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Ha ocmoBi meTony esleKTpoH-1ed0opMAIliifHOrO 3B’I3Ky Ta Teopii 30ypeHb po3po0JIeHO MOeb TeTepoCT-
PYKTYpH 31 CDepUIHUMU KBAHTOBUMHY TOUKAMH, 110 MITAETHCS BILJIUBY YJIBTPA3BYKY. B Meskax maHol mMojie-
JTI TOCJTIIFKEHO BIUIMB AQKyCTHYHOI XBUJII HA €HEPrii0 OCHOBHOIO CTAHY €JIEKTPOHA 1 MIPKH, IMUPUHY 3a60po-
HEHOI 30HM T4 eHepriln PeKoMOIHAIIHOr0 BUIIPOMIHIOBAHHSA TeTepocTpyKTypu InAs/GaAs 3i cheprunnvu
KBAHTOBUMHU TOYkKaMu InAs. 3ampormoHoBaHa MOJIeIb BPAXOBYE CIIOTBOPEHHS (POPMU KBAHTOBOI TOYKH Ta

3MiHy ii 00’'eMy IIiJ{ BIJINBOM aKyCTHYHOI XBHIIL.
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1. BCTVII

Hamisnposiguukosi HAHOTETEPOCTPYKTYPH
InAs/GaAs 3 kBamToBumu Toukamu (KT) InAs martors
BUCOKHM KBAHTOBUM BUX1J (DOTOJIFOMIHECITEHITII 1 € Imepc-
MEeKTUBHUM MAaTepiaJioM JIJII CTBOPEHHS TeTeposIasepiB y
0Jm3BKiM 1HQpavepBoHit obsacti criexkTpy [1-9]. l:xepe-
J1a 1HQPaYePBOHOr0 BUIIPOMIHIOBAHHS, AKl IIBHAIKO 3Mi-
HIOIOTH CBOI YACTOTY T4 HAMNPSIM BHUIIPOMIHIOBAHHS, €
BAKJIMBHAM €JIEMEHTOM OIITHYHUX CHUCTEM 3B si3Ky. HaHo-
rerepoctpykTypu InAs/GaAs 3 KT InAs e uyrsmsumu m0
MeXaHIYHUX HAMPY:KEeHb, IO IIPOSIBJIAEThCS BiKEe HA CTa-
mii sapomxenasa KT y mporeci camoopranisarii [10-14].
Tomy € ouikyBaHUM, III0 3a JOIIOMOIOIO IIEPIOIWYHOL JIe-
dopmarni (AaKyCTHIHOI XBMJIl) MOYKHA IMBHIKO 1 HPOTHO-
30BaHO IepPe0yIOBYBATH CIIEKTPAJIBHI XapaKTePUCTHKHU
Ta HANpsSM BUIPOMIHIOBAHHS rereposiasepa [15-19] 1,
BIJIIOBIAHO, 30LIBIMATH KIJIBKICTL KAHAJIB Iepemadl 1H-
dopMalrii BOJIOKOHHO-OITHYHUMU JOHISIMHU 3B A3KY.

IIpu yibrpasBykoBiit 00po0ir rerepocrpykrypu 3 KT
MOJKYTh CIOCTEPIraTHCSI HACTYITHI eeKTH:

— 1meploguyHa JepopMallis 3a PaXyHOK CAMOY3TOIKe-
HOTO eJIEKTPOH-e(pOopMAITIHOTO 3B’ 13Ky IPU3BOJAUTH 10
JIOKAJIHOT'O IIEPIOJMYHOr0 3MIIIEHHSA AHA (BEpIIMHHM)
30HM IIPOBITHOCTI (BaJIEHTHOI 30HM) 1, BIIIIOBIIHO, IO
MOIYJIALIl eHeprii eJleKTpoHa Ta Jipku [17];

— yJIBTPa3BYKOBA XBUJIS IPHU3BOAUTH J0 3MIiHH HEBiJ-
MHOBIIHOCTI ITapaMeTpPiB IPATOK KOHTAKTYIOUUX MaTepia-
mie KT 1 marpwuii 1, BIOIOBIOHO, SIK 10 3MIHKM €HEpPril
eJIeKTpoHAa Ta mipku [8], Tak 1 g0 3MiHM yMOB (popMy-
BaHHS HaHOKJIacTepis [14, 20];

— BUHUKHEHHS TpaJieHTa IIOKa3HUKA 3aJIOMJIEHHS
HiJ €0 yJbTPa3BYKy IIPU3BOIHUTH IO IIEPIOMUIHOI
3MIHHM HAIPAMY BUIIPOMIHIOBAHHS JIa3ePHOI reTepocT-
pyrrypu [16];

— TOIIUPEHHS YJBTPA3BYKYy y [EBHOMY HAIPSIMKY
HpU3BOIUTEL H0 301LbirenHs posmipie KT y mpomy Ha-
OPAMKY, 1, BIOIIOBIZHO, IO CIIOTBOPEHHS iX ¢opMH Ta
3MIHU eHeprii eJIEKTPOHA TAa TIPKI;

— 3wmina o6’emy KT ming BImBoM yJIbTPasByKY IIPU3BO-
IOUTH 10 3MIIIeHHA OHAa (BepIIMHN) 30HH IIPOBLIHOCTI
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(BaJIeHTHOI 30HM), 10 € IMPUYNHOK 3MIHU ITUPUHU 3a-
0OpOHEHOI 30HW, 1, BIIIOBIAHO, 3MIHM CHOEKTPAJIbLHUX
XapakTeprucTuk rerepocTpykTyp 3 KT.

YV pamiit pobOoTl IOC/TIIKEHO OCTAHHI JBa epeKTHr
BILIMBY YJIBTPA3BYKY Ha €HEpriio eJeKTPOHA 1 JIPKHU Ta
MUpUHY 3a00POHEHO0I 30HW y HAHOIeTEePOCTPYKTYPl
InAs/GaAs 3 KT InAs, obymoBieni amiHow dopmMu Ta
o0’emy KT.

2. MOJEJIb

Poarimaumemo izonboBany wHamBsrposiguukoy KT
chepruroi dopmMu, IO MIATAETHCA BILIUBY YJIBTPA3BY-
Ky. [lommpeHHsT yjabTpasByKy HpPU3BOOUTEH J0 301JIb-
IIeHHsT eHeprii aToMiB 1, BUIIIOBIIHO, J0 301JIBIIIEHHS
CepeIHbOl BIFICTAHI MiK HUMU B HAIPSIMKY IOIIHPEHHS
akycTH4YHOI XBmJIl. ¥ poborax [21, 22] samporiomoBaHa
MOJIeJIb IIPUCKOPEHOr0 MACOIIEPEHOCY B TBEPAMX TLjIax
mix giero mmeploguyHol gedpopmarlrii, B Meskax sIKOI BBa-
JKAETHCSI, 10 BIUIUB YJIBTPA3BYKOBOI XBHJII IIPU3BOIUTD
1o 3pocTaHHus “epexTuBHOI TeMmepatypu” T ef

T,=T+T,, )

[

ne T — remmeparypa; 1, = Gp(&‘d/gs )1/3/(EaT); o» —

rpanung npyskuocti marepiany KT; &, & — mBugkicTsb
medopMmallli IIpM AUHAMIYHOMY Ta KBa3iCTATHYHOMY
HaBaHTAKeHH1, BimmoBinHo;, K — monysns OHra; ar —
Koe@IIieHT JIHIAHOIO TEPMIYHOI0 PO3IINPEHHS.

Beaskatumemo, 110 yIbTPa3ByKOBA XBUJISA IIOITUPIO-
erbest B3goBk ocl Oz. Toml cepenHe BiIXuWJIEHHS aTOMIB
BIJI TIOJIOKEHHS PIBHOBATH, sgKe 00yMOBJIEHE HEJIHINHI-
CcTIO 1X B3aemoii [23]:

a,o, (5‘1/53 )1/3

T )

z =apa Ty = ara,T +

Ile ao — mapaMerp Kpucrasiynoi rpatku marepiairy KT.
Jpyruit ngogaHok Bu3Havae 301JIBIIEHHS BIICTAHI MIK
aToMaMHM 32 PAXYHOK YJIBTPA3BYKY B HAIPAMKY IIOIIH-
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penus axkycruunoi xBuyl. lle mpu3BoguUTHE 0 CIIOTBO-
penust popmu KT (Bix cdepmunoi mo esimcoiguoi). 3ok-
peMa, B3IOB:K HATPSAMKY ITOITMPEHHS aKyCTUYHOI XBUJIL
pamiyc KT 36isnpmmTees 1 ctaHOBATAME

d/ s /3
R =b=R, 1+M “Ry(1+¢),

d/ sW3
o,le / & . .
ne €= T; Ro — paxiyc cpepuunoi KT (mo mii
VJIBTPa3BYKy). B MHepmeHIuKyIApHUX HAIPAMKAX 10
nomwupenHs yiabrpa3Byky KT 3asmaBatnme medopmarrii

CTHCKY, a 1i pO3MIpU CTAHOBUTUMYTH [24]
R. =R, =a=R,(1-v), 4)
ne v — roedirtient [lyaccoma.

2.1 Bnuus cnoreopenns ¢opmu KT ma enepriro
OCHOBHOTI'O CTaHY €JIEKTPOHA Ta TipKHu

Busnaummo emeprii 0CHOBHOIO CTaHy €JIEKTPOHA Ta
mipku B KT, 1o mgmaerses il yabTpasByKy.
Banumremo ramisbToHiaH i3oaboBanoi KT:

H(e’h):—w —2+—2+—2 +U, (5)
2m*" \ ox®  oy® oz
e men _ edeKkTHBHA Maca eJIeKTpoHa (IIpKu) Bcepe-

JIUHI 130JIbOBAHOT0 HAHOKPHCTAJLY Y BHIJISIIL €JIIICoima

obepranus; U — moreHiiasbHa eHepris Hocis 3apsmy
BCEPEIVHI 130JIbOBAHOTO0 HAHOKPUCTAILY, AKHN Mae o-
pMy eJIincoina obepTaHH:A:

2 2 2
N
a b
2 2 2 (6)
u+z_>1
’ a’ b? ’

U(x,y,2) =

Jlsst Toro, mio6 JOCIIIUTH BILIMB CIOTBOPEHHS cde-
puusoi ¢opmu KT mmg gieo yabTpasByKy Ha 3CyB eHep-
TEeTUYHOTrO PIBHSA OCHOBHOTO CTAHY KBa3ivuacTMHKH (ejie-
KTpoHAa a0 IIpKH), 3po0UMO 3aMIHy 3MIHHUX:

a
x=x',y=y, 2'=—z. (7
b
3 ypaxyBauusam 3aminu (7), ramiiabroriad (5) Haly-
Jie BUTJISAIY:

a’? 0?

E[(evh) —_ + —
b* 62"

h? ot & .
+ +U. (8
omen (6.’)6"2 oy'* ®

IIpencrasumo (8) y Bursami:

Frtem _ Ijl(()e,h) Ly

R 2 2 2 2 R
fen — [a B +aj+U,

- +
2m(e,h) 6x!2 aylz 62!2
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S h? a? 0?
(e;h) _

ne HY™™ — omeparop Tamimetona mesfyperoi samai;

ylen _ orrepaTop 30ypeHHSs, 3yMOBJICHHH CIIOTBOPEHHAM
cpepuunoi popmu KT. CrorBopena cdepruna gpopma KT
Mae BUTJIAL eJtircoifa obepranus. [limcrasusmm (3), (4) B
(9) Ta Bpaxysasm, o o/ E << 1, orpumaemo:

el +v) 0

V(e’h) = )
m(e,h) azvz

(10)

e,h)

Bunacui snauenns E§ (e:h)

Ta BIacHI QYHKRIHI ¥,

He30ypeHoro omeparopa ['aMibTOHA 3HAXOOATHCS 3
po3p’saky piBHaaHs [peninrepa:

‘7 (e,h h A A
H(()e )l//r(ﬁo () = Efl% )‘//r(io (). (11

(e,h)

Bimomo, 1m0 ereprist ocHoBHOTO crany K" Ta Bia-

cHI (PyHKITIT !//1(8’6” omepartopa ['aminbToHa 130JIb0BAHOI
KT cdepuunoi dopmu BiAmoOBIIHO JOPIBHIOKOTD

2 2
hWr

By -
(e,h) p2 2
2m“" Ry

(12)

W ;sin E, (13)
0 1/272'}30 r R() '

. (e,h)
Toxi mompaska mepimoro mopsaary Fp§ 0 eHeprii

OCHOBHOTO CTaHY €JIEKTPOHA YU JTIPKU JIOPiBHIOE

B = [yg" Vg dV' =

Re@+v) . op 8 0 i (14)
= v mw’dv

O0umcymBIIM 1HTErpas, SKUH BXOIUTL v Bupas (14),
3 BpaxyBauHaM (13), oTpMMAaeMO MOMPABKY IEPIIOTO

h
TOPSIKY El(e1 ) 10 eHeprii 0OCHOBHOTO CTAHYy eJIEKTPOHA

YH JIPKH:

3 2 hle(1+v)

Eleh _
o 3m MR}

(15)

Toml moBHA eHeprid eJIeKTPOHA UM IIPKH B OCHOBHO-
My CcTaHl Moske OyTu oburcieHa 3a POpPMYJIO0:

B~ B+ B =

_ wr? 1 2¢(1+v)
~ 2m M R? 3 )

(16)

Ax 6aummo 3 popmysu (16), criorBoperns popmu KT
i BIUIMBOM YJIbTPA3BYKY IIPU3BOAUTE 0 3MEHIIEHHS
€Heprii OCHOBHOTO CTAHY eJIEKTPOHA Ta JiPKH.

2.2 Bmume amiau 06’emy KT Ha mupuny ii 3aGo-
POHEHO1 30Hu
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Axr 6aummo 3 dopmyr (3), (4), mist AaKYCTHUHOI XBUJIL
He TubkH croTsopoe popmy KT, ase i aminmoe ii 00em.
Bignaocua amina o6’emy KT & y miHifinomy HabIMKeHH]
CTAHOBUTD

a-R, b-R,
RO RO

& =2 :S(I—ZV). a7

ITpyxua nedopmarris marepiany KT mpussomuTs 10
€HEePreTUYHOI0 3MIIIeHHA KpaiB J03BOJIEHUX 30H [8]:

AE, =a.g, = acg(l —21/), (18)
AE, = a,&, = a,e(1-2v), (19)

ne AE., AE, — eHepreTudHe 3MIIIEHHA JHA 30HU IIPOBI-

IHOCTI Ta BEPIIMHU BAJIEHTHOI 30HM, BIAMIOBIIHO; ¢, Gy,

— KOHCTAHTH TIIPOCTATAYHOIO HedpOpPMAIIIITHOI0 II0TEH-

IiaJIy 30HU IIPOBIIHOCTI Ta BAJIEHTHOI 30HU, BIIIIOBITHO.
Tomi sMmiza MMpHHE 3a00POHEHO0] 30HM!:

AE, = AE,-AE,=¢(1-2v)(a,~q,).  (20)

Jlnsa mamismposiguuka InAs koedirtient [Tyaccoma 1
KOHCTAHTH TIIPOCTATUYHOIO 1eOopMAaIliifHOT0 MOTEHII1-
aJIy 30HU HPOBIIHOCTI TA BAJIEHTHOI 30HH IPUHAMAIOTH
Hactymui 3uavenHsa [25]: v=0.352; ac=-5.08¢V;
a,=1eV. dAx 6aunmo 3 dopmysm (20), BIIUB yIbTpas-
BYKY HPHU3BOIUTE J0 3MEHIIIEHHS IITUPUHU 3a00pOHEHOI
3omm KT InAs (ac < 0).

3miHa eHepril peKOMOIHAIIAHOT0 BUIIPOMIHIOBAHHSI,
10 BIIIIOBIA€E EPEX0y MIK OCHOBHHMU CTAHAMU eJie-
KTpOHA Ta OipKy B reTepocTpykTypi InAs/GaAs 3 KT
InAs 3 BpaxyBauusam copmyst (15) Tta (20) moxe OyTm
BHU3HAYEHA HACTYITHUM YUHOM:

AE =EQ +EY +AE, =

2h2(1+ )m(e) +m(h)
-z 3R§‘;n(‘e)m(h> )+(1—2v)(|ac|+au) &

@1

’

Jle TepIInii TOJAHOK BU3HAYAE 3MEHIIEHHS eHeprii pe-
KOMOIHAINIMHOI0 BHUIIPOMIHIOBAHHS, OOYMOBJIEHE CIIO-
TBOpeuHAM cdepuunoi popmu KT, a npyruit momamox —
3oumpmreHasaM ob’emy KT mig BmimBoM yJiabTpasByKY.
®opmyaty (21) Takok MOYKHA IIEPEICATA Y BATJISAIIL:

AE = _@ 1+ V)(E{ﬁ} +EP )+ (1-2v)a|+a, )]g (22)
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3. OBI'OBOPEHHJ PE3VJ/IBTATIB TA
BHUCHOBKHU

¥V pobori pospobieno momesnb idoanoBamol KT, axa
migIaeTbes BIUIMBY YJIBTPA3BYKY. B Mesxax maHol moje-
JIi JOCITIEHO 3aKOHOMIPHOCTI 3MIHM €HEepril OCHOBHOIO
CTaHy eJIEKTPOHA 1 JIPKHU, a TaKOM eHeprii pexoMbiHa-
mitiroro sunpominioBanuas KT InAs mig BrmBoM yiibT-
pasByKy. 3ampoIloHOBaHa MOJIeJb IPYHTYETbCS Ha BU-
KOPHCTAaHHI 1jiel IIpo 3pocTaHHAa “e)eKTHBHOI TeMmIepa-
Typu’ y TBEPAMX TLIAX, SKI IMIAIAITHCS BILIMBY YJIBT-
pasByky [21, 22], 1110 € IPUINHOO BUHUKHEHHS TepMiy-
Hoi medopmariii KT (3aminu sax 1 opmu, Tar i 06’emy).
Tleprmmit paxTop (croTBOpeHHST POPMHU) HPUSBOIUTH JI0
3MEHIIIEHHsI EeHepTil OCHOBHOIO CTAHy eJIEKTPOHA Ta
IipKw, a apyrui (3miHa 00'€eMy) — 10 3MEHIIeHHS IIIH-
puHN 3a00poHeHOI 30HKM. B Mexxax maHol Momdesn He
BPAXOBYETHCSA BIUIMB YJIBTPA3BYKY HA BEJIUYUHY PO3PH-
BY 30H IPOBITHOCTI Mik maTepiangamu matpwuiri ta KT 1
Baaemomia mizk KT (posrysmaerses isonbosana KT). 111
daxTopu Bpaxosani y po6ori [8] i He € cyTTeBUMU, 0CO0-
JIMBO IIPU MAaJIUX Jed)OpMaIrisax.

Ax 6aunmo 3 popmysm (22), 3MeHIIIeHHs eHeprii Bu-
npominoBauusa KT InAs e mpomopiiiiiHuM mmapamerpy &,
1[0 BU3HAYAETHCSA MPY:RHUME crajmmu matepiamxy KT
Ta IBUIKICTIO 3MIHU JedpopMariii, IKa 3aJIeKUTh AK BT
aMIUTTYyau gedopmariii, Tak 1 4aCTOTH aKyCTHYHOI XBU-
mi. Pesysbraté po3paxyHKIB MOKa3yiOTh, IO IIPH
£=2.310-4 (Ro = 3 nm; m') = 0.057my,; m®) = 0.41my)
3MEHIIIEHHSI eHeprii peKOMOIHAIIITHOT0 BUIIPOMIHIOBAH-
ust cranoBuTh 0,6 meV. PospaxyHku mmpoBeieH] B mTaHIN
po0oTi 100pe Y3TOMKYIOTECS 3 Pe3yJIbTaTaMU eKCIIepH-
MEHTAJIFHUX JIOCJIPKeHb BILIMBY IOBEPXHEBOI aKyCTH-
yHol xBwil 4vactoroo 3 I'Ti Ha BumpominmoBanus KT
InAs, axi orpumani y poboti [15]. V¥ 1iit po6ori mokasa-
HO, TO-IIepiie, IO aKyCTUYHA XBUJIS HPU3BOAUTH 0
MOJTYJIAIIT eHepril BUIIPOMIHIOBAHHS (PO3IIHPEHHS CIIe-
KTpasbHol JjiHii) [17], mo-apyre, 1m0 30LJILIIIEHHS 1HTEH-
CHBHOCTI AKyCTUYHOI XBHJI IIPU3BOIUTH 0 JIIHIAHOIO
3MEHIIIeHHA eHepril BHIIPOMIHIOBAHHS. 30KpeMa, IIpU
30LJIBIIIEHH] IIOTYKHOCTI akycTHIHOI XBrJa Bix 5 dBm mo
15 dBm emnepris BUIPOMIHIOBAHHS 3MEHIIYETHCA Ha
0,2 meV ta 0,6 meV, BiAIOBITHO.

IIpaBusbHuit BUOIp YACTOTH YJIBTPA3BYKY (IOB/KUHU
XBUJIl) TIOBUHEH CHPHUSTH 301JIBIIEHHI0 aMILIITYIU 3BY-
KoBOi xBmyl. MOMKHA NOPUIIYCTUTH, 10 MAaKCHMAaJIbHE
30LIIBIIIEHHS aMILIITYId aKyCTHYHOI XBHJII Oyde cIiocre-
piraTucs IIpu IIeBHOMY CIIIBBLIHOIIEHH] MIK JOBIKIHOIO
xBuil ta Bigcranuo vizx KT 1 ix posmipamu [26].

Marwoun ekcriepuMeHTaJIbHI TaHI 3CyBYy eHeprii BuU-
npominoBauHa KT mig BmmBoM yiabTpasByKy, MOMKHA
posB’sidyBaT O0EpHEHY 3amady 3HAXOMKeHHS maedop-
Mariii, SKy CTBOPIOE aKyCTHYHA XBHUJIS.
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The Influence of Ultrasound on the Energy Spectrum of Electron and Hole
in InAs/GaAs Heterosystem with InAs Quantum Dots

R.M. Peleshchak, O.V. Kuzyk, 0.0. Dan’kiv

ITvan Franko Drohobych State Pedagogical University, 24, Ivan Franko st., 82100 Drohobych, Ukraine

On the basis of the method of electron-deformation relation and perturbation theory the model of het-
erostructure with spherical quantum dots which is exposed to ultrasound is developed. Within this model
it is investigated the influence of the acoustic wave on the ground state energy of electron and hole, the
band gap energy and energy of recombination radiation of InAs/GaAs heterostructure with InAs spherical
quantum dots. The offered model considers the distortion of the form of quantum dot and its volume

change under the influence of the acoustic wave.

Keywords: Quantum dot, Ultrasound, Deformation, Energy of electron and hole.
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