ȷURNAL FIZIQNIH DOSLIDȷEN^ t. 4, ˝ 2 (2000) s. 165–168

JOURNAL OF PHYSICAL STUDIES v. 4, No. 2 (2000) p. 165–168

ZALE”N¨ST^ SPEKTRA ELEKTRONA NAPRU”ENOÕ GETEROSTRUKTURI ZnSe/GaAs V¨D V¨DSTAN¨ M¨” DISLOKAC¨MI NEV¨DPOV¨DNOSTI

R. M. Pelewak^1, B. A. Luk˛fflnec~^2, V. P. Tupiqak^1 1Drogobic~kiȷ derıavniȷ pedagog˛qniȷ un˛versitet ˛men˛ ¨vana Franka, vul. ¨. Franka, 24, Drogobiq, 82100, L~v˛vs~ka obl., UkraÝna 2 Derıavniȷ un˛versitet “L~v˛vs~ka pol˛tehn˛ka”, vul. S. Banderi, 12, L~v˛v, 79013, UkraÝna (Otrimano 22 veresnffl 1999 r.; v ostatoqnomu viglffld˛ — 23 travnffl 2000 r.)

U ramkah model˛ deformac˛ȷnogo potenc˛ffllu otrimano viraz dlffl userednenogo deformac˛ȷnogo potenc˛ffllu, stvorenogo dislokac˛ȷno st˛nko zaleıno v˛d v˛dstan˛ d m˛ı dislokac˛fflmi nev˛dpov˛dnosti. Pokazano, wo v geterostrukturah z dislokac˛fflmi nev˛dpov˛dnosti enerİ˛ffl osnovnogo stanu elektrona zaleıno v˛d m˛ıdislokac˛ȷnoÝ v˛dstan˛ zm˛n‚t~sffl nemonotonno.

Klqov˛ slova: geterostrukturi, deformac˛ȷniȷ potenc˛ffll, dislokac˛Ý nev˛dpov˛dnosti.

PACS number(s): 73.20.At, 73.20.Dx

I. VSTUP

Geteroep˛taks˛ffl nap˛vprov˛dnik˛v z r˛znimi post˛ȷnimi İratok vimaga‚ obmeıen~ u kritiqnih tovwinah ep˛taks˛ffll~nih xar˛v. Zokrema, v [1] eksperimental~no dosl˛dıeno, wo narowuvan˛ geteroep˛taks˛ffll~n˛ xari ZnSe moıut~ buti fflk roztfflgnut˛, tak ˛ stisnut˛. Harakter deformac˛Ý v c~omu vipadku zaleıit~ v˛d v˛dstan˛ h m˛ı xarom ZnSe ȷ geteromeıe. U xarah ZnSe, tovwini fflkih menx˛, n˛ı kritiqne znaqennffl h_c (0 < h < h_c, dlffl ZnSe h_c ≃ 0.15 mkm [1]), vinikat~ dvov˛sn˛ deformac˛Ý stisku v plowin˛, paralel~- n˛ȷ do geteroplowini, odnakov˛ dlffl vs˛h xar˛v, fflk˛ zumovlen˛ rozb˛ın˛st parametr˛v İratok kontaktuqih kristal˛qnih sistem. C˛ deformac˛Ý postupovo spadat~ u d˛fflpazon˛ h_c < h < h_1 ≈ 0.88 mkm zavdfflki pofflv˛ pri h_c dislokac˛ȷ nev˛dpov˛dnosti, fflk˛ vibudovut~sffl paralel~no odna do odnoÝ na priblizno odnakov˛ȷ v˛dstan˛ “d” v st˛nku [1–4] (ris. 1).

U c˛ȷ prac˛ v ramkah model˛ deformac˛ȷnogo potenc˛ffllu [5] rozrahovano spektr elektronnih stan˛v u potenc˛ffll~n˛ȷ fflm˛, stvoren˛ȷ st˛nko dislokac˛ȷ nev˛dpov˛dnosti zaleıno v˛d v˛dstan˛ d m˛ı dislokac˛fflmi v ZnSe/GaAs.

II. MODEL^ POTENC¨L^NOÕ MI, STVORENOÕ ST¨NKO“ DISLOKAC¨„ Deformac˛ffl U_{mech.}(x, y) = SpÛ_{mech.}(x, y), stvorena dislokac˛ȷno st˛nko kra‚vih dislokac˛ȷ u ZnSe (plowina ZOY) na v˛dstan˛ h_c(OX) v˛d meı˛ kontaktuqih kristal˛qnih sistem ZnSe/GaAs (ris. 1), moıe buti opisana sp˛vv˛dnoxennfflm [6]

U_{mech.}(x, y) = U_0 sin(θy) [ch(θ|x|) − cos(θy)]d , (1) de U_0 =^{b(1−2ν)}

2(1−ν) (b = (b, 0, 0) - vektor Brİersa, ν —

koef˛c˛‚nt Puassona, dlffl ZnSe ν ≃ 0.27), θ =^{2π}_d .

Osk˛l~ki pruına enerİ˛ffl lokal˛zovana v oblast˛ tovwino d , fflka prilfflga‚ do st˛nki dislokac˛ȷ [4], to parametr mehan˛qnoÝ deformac˛Ý U_{mech.}(x, y) praktiqno v˛dr˛znffl‚t~sffl v˛d nulffl t˛l~ki v ob’- ‚m˛ ∼ 2dΔa^2(Δa = a_2 − a_1, a_1, a_2 — parametri İratok ZnSe i GaAs u plowin˛ narowuvanogo xaru). U rezul~tat˛, zam˛st~ parametra mehan˛qnoÝ deformac˛Ý U_{mech.}(x, y) u deformac˛ȷnomu potenc˛ffll˛ V_{mech.}(x, y) = −|a_c|U_{mech.}(x, y) (a_c — konstanta de- formac˛ȷnogo potenc˛ffllu, dlffl ZnSe a_c = −3.65eV [8]), moına skoristatis~ ȷogo seredn˛m znaqennfflm, tobto Ū_{mech.}

Ū_{mech.} = 1 2d lim Δa→0 1 Δa +d∫ −d a_2∫

a_1 U_{mech.}(x, y)dxdy. (2)

P˛dstavimo viraz U_{mech.}(x, y) (1) u formulu (2)˛ pro˛nteİru‚mo za y. Matimemo:

Ū_{mech.} = U^0 θ 1 2d^2 +d∫ −d F (x)dx, (3)

de F (x) = lim_{△a→0} 1 Δa ln | | | | A(x) − cos(θa_2) A(x) − cos(θa_1) | | | |, (4) A(x) = ch(θ|x|). Osk˛l~ki deformac˛ffl lokal˛zovana v okol˛ st˛nki dislokac˛Ý x ∼ 0 [4,7], to A(x) ≃ 1. Urahovuqi ostan umovu,

R. M. PELEWAK, B. A. LUK¨NEC^, V. P. TUPIQAK

F ≃ lim_{Δa→0} 1 Δa ln | | | | 1 − cos(θa_2) 1 − cos(θa_1) | | | |

= lim_{Δa→0} 1 Δa ln | | | | sin^2(^θ_2 a_2) sin^2(^θ_2 a_1) | | | |= 2π d ctg ( πa_1 d ) . (5)

P˛dstavivxi (5) u (3) ˛ pro˛nteİruvavxi, otrima- ‚mo Ū_{mech.} = U^0 d ctg (πa_1 d ) , d ≠ a_1 k , k = 1, 2, 3 . . . (6)

Takim qinom, potenc˛ffll~nu deformac˛ȷnu fflmu dlffl elektrona, stvorenu st˛nko dislokac˛ȷ, moına opisati dvom˛rnim userednenim potenc˛ffllom

V̄_{mech.} = { −|a_c|U_0 · ctg(^{πa1}_d )_d , 0 ≤ ρ ≤ d 0, ρ > d , (7)

de ρ = {x, y}; k vidno z formuli (7), pri d >^{2a1}_{2k+1} potenc˛ffll V̄_{mech.} ma‚ pritfflguval~niȷ harakter, a pri

a_1

k+1 < d <^{2a1}_{2k+1} — v˛dxtovhuval~niȷ.

Z˛ zb˛l~xennfflm v˛dstan˛ d m˛ı dislokac˛fflmi nev˛dpov˛dnosti glibina V̄_{mech.} potenc˛ffll~noÝ deformac˛ȷnoÝ fflmi (7) zmenxu‚t~sffl ˛ pri d → ∞ dor˛vn‚ V̄_{mech.}(d → ∞) = − |a^c|U^0 πa_1 . (8)

Ceȷ vipadok (zb˛l~xennffl d) moıe f˛ziqno real˛zuvatis~ u geterostrukturah z˛ spadnim harakterom rozb˛ınosti parametr˛v İratok na meı˛ (_{Δa} a ≃^b_d → 0 ) . Spektr elektrona v deformac˛ȷn˛ȷ potenc˛ffll~n˛ȷ fflm˛ (7) st˛nki dislokac˛ȷ znahodimo z r˛vnfflnnffl Xredinİera ĤΨ_{nρ,m}(ρ, φ, z) = EΨ_{nρ,m}(ρ, φ, z), (9) de Ĥ = −α^∗ [ ∂^2 ∂ρ^2 + 1 ρ ∂ ∂ρ + ∂^2 ∂z^2 + 1 ρ^2

∂^2 ∂φ^2 ] +V̄_{mech.}(ρ) (10)

— gam˛l~ton˛ffln elektrona v pol˛ deformac˛ȷnogo potenc˛ffllu (7) st˛nki dislokac˛ȷ, naprfflm fflkih zb˛ga- ‚t~sffl z v˛ss Z (ris. 1), zapisaniȷ u cil˛ndriqn˛ȷ sistem˛ koordinat; α^∗ =^{ℏ2}_{2m∗} .

Vlasn˛ funkc˛Ý operatora Ĥ moına zapisati u viglffld˛ Ψ_{nρm}(ρ, φ, z) = R_{nρ|m|}(ρ)exp[i(mφ + k_zz)], (11) de m = 0, ±1, ±2, ±3, ... . Funkc˛ffl R_{nρ|m|}(ρ) pri E_{nρ|m|} < 0 zadovol~nffl‚ r˛vnfflnnffl

−α^∗_{||} [ d^2 dρ^2 + 1 ρ d dρ − m^2 ρ^2 ] R_{nρ|m|}(ρ) + V̄_{mech.}(ρ)R_{nρ|m|}(ρ) = E_{nρ|m|}R_{nρ|m|}(ρ), (12) de α^∗_{||} =^{ℏ2}_{2m}∗_{||} , m^∗_{||} — efektivna masa nos˛Ýv u plowin˛ narowuvanogo xaru ZnSe.

Ris. 1. Shematiqne zobraıennffl geteroep˛taks˛ȷnogo xaru ZnSe z˛ st˛nko kra‚vih dislokac˛ȷ na p˛dkladc˛ GaAs (100). Xtrihovimi l˛n˛fflmi poznaqeno st˛nku kra‚- vih dislokac˛ȷ, v˛dstan~ m˛ı fflkimi d.

Z urahovannfflm konkretnogo viglffldu potenc˛ffllu (7) ˛ kraȷovih umov R_{nρ|m|}(0) = 0, R_{nρ|m|}(+∞) = 0 (13) rozv’fflzok r˛vnfflnnffl (12) matime viglffld [9,10]

R_{nρ|m|}(ρ) = C_1J_{|m|} (√ 1 α^∗_{||} ( |a_c|U_0 ctg^{(πa1 /d)}_d − | | E_{nρ|m|} | |) · ρ ) , 0 < ρ < d C_2K_{|m|} (√ 1 α^∗_{||} | | E_{nρ|m|} | | · ρ ) , ρ > d , (14)

ZALE”N¨ST^ SPEKTRA ELEKTRONA NAPRU”ENOÕ GETEROSTRUKTURI ZnSe/GaAs. . .

de K_{|m|} — funkc˛ffl Makdonal~da, J_{|m|} — funkc˛ffl Besselffl.

Umovi neperervnosti hvil~ovoÝ funkc˛Ý (14) ˛ ÝÝ poh˛dnoÝ v toqc˛ ρ = d privodfflt~ do sp˛vv˛dnoxennffl √| | E_{nρ|m|} | |J_{|m|} (√ d^2 α^∗_{||} ( |a_c|U_0 ctg(πa_1/d) d − | | E_{nρ|m|} | |) ) K^′_{|m|} (√ d^2 α^∗_{||} | | E_{nρ|m|} | | ) (15)

= √ |a_c|U_0 ctg(πa_1/d) d − | | E_{nρ|m|} | |J^′_{|m|} (√ d^2 α^∗_{||} ( |a_c|U_0 ctg(πa_1/d) d − | | E_{nρ|m|} | |) ) · K_{|m|} (√ d^2 α^∗_{||} | | E_{nρ|m|} | | ) ,

z fflkogo viznaqat~ enerİetiqn˛ r˛vn˛ diskretnogo spektra ( −|a_c|U_0 ctg(πa_1/d) d < E_{nρ|m|} < 0 ) . Rozglfflnemo vipadok neglibokoÝ potenc˛ffll~noÝ fflmi

k_0d << tg(πa_1/d), (16)

de k_0 =^{2|ac|}_{α∗||} U_0.

Dlffl c~ogo vipadku arİumenti cil˛ndriqnih funkc˛ȷ u sp˛vv˛dnoxenn˛ (15) mal˛. Pri m = 0 z urahuvannfflm formul

J_0(x) ≈ 1, J^′_0(x) ≈ − x 2 , K_0(x) ≈ ln ( 2 x ) , K^′_0(x) ≈ − 1 x , spravedlivih pri x << 1, sp˛vv˛dnoxennffl (15) nabuva‚ viglffldu

d^2 4α^∗_{||} ( |a_c|U_0 ctg(πa_1/d) d − | | E_{nρ0} | | ) ln ( 4α_{∗||} d^2 | | E_{nρ0} | | ) ≈ 1. (17)

Z rozv’fflzku rivnfflnnffl (17) moına otrimati ener- İi osnovnogo stanu elektrona E_{00} zaleıno vid d — vidstani miı dislokacifflmi nevidpovidnosti v ZnSe/GaAs. Na ris. 2 navedeni qisel~ni rozrahunki takoÝ zaleınosti. Z n~ogo vipliva‚, wo pri znaqennfflh d bil~xih, niı 14 Å, enerİiffl E_{00} ma‚ nemonotonniȷ harakter. Taku ÝÝ povedinku, oqevidno, moına pofflsniti tim, wo z rostom d vidbuva‚t~sffl analogiqna zmina profil potenciffll~noÝ fflmi (7), stvorenoÝ stinko dislokaciȷ. Pri c~omu minimal~ne znaqennffl E_{00} dosfflga‚t~sffl pri d = 29 Å i dor˛vn‚ −45 meV.

Ris. 2. Zm˛na enerİ˛Ý osnovnogo stanu elektrona E00 zaleıno v˛d v˛dstan˛ d m˛ı dislokac˛fflmi nev˛dpov˛dnosti.

Na eksperiment˛ taka zm˛na enerİ˛Ý osnovnogo stanu elektrona v˛d d, oqevidno, povinna profflvitis~ na zm˛wenn˛ p˛ka enerİ˛Ý hν pri rezonansn˛ȷ eksitonn˛ȷ lm˛nescenc˛Ý [1]. Zokrema, dlffl geterostruktur ZnSe/GaAs i ZnSe/ZnS, hν_{ZnSe/GaAs} < hν_{ZnSe/ZnS}, osk˛l~ki^{Δa}_a =^b_d dlffl ZnSe/GaAs stanovit~ priblizno 0.5%, a dlffl ZnSe/ZnS≃ 4%.

Takim qinom, u meıah c˛‚Ý model˛ zadaq˛ moına zrobiti tak˛ visnovki:

1. Pri velik˛ȷ v˛dstan˛ m˛ı dislokac˛fflmi nev˛d-

pov˛dnosti ( d a_1 >> 1 ) potenc˛ffll~nu deforma-

c˛ȷnu fflmu opisu‚mo virazom

V̄_{mech.}(d → ∞) = − |a^c|U^0 πa_1 .

2. U geterostrukturah z dislokac˛fflmi nev˛dpov˛dnosti enerİ˛ffl osnovnogo stanu elektrona zaleıno v˛d m˛ıdislokac˛ȷnoÝ v˛dstan˛ d zm˛n- ‚t~sffl nemonotonno.

R. M. PELEWAK, B. A. LUK¨NEC^, V. P. TUPIQAK

[1] M. S. Brodin, V. V. Tiwenko, N. V. Bondar~, A. V. Kovalenko, A. “. Mekekeqko, Ukr. f˛z. ıurn. 37, 1802 (1992).

[2] T. Yao, Y. Okado, S. Matsui, K. Ishida, J. Cryst. Growth 81, 518 (1987).

[3] K. Shahzad, Phys. Rev. B 38, 8309 (1988). [4] L. A. Pastur, ~. P. Fel~dman, Fiz. tverd. tela 14, 2689 (1972).

[5] M. A. Razumova, V. N. Hotfflincev, Fiz. tverd. tela

31, 275 (1989).

[6] A. M. Gaboviq, Fiz. met. metallov. 51, 1113 (1981). [7] N. V. Fomin, D. V. Xancev, Fiz. tverd. tela 38, 76 (1996).

[8] G. Chris, Van de Walle, Phys. Rev. B 39, 1871 (1989). [9] M. V. Tkaq, V. P. ”arkoȷ, O. M. Mahanec~, Ukr. f˛z.

ıurn. 42, 493 (1997).

[10] V. M. Galickiȷ, B. M. Karnakov, V. I. Kogan, Zadaqi po kvantovoȷ mehanike (Nauka, Moskva, 1981).

DEPENDENCE OF ELECTRON SPECTRUM OF THE ZnSe/GaAs STRAINED HETEROSTUCTURE ON THE DISTANCE BETWEEN MISFIT DISLOCATIONS

R. M. Peleshchak^1 , B. A. Lukiyanets^2 , V. P. Tupychak^1 1 Ivan Franko Drohobych State Pedagogical University, 24 I. Franko Str., Drogobych, UA–82100, Lviv Region, Ukraine 2State University “Lvivska Polytechnica”, Department of Physics, 12 Bandery Str., Lviv, UA–79013, Ukraine

In the framework of deformation potential model the dependence of average deformation potential induced by the dislocation wall on the inter–dislocation distance d is obtained. It is shown that in the heterostructure with misfit dislocation the electron energy of ground state non–monotonously depends on d.