and pievoelec-
irc mechankme, can leod 10 the phonon amplificaiion
etfects.” In cubic crysiak with the elecirom (hales) from the
central walley, the deformmidan potential gives riee o the cou-
pling with thoee confined phonane, which compriee bath lon-
gitudiml and tamveme vibratioms, whik the piezoelecisic
ineraction coupler the ekcirome with tamveres vibratione.
To review the baxic propertizs of1he confinad phonams, ket us
congider the heterostruciure shown in Fig, 1, where elecisons
are confined in o QW layer A embedded in 2 zemmiconducior
oterial 3. The thickness of the byer A ic 24, Ut is supponed
1ot the bcalied waves propagae along the byer and decay
ouicide . To be epecific, we =gume that both ooierials 4
and 8 are cubic cryetale, the growth direction e [1], and
1he direction of wave propagation ie [10Q], ie., x. Under the
Iatier moumptione, the clozifi cation ofthe confined phanons
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We mve mvistad twe predlesn of elecmon mmpmy inswong elecric fiekd in polr pemico ndixcrocs faising
on mncsck groop-Tl nicide smazires By deve loping 1 wansport mods | tar acconms for the min fexixes
of eleam m injecced in shoer devices under high elearic fielde, we have invemigaed the e kcwon dsrburion
a& 3 funcrion of ¢lecron momenm and coordimees Rumnay mampoct & amlyzed in decil The aitical fie ld
of this regime ix daemined for Tall, Gall, and ANl We found dur the tempon inthe nirides is abrays
dimipxive lie , notalliwic rampocr) For the cummmy regime, however, the & kam i i nreas the velocties
wih dimance, which remaks in avemge vekockics higher tan the peak vebocicy in bulklike samples e rave
demonrared thex the ummay ¢karom are duraaked by adimritxion funcrion exhb king 2 populxion

inveion
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Qroup-N nitride semiconducton have unique fundamen-
- 1al xeterial properties.' Thewe rolerik are chamcteried by
energy -band gape ronging fom 1.9 &V (InN) 10 6.2 &V
(AMN); rebtively emoll electron  effediive morere m
=Q0llmg, m=0.2mg, and m=043Zn, for InN, QaN, and
AN, rpectively, where my ic the free-election mam; high
breakdown fiekds in the MVem mnge; buge opical-phonan
enegies (abowt 90~100 me¥); and swong electon—pokr-
optical-phenon coupling. The Erchlich phanon ~oupling con-
stnie are eslimaisd 10 be @=0.22, .41, and .74 for 1nN,
QaN, and AIN, respciively. In compareon, a=0475 in
Cais. The vales of the peak velocitiee in the mitride in 1he
Ekndy siate regime are buge:™ 43x 107 cmfs (InN), 3.1
X107 cmfs (CoN), and 17 %107 covs (AIN).

Previous etudy of 1he 1mneient, fime- or epoace-dependent
Amreport in nitrides” revenled that the velociy-over oot ef-
21 takes ploce in the cubpicosecond time scale and 10 am
sprialscale mnges with moaimum velbocities of about (6
~B)x 107 cmfs far 1aN and QoN. This secull, obiained by
Monte Carlo calcubtions, suggesis great pempectives of
group Ul nitrides for high-power and high-frequency elec-
ironice. However, same intereating and impariom high-feld
effectz have not been imrestigated in detiil, The purpose of
this paper is %o oddrens one such problem, nomely, 1he elec-
1ron rumeay effect insharl group-11l nitride srustuses.

The rumaway effect ® a well-kmown  hotelecison
* phenomenon™ that arise in polir cryetik with predominant
Ecatiering by pobr optical phonone® Becmure of the Cou-
lomb nature, the rate of such a semtering process decremes
for the electone with largs moments and energice. Ac o re-
sult, the mame mum and energy goinad by the elecirone fram
1he field cannet be relozed 19 the bifice above acertgin eriti-
<al field. The carriers then run away 1o higher energics. Ina
Sulklike eample, the electron runaway it etabilized by one of
the following effactz: o breakdown due 10 import joniztion
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of impurities or acroes the gap, a nonpambolicity or tansfer
10 uppes walless, an additional ecattering o1 kigh ensrgies,
cic. In a shart sample, the fimiting mechanzoe mentianed
above are not impartant and the eleciron 1anspon can occur
in the runaway regime. Since the rmvay effed & more
pronounced for cryetak with st ngsr elkcron—oplical
phonen coupling, 1he group -1l nitrides are coneidersd prime
candidates for this phenomenon.

For a detiled amalysis, we solve the Bohwmmnn equation
for the ditribution function & .23, where £ and : are the
eleciron momentum and coordinate. The energy meociated
with electron mation along the ; coordirate it defined 5 IV
- P:l?.vl =eE:, where —¢ is the electron chargs and £ & the
electric field. The chamdtesistic £ nergy is the phonan energy
hw and the chomceristic momentum & Fo= yImhw. The
dimemionkes momemum, energy, coardinle, and field are
P=PiPy, W= Wik, fme iy, and £ = e£lpfhu, seupec-
tively. Here we define the chamderetic length [
= 7 teg it 2 g = i), where wg and o, e the bow- and
high-Erequency permittivities. Amuming only epticsl-phonon
emriszion a1 kow tem peratuses, the Bolturm nn equation can be
exprexed in the dimensionless form as

B A Pty

Pp. '&{p‘ e (p=p')?
+LJ VT RE Rl R SE
e [J—,‘I'f

1, - -
=-—[Aewpr-nm]. (1

U is remarkable that 1his equation contgine a gingle "contral-
ling" pammeter—ithe dimeneionless field £. We will analyze
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We studied the distribution function and basic characteristics of hot electrons in InN, GaN and AIN
under moderate electric fields, and found that in relatively low fields (of the order of kV/cm) the
optical phonon emission dominates the electron kinetics.This strongly inelastic process gives rise to a
spindle-shaped distribution function and an extended portion of quasi-saturation of the current—
voltage characteristics (the streaming-like regime).We prove that this hot electron regime holds for
all three nitrides. We suggest that the effects can be detected by the measurement of the I -V
characteristics, or the thermopower of hot electrons in the transverse direction.

Introduction. Recent intensive studies of the electron kinetics in group-III nitride
materials are mostly focused on two subjects: the problem of the low-field mobility
and the problem of the peak (saturation) velocity in extremely high electric fields
(hundreds of V/cm, see Refs.[1-5]).Meanwhile, such basic properties of the nitrides
such as relatively low effective masses, high optical phonon energies, strong
electron—optical pho-non interaction and large energy separations of the upper
valleys bring about a number of new hot electron effects in moderate electric
fields.These effects can be of interest for both the understanding of fundamentals of
the electron kinetics in the nitrides and their applications.This paper addresses the
hot electron kinetics in group-III nitrides at moderate electric fields.

Model and Results. We analyzed the electron kinetics in the nitrides by the Monte-
Carlo method.The electron bands for InN, GaN and AIN were considered in the
. isotropic and parabolic approximation.Scattering by ionized impurities, acoustic
- phonons, and polar optical phonons were taken into consideration with all material
parameters given by Ref.[6].Corresponding scattering rates as functions of the
electron energy are presented in Fig.1.
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