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ONSOZ

Projede, etkin kiitle teorisi yaklagtirmas: kullanilarak, kendi iginde tutarl eletronik hesaplarla,
¢ok katmanl Si/Ge ve InSe/GaSe yapilarin elektrik ve optik &zellikleri incelenmistir. Elde
edilen sonuglarm, yeni opto—elektronik aygit arayisi iginde olan ¢aligmalara faydah olacaf

diigiiniilmektedir. Proje TUBITAK tarafindan desteklenmistir.
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Oz

Etkin- Kiitle- teorisi yaklastirmas: kullan:larak kendisiyle- celismeyen- alan yontemine gére
yapilan hesaplarda (Si/Ge) ve (InSe/GaSe) gok- katmanh yan-iletken malzemelerin elektronik
enerji seviyeleri ve dalga fonksiyonlart hesaplanmugtir. Bu degerler kullanilarak bu
nialzemelerin deferlik bandi ile iletkenlik bandinda yer alan enetji seviyeleri arasindaki optik
gecis ihtimallerinin matris elemanlar ile iletkenlik bandindaki enerji seviyeleri arasindaki
gegislerin enerji arahigina gére degisimlerinin matris elemanlarn hesaplanmistir. Aynca
(InSe/GaSe) malzemesinde elektronik enerji seviyeleri ile optik gegis ihtimallerinin matris

elemanlan malzemenin katman sayilanna gére degigimleri incelenmistir.

Anahtar Kelimeler: Cok katmanh kristal, yari-iletken, elektronik yapi, etkin-kiitle
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Abstract

The electronic structure of Si/Ge and InSe/GaSe superlattices have been
investigated. Self-consisteni—field calculations have been performed using the
effective—mass—theofy approximation. The optical transition matrix elements
involving transitions from the hole states in the valence band to the electron
states in the conduction band have been calculated. The oscillator strength
matrix elements for the transitions between the states in the conduction band
have been also calculated. The dependence of energy levels and optical tran-
sition matrix elements in the InSe/GaSe superlattices on well and/or barrier

widths have been investigated.
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1. Giris

“Epitaxial” tekniklerinin gelistirilmesiyle, yan-iletken malzemelerin birbiri iizerine
biiyiitiilmesi saglanmig ve kuantum kuyulari, ¢ok katmanl: (veya hetero) yapilar, yari-iletken
fiziginin en 6nde gelen aragtirma alanlar olmuslardir. Son yillarda yapilan ¢alismalarda, ¢ok
katmanli Si/Ge [1-7] ve InSe/GaSe [8-31] yapilanmnin elektrik ve optik dzelliklerinin modern
yari-iletken teknolojisine olan katkilar aragtirilms ve bu dzelliklerin yapilann biyiime
parametrelerine (kuantum kuyu ve bariyer genisligi, elektron katki seviyesi gibi ) bagli olarak
degisebilecegi anlasilmustir. Bu da yeni opto-elektronik aygit arayis1 yolunda ¢aligmalar

baslatrmigtir.

Bu proje kapsaminda Si/Ge, InSe/GaSe ¢ok katmanli yari-iletken malzemelerin
elektronik yamlari, muhtelif fiziksel ve geometrik parametrelere baglt olarak incelenmistir.
Yaptifaimiz ¢alismanm ilk kisminda, esit dagihml olarak katkilandiribmis Si/Ge ve
InSe/GaSe cok katmanli yapilarn elektron ve bosluk durumlar hesaplanmustir. Proje
galismasinin ikinci kismimda, bosluk durumlartyla iletim bandr durumlan arasindaki optik
gecisleri gosteren matris elemanlari ve elektron durumiar arasindaki gegigleri gosteren
“oscillator-strength™ matris elemanlar: hesaplanmigtir. Proje ¢alismasimn son kisminda
InSe/GaSe malzemesinde elektronik enerji seviyeleri ile optik gegis thtimallerinin matris

elemanlar, malzemenin katman sayilarina gore degisimleri incelenmisgtir.

Yapilan galismada, Si/Ge ve InSe/GaSe gok katmanli yapilari, birbiri ards sira dizilen,
Ge, InSe bélgelerini temsil eden potansiyel kuyulartyla, yiiksekligi her yap igin iletim
(degerlik) band: kesikligi kadar olan ve Si, GaSe bolgelerini temsil eden potansiyel
bariyerleriyle tantmlanmustir. Bir Ge (InSe) (kuyu) ve bir Si (GaSe) (bariyer) bélgesi, Si/Ge
ve InSe/GaSe ¢ok katmanli yapilarin bir periyodunu olugturur. Béylece bir potansiyel
kuyusu ve bir potansiyel bariyer, periodik smir kosullartyla birlikte cok katmanh bir yapiy1
tiimden tammlar. Proje kapsaminda yapilan hesaplamalarda baglangic potansiyeli olarak kare
potansiyel almmustir. Kendi icinde tutarh olan hesaplamalar etkin kiitle yaklagimima

dayanmaktadir. “Ab-initio” metodlar kisa periyotlu ¢ok katmanh yapilarda iyi sonug verirken



uzun periyotlu bu tiir yapilarda etkin kiitle yaklagimi daha iyi sonug vermektedir [32-33].
Diisiik sicakliktaki ¢ok katmanlh Si/Ge ve InSe/GaSe yapilarin bulk Ge (InSe) ve bulk Si
(GaSe) igmdela elektron hareketi lokalize olup z-ekseni {c-eckseni) boyunca hareket sinirls,
fakat bu yéne dik x-y diizleminde ise serbesttir. Boylece diisiik sicakliklarda, Si/Ge,
GaSe/InSe gok katmanli yapilar simetrilerini bozmadan, sistemin boyutunu iigten ikiye
diigiirtirler. Bu durum Si/Ge, GaSe/InSe sistemlerinin iki boyutlu cok katmanhi yapilar
olarak calisilmasm: saglamaktadir [34].

2. Gelisme
2.1. Metod

Yapilan hesaplamalarda Si/Ge, GaSe/InSe ¢ok katmanh sistemlerin periyodik
potansiyeli, baslangi¢ kare potansiyeli V, (= AE, veya AE,) yanmda “coulomb” ve

“exchange” etkilesmeleri de igerir,

V(2= V, + V,+V (2) (1

“Central point difference” metodu kullamlarak, bir boyutlu periodik “Schrédinger” denklemi

asagida verilen “recursion” denklemine indirgenir [33].

av; (B -y +aty =0 (2)

Burada, ¥, = W(k,, k), z yéniindeki “Bloch” dalga fonksiyonunun periyodik kismi olup o ve

B da asagidaki denklemlerle tanimlanir:

a= -h*/2m*(1-12nk,5/d) (3)

B=1/2m*(2 + 4nk 28%d%) + 8°V(z) )

2. denklemde goriilen A , 8E_ olarak tamimlanir. Bu esitlikte 8, hareket yoniindeki adim

uzunlugudur. D=d,+d,, ¢ok katmanli birim hiicrenin genisligini, E , band enegjileri , k, ise



dalga vektorlinl gostermektedir. Bu ¢ahigmada Si/Ge, InSe/GaSe yapilar tamumlayan bir
boyutlu “* Schrédinger’” deklemi (2), periodik smur kosullan saglayarak niimertk olarak
cozilmiistiir. Periyodik potansiyel V(z) ifadesindeki ‘‘exchange’” potansiyel, lokal yiik

yogunlugu cinsinden yazilabilir:
V. (z)=-(3p/m)'” (atomik birimde) (5)

V(z) biinyesindeki “‘coulomb” potansiyel, “Poisson” denkleminin niimerik ¢6ziimiiyle elde
edilir. S1/Ge ve InSe/GaSe ¢ok katmanli sistemlerin enerjileri, dalga fonksiyonlan 6nceden
belirlenen hassasiyette, kendi i¢inde tutarli bir sekilde bulunur. Yapilan hesaplamalarda,
kendi icindeki tutarhiliga enerji deZerlerinde, 10 atomik birim hassasiyetiyle ulasilmigtir.
Si/Ge ve InSe/GaSe cok katmanl yapilarda, degerlik band: ile iletim bandi arasindaki

optik gegigleri tanimliyan matris elemanlar, sistemlerin ilgili dalga fonksiyonlari cinsinden

T, ~I< Wal P> I (6)

seklinde tanimlanabilir [27-29]. Burada v,; ve w;, I’ noktasindaki degerlik ve iletim
bandlarinm dalga fonksiyonlarmi, p ise momentum operatdriinil géstermektedir. Caligilan gok
katmanli sistemlerde yiik tasiyicilar sadece x-y diizleminde serbest hareket ettiklerinden , z-
yoniinde band biikiilmesi yoktur, bu yiizden problem sadece bir boyutlu ve skalardir{35].
Diger taraftan z-yoniinde radyasyonun polarize oldugu varsayilarak optik matris

elemanlarinm acik ifadesi agagidaki denklemle verilebilir:
T~ < Wil dy /dz> ]2 )

Si/Ge ve InSe/GaSe cok katmanh yapilarin iletim band: icindeki optik gegiglerin hizimi
tanimlayan ‘“Oscillator strength’” matris elemanlary, F,, ;, Ref.[6] de verilen
Fci,cjz Tci,cj/ ( Ecj -E.) (8)
ifadesiyle tammlanabilir. Burada E; ve E; iletim bandinin gecisten 6nceki ve sonraki

durumlarmin enerjileridir. T, ise 6 numaralt denklemde tammlandigr gibi gegisten dnceki ve



sonraki tletim band1 durumlarina gére hesaplanmis momentum matris elemanlarmin

karesidir.
2.2 Cok Katmanh Si/Ge yapilar

Dolayli enerji aralikli (“indirect gap” 1i) bulk malzemelerin tizerine dolaysiz enerji
aralikli (“‘direct gap”li) malzemenin olusturulabilme ihtimalinin ortaya ¢ikmasiyla [1,36],
Si/Ge ¢ok katmanli yapilar 6nem kazanmislardir. Dolayh enerji araligina sahip ¢ok katmanl
Si/Ge malzeme elde etmek igin Si/Si,_Ge, ¢ok katmanh malzemelerde, silikon katkismm (x)
0.25den fazla, katman kalmhigimn ise 100A%°dan kii¢iik olma gerekliligi yapilan calismalarla
[2,4-3] belirlenmistir. Son yillarda yapilan ¢ahismalarda [5], Si,/Ge, tipindeki ¢ok katmanh
variiletken malzemelerin 10 monolayer’lik (kisa periyot) periyot ile yar dolaysiz enerji
aralifina sahip olabilecedi gosterilmistir. Fakat kisa periyotlu ¢ok katmanh Si/Ge yapilarn
olusmasmda hala denge problemleri giderilememigtir [5]. Kisa periyotlu, dolaysiz enerji
arahkli, cok katmanli Si/Ge yapilarin olusturulabiliniyor olmasina rafmen bandlar arasindaki
optik gecisleri gdsteren, gegis matris elemanlari, bu malzemelerde dolaysiz enerji araliklr TII-
yariiletkenlerinkine gdre en az bir mertebe daha diisiiktiir.

Cok katmanl yapilarin parametre degisimlerinin kisith olmasim (periyot gibi) ve de
kisa periyotlu Si/Ge yapilardaki denge problemlerini diisiinerek, bu projede uzun periyotiu
Si/Ge yapilar etkin kiitle teorisiyle ¢calisthmistir. Bu ¢alisma, kisa ve uzun periyotlu Si/Ge
yapilardaki optik gecis thtimalleri arasindaki fark: gosteren ilk ¢alismadir. S1/Ge ¢ok katmanl
yapilari, birbiri ard1 sira dizilen Ge bdlgesini temsil eden potansiyel kuyulariyla, yiiksekligi
iletim (veya degerlik) bandi kesikligi kadar olan ve Si bdlgesini temsil eden potansiyel
bariyerleriyle tanimlanmustir. Hesaplamalarda ¢ok katmanl Si/Ge yapilan bir boyutlu
‘Schrédinger” denklemiyle (2) tanimlanmis ve bu denklem periyodik sinir kosullarim
saglayacak sekilde niimerik olarak ¢6ziilmiistiir. Niimerik ¢dzlim sonucunda enerji degerleri
(E,), “Coulomb” (V,,) ve “exchange” (V) potansiyelleri ayr1 ayn hesaplanarak, toplam
potansiyel (1) elde edilmistir. Hesaplamalarda kullanilan Si/Ge ¢ok katmanh yapilan
tammlayan parametreler: kuyu genisligi (Ge bolgesi), d,= 197.75A°, bariyer genisligi (51
bélgesi), d,= 190.05A°, alinan toplam genislik [100] y6niinde 140 tabakaya kargilik
gelmektedir; degerlik bandindaki bariyer yiiksekligi (veya kesikligi), V.= 0.8V iletim



bandinin degisme miktari, V= 0.7¢V ve yasak enerji aralifi, AE = 0.4eV dir [7]. Dielekirik
sabiti [3] Ge bélgesi (kuyu) igin g,= 16.0, Si bdlgesi (bariyer) i¢in g,=11.8 dir. Kullanilan
elektron etkin kiitlesi Ge bolgesi i¢in m,,= 0.082 me, Si bblgesi igin m,,= 0.19me [3]; bosluk
etkin kiitlesi Ge bélgesi icin m,= (.28me, Si bolgesi i¢in m,,= 0.49me [3]. Hesaplamalarda
elektron yoguniugu n= 10" cm™ seviyesinde olup, her iki bélgede esit dagilmlidir.

Cok katmanli Si/Ge malzemenin, potansiyel profilini, yiik dagilumini ve enetji
seviyelermi kapsayan hesaplama sonuglar Sekil 1°de verilmistir. Sekil 1°de verilen enerji
seviyelerine kargilk gelen dalga fonksiyonlan Sekil 2°de gdstenlmigtir. Ayrica S1/Ge
yamlarda degerlik band: ile iletim band1 arasindaki gegisler1 gosteren optik matris elemanlar
7 numarali denklem kullanilarak hesaplanmis ve sonuglar Tablo 1°de verilmistir. Uzun
periyotlu, ¢ok katmanli Si/Ge yapilarda degerlik bandryla iletim bandi arasindaki optik
gecisler sematik olarak Sekil 3°de gosterilmigtir. Iletim band: i¢indeki optik gegislerin hizin
gdsteren “oscillator strength” Si/Ge yapilan i¢in 8 numarali denklemle hesaplanarak sonuglar

Tablo 2’de verilmistir.
2.3 Cok Katmanlt InSe/GaSe yapilar

InSe/GaSe malzemeleri kristal yapinin anisotropisi ile ilgili elektrik ve optik
dzelliklerinden dolay1 uzun zamandir incelenen malzemelerdir [8-21]. Her ikisi de zayif
etkilesmelerden olusan InSe ve GaSe kristalleri, esas olarak iki boyutlu olup , her boyutu
dért atom kalmliginda tabaka yapili alasimlardir. Iki boyutlu bu yapilar degisik yontemlerle
birlestirilerek D,,',D;,’ ve C,,” simetrilere sahip {i¢ boyutlu InSe ve GaSe yapilari elde etmek
miimkiindiir [10-13]. “Brigman” yéntemiyle biiyiitiilen InSe ve GaSe, e-InSe ve e-GaSe
tipinde kristallesir. InSe ve GaSe politiplerinin tanimlanmasi, ndtron sagiimasi, IR ve Raman
spektroskopi deneyleriyle miimkiindiir [14-21].

Son yillarda e-InSe/e-GaSe hetero yapilar, elektrik ve optik zelliklerinin yari-iletken
teknolojisine olan katkilarim anlamak igin incelenmistir [22-26]. Vander Waals "epitaxy”
yonteminin Koma ve grubu [37-38] tarafindan gelistirilmesiyle, iki taraf arasindaki 6rgii
uyu1nsuzh@ﬁ1dan kaynaklanan “strain” olmaksizin InSe ince filmleri GaSe {izerine (veya
GaSe filmleri InSe iizerine) biiyiitiilmiistiir. e-InSe/GaSe sistemleri AES, LEELS ve XPS [22-

24] deney yéntemleriyle incelenmis ve iki taraf arasinda %7 gibi 6rgii uyumsuzlugu olmasina



ragmen, InSe ve GaSe taraflar1 oda sicakhiginda bulk InSe ve bulk GaSe gibi karakterize
edilmistir. Diisiik sicakliklarda, bulk InSe ve bulk GaSe igindeki elekiron hareketi lokalize
olup c- ekseni boyunca hareket simrli, fakat bu yone dik x-y diizleminde ise serbesttir.
Yiiksek sicakliklarda tagiyicilar iist seviyelere gecerek ii¢ boyutlu davranis gosterirler.
Baylece diisiik sicakliklarda e-InSe/e-GaSe hetero yapilarnun simetrilerini degistirmeden,
boyutlarim 3 den 2 ye diisiirmek miimkiindiir. Bu durum e-InSe/GaSe sistemlerinin teorik
olarak iki boyutlu InSe/GaSe ¢ok katmanli yapilar gibi calisiimasina imkan saglamigtir [34].

InSe/GaSe cok katmanli yapilan, birbiri ard: sira dizilen InSe bdlgesini temsil eden
potansiyel kuyulartyla, yiiksekligi iletim (degerlik) bandi kesikligi kadar olan ve GaSe
bélgesini temsil eden potansiyel bariyerleriyle tammlanmistir. Hesaplamalarda etkin kiitle
yaklasimina dayah bir boyutlu "Schrdinger" deklemi (2) periyodik sinir kosullar
kullamlarak, niimerik olarak, kendi icinde tutarl bir sekilde ¢dziilmiistlir. Hesaplamalarda
elektronlar icin bariyer yiiksekligi, AE= 400meV (bu deger, InSe ve GaSe band degerleri
(InSe igin 1.25eV, GaSe i¢in 2.02eV) diigiiniilerek bulunmustur), degerlik bandi kesikligi,
8V=0.35eV (Ref. [23]den alinmustir), bosluklar igin bariyer yiiksekligi (dogal degerlik band:
kaymasi), AE= 370meV, bariyer ve kuyu genisligi esit olup dj=dp= 76.8A° (bu mesafe
GaSe icindeki "exciton" larm iki ¢aplarmm uzunlugudur [39]), z-eksen yoniindeki
elektronlann etkin kiitlesi, InSe bolgesi i¢in m = 0.13mg, GaSe bolgesi i¢in m = 0.28mg
[39], z- eksen y6niindeki boglukiarin etkin kiitlesi, InSe bdlgesi i¢in m = 1.54me [19], GaSe
bélgesi igin m, = 0.2mg [21], dielektrik sabitleri, InSe bolgesi i¢in £ = 8.5 [40], GaSe bolgesi
icin €= 7.6 [20] olarak ahmmustir.

InSe/GaSe cok katmanli sistemi tamimlayan parametreler kullamlarak, bir boyutlu
“Schradinger” denklemi (2), kendi i¢inde tutarh bir sekilde ¢6ziilmiis, enerji degerleri (E,),
“ Coulomb” (V,,) ve “exchange” (V,,) potansiyelleri ayr1 ayr1 hesaplanarak toplam potansiyel
(1) elde edilmistir. Potansiyel profili, yiik dagilimi ve enerji seviyelerini kapsayan hesap
sonuclart sekil 4’de gosterilmistir. Sekil 4’de, InSe/GaSe sisteminin iletim bandimin yiik
dagilimi n= 10" em? alinarak bulunan potansiyel V (z), en diigiik alti enerji degerler,
“Fermi” seviyesi verilmistir. Sekil 4'de ayrica InSe/GaSe ¢ok katmanl yapilarn degerlik
bandinn potansiyel profili ,V(z), en yliksek sekiz enerji degeri gosterilmistir. Sekil 4'de

verilen enerji seviyelerine karsilik gelen dalga fonksiyonlan Sekil 5'de gosterilmistir.



Boliim 1'de tammlanan bosluk durumlarmdan elektron durumlarina optik gegis

ihtimallerini gésteren optik gegis matris elemanlar , Tvi:cj (7), InSe/GaSe ¢ok katmanh

yapilar icin de hesaplanmis ve sonuglar Tablo 3'de verilmistir. Tablo 3 gok katmanh
InSe/GaSe yapilarin ge¢is matris elemanlarmim géreceli bliyiikliiklerini gdstermektedir.
InS/GaSe yapilardaki deZerlik bandiyla iletim band1 arasindaki optik gecisler sematik olarak
Sekil 6'da gésterilmistir. [letim band: igindeki optik gegislerin hizim gdsteren “oscillator

strength”, ¢ok katmanli InSe/GaSe yapilar igin hesaplanarak (8), matris elemanlart, Fj,cj,

Tablo 4'de verilmistir.

Giris boliimiinde bahsedildigi gibi, gok katmanl: sistemlerin elektronik yapilari, etkin
kiitle, dielektrik sabiti, kuyu genisligi, bariyer genisligi gibi bir¢ok fiziksel parametrelere
bagl olarak degisir [27]. Bu sebeple, bu tiir yapilarin elektronik dzellikleri daha gok sabit
olmayan, kolayca degistirilebilen parametreye/parametrelere gore incelenmektedir [23]. Bu
arastirmalar, bu yaplarm secilen parametreleriyle oynayarak/ayarhyarak istenilen ¢ok
katmanli sisteme sahip olhmabilecegini gdstermistir. Deneysel agidan bakildiginda, ¢ok
katmanl sistemlerin elektronik 6zelliklerinin en kolay olarak ayarlanmas: geometrik
parametrelerin degisimiyle yapilabilmektedir. Boylece kuyu ve/veya bariyer geniglikleri
degistirilerek bazi gok katmanh sistemler igin istenilen elektronik 6zelliklere, giderek optik
ozelliklere sahip olunabilir [29-31].

Proje galismasmin son agamasinda, daha 6nce ikinci béliimde bahsedilen nedenlerden
dolay segilen InSe/GaSe ¢ok katmanli sistemlerin, enerji seviyelerinin, giderek optik
gecislerinin geometrik parametrelere gore degisimi incelenmistir. InSe/GaSe yapilarn kuyu
ve bariyer genislikleri degistirilerek iletim ve degerlik bandr durumlarinin elektronik
enerjileri, dalga fonksiyonlar, etkin kiitle yaklagimiyla kendi iginde tutarli bir sekilde
hesaplanarak degerlik bandiyla iletim band: arasindaki gegis ihtimallerini gosteren matris
elemanlan bulunmustur.

InSe/GaSe cok katmanl sistemler iizerine yapilan bu calismada, etkin kiitle

yaklagmmmda kullamlan, iletim ve degerlik bandi tanimlan igin gerekli, etkin kiitle (me,mp),
dielektrik sabiti (¢), elektronlar igin bariyer yiiksekligi (AE), boshuklar igin bariyer
yiikseklifi (AEy), degerlik band: kesikligi (§V) gibi parametreler bir 6nceki bdliimde

alnanlarla aymdir. Katkilanmamig ¢ok katmanl: sistemlerin uygulamada 6nemi olmadigindan



[29], hesaplamalar, esit dagilhimh olarak katkilanmis (n= 1018 cm-3) InSe/GaSe sistemleri
icin yapilmastir, InSe/GaSe sistemlerin elektronik 6zellikleri geometrik parametrelere (dy.,dy)

gbre incelenirken, dikkate alinan degisik kuyu ve bariyer geniglikleri, InSe ve GaSe

kristallerinin ayn ayn z-yoniindeki tabakalar1 arasindaki mesafeleri (c;) cinsinden

tammlanmistir: dyi= 2¢;, 3cj, 4¢j, 5¢j, 6¢;, i=1,2. Burada c; binnci bélge i¢in (InSe) c1=

16.70A0 ve ikinci bolge icin (GaSe) co= 15.94A0 dir [25].

Etkin kiitle yaklastmina dayali bir boyutlu “Schrédinger” denklemi (2), segilen kuyu ve
bariyer genisligine (d ,d } gore kendi i¢inde tutarli olarak ¢oziilerek, iletim bandina ait en
diisiik bes enerji seviyesiyle, degerlik bandina ait en ytiksek ti¢ enerji seviyesi Sekil 7'de
gosterilmistir. Sekil 7'deki her panel verilen dj degeri igin, iletim bandmm ilk beg enerji
seviyesini, degerlik bandmun ilk ii¢ enerji seviyesini gostermektedir. Sekil 7'nin her panelinde

ikinci bélge genisligi, do, degisken olarak almmugtir. Aynca InSe/GaSe ¢ok katmanh yapilar
i¢in optik gecis ihtimallerini gésteren, optik gegis matris elemanlar, Tviscjs segilen her
(d1,dp) geometrik parametre seti igin 7 numarali denklem yardimryla hesaplanarak Sekil 7'de

verilmistir. Sekil 7 en yiiksek degerlik bandi durumundan (V1), iletim bandimin ilk beg
durumuna (Cj; j=1-5) olan gegis (V1— Cj) matris elemanlarinin geometrik parametreye gore
degisimini gostermektedir. Ayrica ayn1 sekil tizerinde "Fermi" seviyesi ve iletim bandi

potansiyel kuyusunun minimum degeri (V) gosterilmistir.

3. Sonug

Sekil 1 ve 4, n= 1018 ¢m-3 seviyesinde katkilanmig Si/Ge ve InSe/GaSe yapilarm iletim

ve degerlik bandmin ayn ayn potansiyel profilini (V(z), Vy(z)) gostermektedir. Her iki

sekilde de goriildiigii gibi “confined” durumlan elektroniarmn itmesi nedeniyle, baslangictaki
kare-kuyu potansiyel profili, iletim ve degerlik bandinin her ikisi i¢in kuyu béigesi iginde
parabolik itme potansiyeli gibi, bariyer bélgesinde ise gekme potansiyeli gibi degigir. Sekil 1
aym zamanda Si/Ge yapilarin iletim ve degerlik bandlarmin i¢inde kalan enerji seviyelenmi
de gdstermetedir. Sekil 1'de bariyer bélgesinin minimum potansiyel seviyesinin hemen

iistinde yer alan iletim bandimn 9 numarali durumu farkl karaktere sahiptir. 9 numarah



durumun farkl karaktere sahip oldugunu, ilgili enerji seviyelerinin dalga fonksiyonlarini
gosteren Sekil 2'den anlamak miimkiindiir. Sekil 2'de birinci siitun I' noktasinda en diisiik on
elektron dalga fonksiyonlarini, ikinci siitun ise " noktasindaki en yiiksek on bogluk
fonksiyonlarini gdstermektedir. fletim bandindaki 9 numaral durum, bariyer bdigesindeki

biiyilk genlikle degisik karaktere sahiptir.Bu gesit potansiyel bariyeri (V) lizerinde bulunan

elektron durumlan band biikiilmesi ihmal edildiginde “resonance” durumlar: olarak
tanimlaniriar. Band biikiilmesi etkisiyle bu rezonans durumlan asagiya kayarak potansiyel
bariyeri i¢inde kalirlar. Caligilan Si/Ge sistemin iletim bandinin 10 numarali durumdan
sonraki durumlari serbest pargacik karakterine sahiptirler. Sekil 4 ve 5 InSe/GaSe yapilar igin
aynt g6zle incelendiginde iletim bandmmdaki 5 numarali durum ile, degerlik bandindaki 7
numarali durumun resonans durum olduklar anlasilmaktadir. Sekil 5'de goriilen 6 numarali
durumdan sonraki InSe/GaSe iletim band: durumlar serbest pargacik karakterine sahiptirler.
Tablo 1 ve Tablo 3 ayr1 ayri, ok katmanli Si/Ge ve InSe/GaSe yapilarin optik gegis
matris elemanlanm gostermektedir. Tablo 1'de verilen optik gecis matris elemaniarinin
goreceli biiytikliiklerine bakarak Si/Ge yaptlarda ihtimali bilyiik gegisler VI— C4, V2— C6,
V2— C10, V55 C4, V5 C7,V6— C6, V9— C1, V99— C5, V10— C3, V10> C7 ve
V10— €10 seklinde belirlenebilir. Bu galismada tesbit edilen 6nemli bir sonug da II. tipli
Si/Ge cok katmanl sistemlerde V1— C1 gegis ihtimalinin diigiik oldugudur. Oysa bu gecis 1.
tipli Sis/Ges cok katmanli sistemlerde en yiiksek ihtimale sahiptir {6]. Tablo 3'de gorildigi

iizere, cok katmanh InSe/GaSe yapilar i¢in en yiiksek ihtimalli gegis V1— C1, ikinci
derecede olas1 optik gegis V1— C5 olarak belirlenebilir.

Tablo 2 ve Tablo 4 ayn ayn, ¢ok katmanli Si/Ge ve InSe/GaSe yapilarda, iletim bands
durumlari arasinda tammlanan ve gecis hizim dlgen “oscillator strength” matris elemanlarim
gostermektedir. Tablo 2'de goriildiigii gibi, C1— C3, C1— C4, C2— C5, C3-» C5, C4— (5,
C5— C6, C5-> C10, C6— C7, C8— C10 ve C9— C10 gegisleri igin gegis iz yiiksektir.

Tablo 4'de gériinen matris elemanlarindan, InSe/GaSe yapilarda C1— C2 gegisinin en
fazla gecis izina, C5—> C6 gegisinin ise ikinci derecede fazla gegis hizina sahip oldugu
bulunmustur.

Sekil 7, InSe/GaSe ¢ok katmanli yapilarm iletim ve degerlik band1 enerji seviyelerini

ve optik gecis matris elemanlarinin goreceli bilyiikliiklerinin geometrik parametrelere (d1 ve



dy) gore degisimini gostermektedir. Sekil 7(b) de goriildiigii ve énceden tahmin edilebildig:
gibi, iletim bandi enerji seviyeleri sabit kuyu genisligi (d1) ve degisken bariyer genisligi (d9)
durumunda dereceli olarak yukanya kayar. Ayni degisim daha hizh olarak degerlik bandi
enerji seviyelerinde de gozlenmektedir. Sekil 7(a)'da goriildiigii gibi, bariyer bolgesinin
genisligi (d9), 4co ye kadar degisirken, gegis ihtimali V1— C1 gecisinde fazla fakat, yiliksek
dy degerlerinde en yiiksek gegis ihtimali V1— C3 i¢in tanimlanabilir. Bunun sebebi bariyer
genisligi 4c9 den biiyiik olma durumunda, bariyerin hemen iizerinde bulunan, resonans
karalktere [33-41] sahip C3 enerji seviyesidir. Sekil 7(b) de goriildiigii gibi, dj= 3¢ ve
dy<dcy alindigimda gecis ihtimali VI— C3 gegisi igin en yiiksek olmasima ragmen, dy= 4c¢)
alindiinda, digerlerine gore en fazla gegis ihtimali, en yiiksek bosluk durumundan diger

resonans durumuna (C5) gegistir. Diger taraftan dy= 4cy almdifimda V1, C5 arasmdaki gegis
ihtimali dp<3c7 icin en yiiksektir, fakat daha sonraki d degerlerinde V1— C1 gegisi basta
gelir. Sekil 7'nin diger panellerinden gézlendigi gibi (Sekil 6(c-¢)), d{>4c| ve dy= 6¢c2
oldugunda InSe/GaSe ¢ok katmanli yapilarda V1— C1 gegisi en fazla ihtimale sahiptir. Bu

inceleme sonucunda InSe/GaSe yapilarda, en fazla gegis ihtimalinin birinci ve ikineci bdlge

genisliklerine (d],d») sistematik bagimlilik gostermedigi anlagilmistir. Ayrica kuyu ve

bariyer genisliginin ikisi birden arttirildiginda, bariyer yiiksekligi altinda kalan enerji
seviyelerinin cok yavas degistigi gézlenmistir.

Ozet olarak, proje kapsaminda, esit dagiliml olarak katkilanmig InSe/GaSe ve Si/Ge
cok katmanli yapilann “confined” elektron ve bosluk durumlar: hesaplanmistir. Bosluk
durumlanyla, elektron durumlan arasindaki yiiksek ihtimalli gegisleri tamimlamak igin, optik
gecis matris elemanlar hesaplanmigtir. InSe/GaSe yapilar tizerinde elde edilen sonuglar, bu
konuda deneysel sonuglarin olmamast nedeniyle karsilagtirlamamagtir, Fakat bu sonuglar,
bundan sonraki InSe/GaSe yapilan inceleyecek deneysel ve teorik ¢aligmalara faydali
olabilecektir.Daha dnce, kisa periyotlu Si/Ge ¢ok katmanl yapilar bu proje gergevesinde
yapilan ¢aligmalara benzer bir sekilde incelenmistir [5]. Kisa ve uzun periyotiu ¢ok katmanlh
yapilar farkl: karakter gosterdiklerinden, bu galismada bulunan gegig matris elemanlari ve

bandlar aras1 belli bash gegisler kisa periyotlu Si/Ge yapilarda farkl: olacaktir. Sonug olarak,

cok katmanli yapilarin parametre degisikliklerinin kisitli olmasi ve kisa periyotlu gok

10



katmanh yapilann olusturma zorlugu diisiiniildiiglinde, uzun periyotlu ¢ok katmanl yapilarin
opto elektronik aygit uygulamasinda tercih edilebilecegini, bu durumda da yapilan proje

galismasimn bu tiir aragtirmalara katkisiin bilyiik olacagim diisiinmek miimkiindiir.
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Tablo 1. Si/Ge<yapilar icin hesaplanan atomik birimli optik gegis matris elemanlan GJS,Q.V.

Degerlerler m(n)= 0.mx10% formiiliine gdre formatlanmugtir.

[ 1 5] 3 1 5 6 7 E 10
(vi) |
1 028(-5) 378(-3) 104(2) 101(1) 439(-3] 409(-3) 542(-2) 316(-2) 281(-2) 434(-3)
2 248(-2) 979(-3) 201(-3) 655(-3) 119(-3) 118(-1) 729(-2) 445(-2) 520(-4) 430(-3)
3 456(-3) 117(-1) 201(-2) 607(-2) 433(-3) 339(-2) 696(-3) 900(-3) T711(-3) 765(-2)
4 577(-2) 829(-4) 587(-3) 615(-3) 447(-3) 113(-2) 272(-2) 287(-3) 375(-2) 128(-1)
5 971(-1) 202(-4) 321(-4) 124(-1) 751(-2) 503(-2) 181(-1) 126(-2) 439(-3) 171(-2)
6 260(-2) 965(-2) 705(-4) 466(-2) 737(-3) 125(-1) 881(-2) 579(-2) 232(-2) 425(-2)
T 143(-3)  182(-5) 219(-2) 377(-3) 100(-2) 261(-2) 150(-2) 786(-3) 179(-2) 385(-2)
8 166(-3) 616(-2) 284(-2) 236(-2) 217(-2) 116(-4) 461(-3) T746(-5) 427(-2) 692(-3)
9 265(-1) 663(-3) 555(-2) 559(-2) 169(-1) 834(-3) 455(-2) 107(-2) 384(-4) 641(-2)
10 230(-2) 245(-2) 100(-1) 335(-3) 979(-3) 468(-3) 230(-1) 235(-3) 884(-3) 145(-1)
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Tablo 2. Si/Ge yapilar igin hesaplanan atomik birimli Yoscillator strength" matris elemanlari

(F, ) Degerler Tablo 1'de verilen formiille formatlanmustir.
G 3 4 5 6 7 8 9 10
(ci)
1 T15(1) 176(+1) 554(+1) 419(1) 209(0) 216(0) 813(0) 333(-2)  204(0)
2 609(0) 119(+1) 125(+1) 743(-2) 439(0) 587(-1) 500(-1)  486(0)
: 670(-2) 157(+1) 128(-1) 125(1) 331(0) 166(-2) 836(-1)
1 111(41) 265(-1) 802(0) 675(-2) 100(0) 181(-1)
5 197(+1)  190(0)  612(0) 640(-1) 109(+1)
6 521(+1) 687(0) 352(-1)  134(0)
7 216(-1) 548(0)  201(-2)
8 329(0)  739(+1)
9 423(+1)
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Tablo 3. InSe/GaSe yapilar igin hesaplanan atomik birimli optik ge¢is matris elemanlan

(T.;)- Degerler Tablo 1'de verilen formiille formatlanmistir.

(ci)| 1 2 3 4 5 6

(vi)

1 671(-1) 428(-2) 253(-2) 856(-3) 282(-1) 133(-3)
2 145(-1) 109(-2) 167(-2) 245(-1) 915(-2) 299(-2)
3 169(-1) 719(-2) 709(-3) 112(-1) 472(-3) 765(-4)
4 447(-2)  T41(-3) 216(-2) T12(-3) 735(-2) 363(-2)
5 600(-2) 748(-2) 122(-1) 194(-3) 928(-3) 232(-2)
6 281(-2) 724(-5) 399(-2) 379(-2) 449(-3) 462(-2)
7 181(-2) 212(-1) 213(-1) 806(-2) 884(-4) 147(-3)
8 343(-3) 335(-3) 850(-2) 238(-3) 945(-3) 636(-2)
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Tablo 4. InSe/GaSe yapilar igin hesaplanan atomik birimli "oscillator strength” matris

elemanlari (Fci q,) Degerler Tablo 1'de verilen formiille formatlanmustir.

ciy| 2 3 4 5 6
(ci)
1 T40(+1) 105(+1) 405(-2) 249(-3) 363(-1)
2 316(0)  123(+1) 379(-2) 136(-1)
3 718(-1)  270(-2) 114(-1)
4 438(0)  478(-1)
5 ' 153(+1)
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seviyeleri (ince diiz ¢izgiler).
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sekil 2. Sekil 1'de gésterilen Si/Ge enerji seviyelerinin dalga fonksiyonlan.
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Abstract

We have performed self-consistent field calculations of the electronic structure of 8i/Ge square-well superlattices within the effective-mass
theory. We have computed the optical transition matrix elements involving transitions from the hole states to states in the conduction band,
and we have also computed the oscillator strength matrix elements for the transitions hetween the states in the conduction band. © 1957

Elsevier Science S.A.
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1. Introduction

With the development of advanced epitaxial techniques,
quantum wells and superlattices (or heterostructures) have
become one of the most promising research fields in semi-
conductor physics. Among these structures, the coherently
grown lattice-mismatched Si/Ge superlattices have been an
object of considerable interest because of their electronic and
optical properties, which can be modified strain effects, zone
folding of the bands and quantum confinement effects. These
superlattices are particularly interesting because of the pos-
sibility of creating a direct gap material based on bulk mate-
rials with indirect gaps [1,2]. If this can be achieved, then
new optoelectronic devices can be integrated on silicon using
the already highly advanced silicon-based technology.

For obtaining a direct bandgap Si/Ge superlattice the con-
ditions in the case of Si/Si; . (Ge, superlattice are determined
as x> 0.25 and a thickness <100 A [3-5]. In the case of a
layered Si,/Ge,, superlattice a period length of about 10 mon-
olayers (short period) results in the folding of the both side
band structures and leads to the possibility of creating a quasi
direct fundamental bandgap [3-5]. But still there are some
stability problems on the formation of the short period Si/Ge
superlattices [5]. Even if the short-period 5i/Ge superlattice
of the direct gap was formed, transition matrix elements
between the intersubbands are calculated to be at least one
order of magnitude lower than that of the direct gap of II-V
semiconductors.

In the present work, considering the limited variation of
superlattice parameters (such as period) and the stability
problems of short-period Si/Ge superlattices, the long-period

0040-6090/97/517.00 © 1997 Elsevier Science S.A. All rights reserved
PIIS0040-6090(96)09280-2

Si/Ge superlattice is studied by effective mass theory. On the
other hand, the present work is the first calculation to show
the difference between the transition prebabilities of the
short- and long-period Si/Ge superlattices. From the theo-
retical point of view, ab-initio methods give accurate results
for short-period superlattices, however effective-mass theory
is more applicable for long-period superlattices [6,7].

2. Calculation of eigenstates

In this work we carried out calculations for the electron
states in the conduction band and hole states in the valence
band of the Si/Ge superlattice within the effective-mass the-
ory. By assuming a free-particle behavior in the xy plane we
solved the one-dimensional Schradinger equation in the z
direction self-consistently for a uniform charge distribution.
The periodic potential V(z) contains both coulomb and
exchange contributions in addition to the initial square-well
potential V,,, namely

V(2) =Vo+ Via(2) +Ver(2) {1}

In the solutions, we assumed that self-consistency is reached
when the difference in energy eigenvalues and potentials are
within a preset value of 10™* a.u. The parameters of the
superlattice are given in Fig. 1.

Considering the central point difference method the peri-
odic one-dimensional Schridinger equation is reduced to a
recursion relation [7].

afo + (B A+ oy =0 (2)
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ig. 1. Calculated potential profiles (thick lines), charge density (dotted
ne), and eletronic energy levels (thin straight lines) for the coaduction
upper) and valence (lower} bands of the 51/Ge superlattice. The unit cell
arameters used: subscript | and 2 in the parameters represent the well (Ge)
nd barrier (Si) regions, respectively, The width of the well d, = (57,75 A
nd the width of the barrier d>= 190.05 A (these widths correspont to 140
yers along the [100] direction). The barrier height (or the discontinuity)
f the valence band V, =0.8 eV, the corresponding conduction band line-up
.=0.7 eV, and the bandgap A £, =0.4 eV [10]. The dielectric consiants
[1], &, = 16.0, &, = 11.8; the effective masses of the conduction band {117,
1 =0.082m,, m¥ =0.19m,, the effective masses of the valence band {11],
rF =0.128m,, m¥ =0.49m,. The electron concentration, r= 10" cm™*,

vhere ;= (k_, z;} is the periodic part of the Bloch wave in
he z direction,

#i* 2k, |
! 2m* (1 : d ) : (3)
> 4k .
3= 2+—=5+&5V(y 4
?.m*( d ) (=) )

vhere A= 8E,,. In these equations & is the step length in the
notion direction. d=d, +d, is the width (period) of the
wperlattice unit cell, E,, is the band energy and k. is the wave
sector. Other quantities have conventional meanings. The
seriodic boundary conditions for t are taken into account in
:onsidering the mairix from the recursion relation, The
:xchange potential is expressed as a {unction of the local
*harge density of the form.
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Fig. 2. Wavefunctions for the energy levels shown in Fig. 1.

3\
Ve (2} = —(';Tp,-) (in a.n.) (5)

The coulomb potential is obtained from the numerical solu-
tion of the Poisson equation. The result of the calculations
are shown in Fig. 1, which includes the potential profiles,
charge distribution and the energy levels. The corresponding
wave functions of the energy levels shown in Fig 1 are
plotted in Fig. 2.

3. Calculation of transition matrix elements

Transitions between the levels lying in valence and con-
duction bands of GaAs/Ga, _ Al As are observable, and they
were classified as optical transitions [8]. Similar transitions
are also possible for the §1/Ge system [5].

We have calculated the optical transition matrix elements

T\'i.‘-‘j= | <[|bvil.l5| l1"'qi> |2 R (6)

where t; and ¢ are, respectively, valence and conduction
wave functions generated at the center of the superlaitice
Brillowin zone, and 7 is the momentum operator. Since the
charge carriers move freely in the xy plane, the explicit form
of the optical matrix elements may be expressed as

TETE
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Fig. 3 shows schematically the considered transitions. Cal-
culated optical transition matrix elements are given in Table |
for the transitions between the levels shown in Fig. 1.

Table [
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We have also calculated the oscillator strength matrix ele-
ments F; ., between the states in the conduction band, which
is a measure of the transition rate; it is usually expressed as
91

T.

S
Fy

i = E,—Eq (%

where E; and E, are the energies of the initial and final
conduction states, respectively, and T, is the square of the
momentum matrix elements between them as defined in
Eq. (6). Calculated oscillator strength matrix elements for
the transitions hetween the conduction band states are given
in Table 2.

4. Discussion and conclusion

Because of the repulsion of electrons cccupying the con-
fined states the original square-well potential profile modifies
as a parabolic repulsive potential in the well region and an
attractive potential in the barrier region for both conduction
and valence bands. The state #9 in the conduction band looks
like a confined resonance state which places it just above the

Calculated optical transition matrix elements (ina.u.), T .- Entries are formatted as m(n) =0.an X 10"

(vi} (cj}
l 2 3 4 5 6 7 g 9 10

1 928({ —5) 378{ -3} 104{ -2) 101(—1) 439( ~3) 409( - 3) 542(-2) 3l6( -2 281(~2) 434(-3)
2 248(-2) 979( —3) 201{ —3) 635(-3) 118(=3) 1H8{~1) 729(—2) 445(—2) 520(—4) 430({ —3)
3 456(—3) Nn7(-1) 291(-2) 607( ~2) 433( -3} 335(-1) 696(—3) B00{ ~3) 71 =3) 763(—2)
4 57T -2} 829(—4} 3587(—3) 615(-3) 447( =3) 13(-2) 272 -2 287(—3) 375( ~2) 128( 1)
h] 271 —4) 202(—4) 321(—4) 124( = 1) 751¢{—~2) 503(—12) 181(—-1) 126(-12) 439( ~3} 171(=2)
6 260( —-2) 965( —2) T05( —4) 466{ —2) 737( -3 125( -1} 881(-2) 579(-2) 232(-2) 425( -2}
7 143( -3} [62{—35) 219(—~2) 377 -3) 100(--2) 261(—-12) 150(—2) 786(—3) 178(-2) 385( —2)
8 166( —3) 616{—2) 184 —2) 236(-2) 217¢(-2) 116(-4) 461(—3) 746( - 5) 427(—2) 692({ —13)
9 265(—1t) 663(—3) 555(-2) 539(-2) 169( 1} 034(~3) 455( -2} 107(-2) 184( —4) 641({ 2}
10 239( -2 245( -2} 100( - 1) 335(-3) 979( - 3) 468(—13) 230(~ 1) 235(-3) 834{-13) 143(-1)
Table 2 ]

Calculated oscillater strength matrix elements (in a.u.), Fy 4. Entries are formatted as in Table |

{ci) {cj)

2 3 4 3 6 7 8 9 10

1 115¢(—-1) i76( + 1) S554(+ 1) 419( -1 209(0) 2160} 813(0} 333(-2) 204(0)
2 609(0) 119{+ 1) 125( + 1) T43(~12) 439(0) 387(—-1) 300(—1) 486(0)

3 670(~2) I57(+ 1) 128(—1} 125¢(-1} 331¢0) 166( —2) 836(—1)
4 111+ 1) 265(—1) 802(0) 673(~2) 100¢0) 181{~1)
3 127¢+ 1) 190(0) 612(0) 640( -1} 1090+ 1)
6 521(+1} 687(0) 352(—-1) 134(0)

7 216(— 1) 548(0}) 2001(~2)
g 329(0) 739(+1)
9 4230+ 1}
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tential minimum in the barrier region. The conduction
ites after #10 have free particle characler.

Table 1 contains the relative magnitudes of the optical
nsition matrix elements. As seen from the table the most
ybable trapsitions are V1-—C4, V21-—-C6, V2—=CIQ,
i=C4, V5-C7, V6—=C6 VI-Cl, VI-C5,
[0—C3, V10— C7, and V10— C10. It is worth mention-
7 that the transition from the first state of the valence band
1) to the first state of the conduction baad (C1) is not
vorable as expected in type-II Si/Ge supertattices, contrary
the short-period case (type I). In Sis/Ges superlattices the
| = C1 transition was calculated to be the most probable
1.

Table 2 contains the relative magnitudes of the oscillator
ength matrix elements for the transitions between the con-
ction states. As seen from the table the high transition rates
e place for the transitions C1—C3, Ci—=C4, C2-C4,
15,03 —C5,C4—C5,C5—-C6,C5—C10,C6 = C7,
1~ C10, and C9— C10.

In recent years similar investigations have been done on
ort period Si/Ge superlattices because of the potential
plications in IR devices, such as detectors and modulators
]. Since the electronic structure of short- and long-period
perlattices show different characteristics, the calculated
insition matrix elements and the dominant band to band
wnsition sets are expected o be differeat. Considering the
nited variation of superlattice parameters (such as period)
d the difficulty in the fabrication of short-period supertat-

tices the long-period superlattices may be preferred in opto-
electronic device applications; in that case the present
calculation will be 2 valuable contribution.
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The InSe and GaSe materials have long been of interest from their electrical
and optical properties related to the anisotropy of the crystal structure [1-14}.In8e
and GaSe are both semiconducting layer structure compounds that are made up of
weakly interacting, essentially two dimensional sheets, each of which is four atoms
thick. The sheets can be stacked in a variety of ways to give the full three- dimen-
sional structures mainly (space group D},), (space group D},) and {space group
C},) polytypes [3-6]. InSe and GaSe that were grown by the Brigman technique
cristallize in the type (¢ — InSe, £ — GaSe). The identification of the InSe and
GaSe polytype were made by means of neutron diffraction, IR and Raman scatter-
ing spectroscopy [7-14].

In recent years, the e — InSe/e — GaSe heterostructures have been invesfigated
to understand the contributions of their separate electrical and optical properties of
InSe and GaSe on modern semiconductor technology [15-19). By developing the
Van der Waals epitaxy by Koma et al. [20-22}, InSe thin film has been grown on
GaSe (or GaSe on InSe) free from the strain due to the lattice mismatch of two

sides. £ — InSefe — GaSe systems have been investigated by AES, LEELS, and
 XPS [15-17], and each side layers grown at elevated temperature (= 300 C) were
characterized as the bulk InSe and bulk GaSe crystals inspite of the large lattice
mismatch of about 7%. At low temperatures, electron motion in both bulk InSe
and GaSe appear to be localized such that the motion along the ¢ — azis (z — azis)
is restricted and motion perpendicular to this axis l(a: -y plaﬁe) is Eree, while at
higher temperatures the carriers are excited into states showing three dimensional
behaviour. Therefore, at low temperatures, £ — InSe/s — GaSe heteroepitaxy (gener-
ally layered-material based heteroepitaxies) lowers the system dimensionality from
three to two, without changing the symﬁwtry. Hence the £ — InSefe — GaSe system
can be studied theoretically, as two dimensional InSe/GuSe superlattice. It is meant

by two-dimensional that the charge carriers are free to move in two dimensions (-

and y-directions) -[23].
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In the first part of the present worl we have calculated the confined states of both
electrons and holes of uniformly doped ¢ — [nSe/e ~GaSe superlattice. In the second
part, we have calculated the optical transition matrix elements involving transitions
from the hole states to the states in the conduction band and the oscillator strength
matrix elements for the transions between the electron states.

InSe/GaSe superlattice is described by multiple potential wells of /nSe region
which are seperated by GaSe barriers as high as the conduction (valence) band
discontinuity (Fig.1). One InSe (well} and one GaSe (barrier) region form the one
period of the superlattice. Therefore, one potential well and one potential barrier
with the imposed periodic boundary conditions describe the whole superlattice. The
initial (starting) potential profile is in square well form. Self-consistent calculations
are based on the effective mass approximation (EMA). By considering a free particle
(electron or hole) behaviour in the zy—plane (basal (001) plane) a one-dimensional
Schrédinger equation in z—direction (i.e. the direction of optical c—axis) was solved.
Such a heterostructure system (superlattice) is considered as a two—dimensional
system from the free motion of charge carriers point of view; on the other hand it
may be considered as a one-dimensional system from the bound and/or localized
motion of charge carriers point of view. Therefore the corresponding Schrédinger
equation describing the bound states of charge carriers is one-dimensional.

The values of the parameters \;sed for the calculations are as follows: Barrier
height for electrons AE, = 400 meV (estimated using values of the band gaps of
InSe(=1.25 eV) and GaSe(= 2.02 eV'), and the value of the valence band discon-
tinuity 6V = 0.35 eV, given in Ref.16); barrier height for holes AE, = 370 meV
(natural valence line up); equal width of the well and barrier d) = dy = 76.8 A
(length of two diameters of excitons in GaSe [24]); effective masses of electrons in
the direction of z—axis m;, = 0.13m,, ma, = 0.28m, [24]; effective masses of holes
in the direction of z—axis my;, = 1.54m, {12], may = 0.2m,, [14]; dielectric constants

gy = 8.5 [25], 22 = 7.6 {13]. Here indices 1 and 2 refer to InSe and GaSe respectively.

e



In the present calculation the periodic potential ¥(z} contains both coulomb and

exchange contributions in addition to the initial square—well potential V;, (= AE_ or

AE.), namnely

Viz) = Vo + Vio(2) + Vez (2) (1)

Considering the central point difference method the periodic one-dimensional

Schradinger equation is reduced to a recursion relation {26}.
athioy + (B — A+ ey =0 (2)

where ; = ¥(k;, z;) is the periodic part of the Bloch wave in the z-direction,

2 -
az_;:n_ (1-53’%[55) @)
ﬁz 'g o 2

here A = §°E,. In these equations & is the step-length in the motion direction.
d = dy +d3 is the width (period) of the superlattice unit cell, E,, is the band energy
and k. is the wave vector. Other quantities have conventional meanings. In our work,
- one-dimensional Schrédinger equation describing the InSe/GaSe periodic system is
solved numerically. The periodic boundary conditions for 4 are taken into account
in considering the matrix from the recursion relation. The exchange potential is

expressed as a function of the local charge density of the form,

mx(zi)=-(%p,-)m (in au) (5)

The coulomb potential is obtained from the numerical solution of Poisson equa-
tion. Solutions, namely the energies and wave functions, are obtained within a
self-consistent iteration for a predetermined precision. During the self-consistent
iterations 20% mixing is taken into account. Convergency was reached within 10
iterations with a precision of 107! a.u. in energy. Eq. 2 is solved self-consistently,
and energy eigenvalues (E,), Coulomb (V,,) and exchange (V,;) potentials, and to-

tal potential, Eq. 1, are iterated for self-consistency. The result of the calculations



are shown in Fig.2, which includes the potential profiles, charge distribution and
the energy levels. The wave functions for the corresponding energy levels shown in
Fig.2 are plotted in Fig.3.
In the following stage, we have calculated the optical transion matrix elements
[27-29]
Toiej = | < tuilplipes > |* (6)

where {n; and 1; are, respectively, valence and conduction bands wave functions
generated at the center of the superlattice Brillouin zone. p is the momentum
operator. The charge carriers move freely in the zy-plane, and we assume that
there is no band bending along z-direction. In the absence of band bending the
problem is purely one-dimensional and scalar [27]. On the other hand, if we assume
that the polarization of radiation is in z—direction, then the explicit form of the

optical matrix elements may be expressed as

dﬂ’c 7

Tyiej = | < i .

> . (

-]

Figure 1 shows schematically the considered transitions. Calculated optical tran-
sition matrix elements are given in Table 1 for the transitions between the states
shown in Fig.2.

We have also calculated the oscillator strength matrix elements, Fi; .;, between
the states in the conduction band, which is a measure of the transition rate; it is

usually expressed as [28]
Tci,l:j
o (®)

Fci,cj =
where E; and E;; are the energies of the initial and final conduction states, respec-
tively, and T,; .; is the square of the momentum matrix elements between them as
defined in Eq.6. Calculated oscillator strength matrix elements for the transitions
between the conduction band states are given in Table 2.

The self-consistent feld calculation results for n = 10** ern~™? (electron concen-

tration per unit volume), the potential profile, V{z). the lowest six eizenvalucs. the



Fermi level (£7) and charge densities, p(z) of the InSe/GaSe conduction band are
presented In Fig.2. The potential profile. V,.(z). the highest eight eigenvalues. of
the /nSe/GaSe valence band are also presented in Fig.2. Because of the repulsion

of electrons occupying the confined states the original square-well potential profile

modifies as a parabolic repulsive potential in the well region and an attractive po-

tential in the barrier region for both conduction and valance bands. Recently, it
was found that {18], the change in the potential profile of the conduction band was
noticeable for highly doped (n > 106 em™3) InSe/GaSe systems. In the same
work, it was also found that {18], for highly doped ¢ — InSe/e — GaSe systems, the
modifications in the potential barrier (that is band bending) shifts the energy levels
up for electrons with respect‘to the energies of the low concentrated InSe/GuSe
systems (n < 1015); In the present work the calculated energy values of the confined
electron states are more positive with respect to the energies of ] nSe/GaSe system
with low concentration (n=10"%cm_;) [18].

The corresponding confined states are illustrated in Fig.3. The first and second
columns show the lowest six I'-like confined electron states and highest eight ['-like
- confined hole states respectively. The state #5 in conduction band and the state £7
in the valence band display a different character with a large amplitude in the barrier
region. Such states for electrons were identified as resonance states [26] and were
found to occur above the barrier potential V,, when bar_ld bend;ng was neglected.
With the band-bending effect, these resonance states fall down and occur in the bare
barrier potential. The conduction states after #6 have free particle character.

In the following stage, we have calculated the optical transion matrix elements to
determine the most probable transitions from the hole states to the electron states.
Table 1 contains the relative magnitudes of the optical transition matrix elements.
As seen from the table the most probable transition is from the Arst state of the
valence band (V1) to the first state of the conduction band (C1),{V1 = C1). In

this calculation the next most probable transition is V1 — C3.

&L
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To determine the most probable transitions among the conduction band states,
the oscillator strength matrix elements were calculated and given in Table 2. As seen
from the table the maximum transition rate takes place for the transition C1 — C2,
the next largest rate is in the transition C5 — C6.

In summary, we have calculated the confined electron and hole states for uni-
formly doped (n = 10'® cm?) InSe/GaSe system. By calculating the oscillator
strength matrix elements and optical transition matrix elements we have deter-
mined the most probable transitions among the electron states and between the
hole and electron states. Since this is the first calculation on optical transitions of
the InSe/GaSe system, we are not able to compare the present results with experi-
mental findings and other calculations. However, this work may be useful for further

experimental and theoretical studies in the InSe/GuaSe system.
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Table 1: Calculated optical transition matrix elements (in a.u.), Ty; ;. Entries are

formatted as m(n) = 0.in x 107,

(i) 1 2 3 4 5 6

(vi)

1 671(-1) 428(-2) 253(-2) B856(-3) 282(-1) 133(-3)
2 145(-1) 199(-2) 167(-2) 245(-1) 915(-2) 299(-2)
3 169(-1) 710(-2) 709(-3) 1i2(-1) 472(-3} 765(-4)
4 47(-2)  T41(-3) 216(-2) TI2(-3) 735(-2) 363(-2)
5 600(-2) 748(-2) 122(-1) 194(-3) 928(-3) 232(-2)
6 281(-2) T24(-5) 399(-2) 379(-2) 449(-3) 462(-2)
7 181(-2) 212(-1) 213(-1) 806(-2) 884(-4) 147(-3)
8 343(-3) 335(-3) 850(-2) 238(-3) 945(-3) 636(-2)

EK-2.



Table 2: Calculated oscillator strength matrix elements (in e}, Fiicj. Entries

formatted as in Table 1.

COR 3 4 5 6
(ci)
1 T40(+1) 105(+1) 405(-2) 249(-3) 363(-1)
2 316(0) 123(+i) 379(-2)  136(-1)
3 T18(-1)  270(-2) 114(-1)
4 438(0)  478(-1)
5 153(+1)
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Figure Captions

Figure 1. Square-well structure of InSe/GaSe superlattice showing the optical tran-

sitions.

Figure 2. Calculated potential profiles (thick lines), charze density (dotted line), and
elctronic energy levels (thin straight lines) for the conduction (upper) and valence
(lower) bands of the InSe/GuaSe superlattice. The unit cell parameters used: the
“subscripts 1 and 2 in the parameters represent the well (/nSe) and barrier (GaSe)
regions, respectively. The width of the well and barrier, d; = da = 76.8 A; the bfxrrier
height (or the discontinuity) of the valence band, V, = 0.37 eV, the corresponding
conduction band line-up, V, = 0.4 eV;the dielectric constants, ey = 8.5, g2 = 7.6;
the effective masses of electrons, m{ = 0.13m., mj = 0.28m,, the effective masses of

holes, m} = 1.54m,, m} = 0.2m,; the electron concentration, n = 10"® em=.

Figure 3. Wave functions of electrons and holes which correspond to the energy

levels shown in Figure 2.
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Abstract

We have investigated the dependence of energy levels and optical transition matrix elements in InSe/GaSe superlattices
on well and/or barrier widths. Sell-consisient-field calculations have been performed within the effective-mass theory
approximation. @ 1998 Elsevier Science B.V. All rights reserved.

PACS: 73.20.Dx; T8.66.Li
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Electronic states in superlattices depend on vari-
ous physical parameters such as effective mass,
dielectric constant, band line-up, etc., and also geo-
metrical parameters such as well width, barrier

width etc,, [1]. Therefore, the electronic structure of -

such systeins are usually investigated with respect
io the parameters which are not constant and they
can be changed easily [2]. This allows one to make
a required system by playing and/or adjusting some
of the parameters. From experimental point of
view, the easiest one is the variation of the geomet-
rical parameters. Hence, by varying the well and/or
barrier widths one may obtain a required electronic
properties and consequently the optical properties
of a particular superlattice [3-5].

*Cormresponding  author.
meti.edu.ir.

E-mail: erkoc@newlon.physics.

The InSe and GaSe materials have long been of
interest from their electrical and optical properties
[6-9], and the InSe/GaSe heterostructures have
been investigated to understand the contribution of
their separate electrical and optical properties of
InSe and (GaSe on modern semiconductor techno-
logy [10-147.

in a recent work [13] the effect of doping level
and doping distribution type on the electronic
structure of InSe/GaSe superiattices were investi-
gated for a fixed well and barrier width. In this
work, we have investigated the effect of geometrical
parameters on the electronic energy levels and
therefore on the optical transitions in InSe/GaSe
superlattices. By varying the well width and the
barrier width we have calculated the electronic en-
ergies and wave functions using the effective-mass-
theory (EMT) approximation self-consistently both

0022-0248/98/519.00 © 1998 Elsevier Science B.V. All rights reserved.

PH: 50022-0248(98)00686-1
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for conduction and valence states. Transition prob-
ability matrix elements have been calculated for the
transitions taking place between the states in val-
ence and conduction bands.

In the first part of this work, we have calculated
the confined states of both electrons and holes of
uniformly doped InSe/GaSe superlattice. In the
second part, we have calculated the optical
transition matrix elements involving transitions
from the hole states to the states in the conduction
band. The considered transitions are shown
shematically in Fig. 1.

Since the undoped superlattices have no practi-
cal importance [3], we have investigated the effect
of peometrical parameters on the electronic struc-
tures on doped InSe/GaSe superlattices. Conse-
quently, we have choosen the commonly used
uniformly doped InSe/GaSe superlattice.

InSe/GaSe superlattice is described by multiple
petential wells of InSe region which are seperated
by GaSe barriers as high as the conduction (val-
ence) band discontinuity {(Fig. 1). One InSe (well)
and one GaSe (barrier) region form the one period
of the superlattice. Therefore, one potential well
and one potential barrier with the imposed periodic

Vot -
InSe GoSe
W g
1
ti
0 — [
Tvi,ci
0 v ~
l
d dy -
Vov

—_— I

Fig. 1. Square-well struclure of InSe/GaSe su_per]auicc showing
schematically the energy levels and the optical transitions con-
sidered.

boundary conditions describe the whole superla-
ttice. The initial (starting) potential profile is in
square well form. Self-consistent calculations are
based on the effective-mass approximation (EMA).
By considering a free particle (electron or hole)
behaviour in the xy-plane {basal (00 1) plane),
a one-dimensional Schrédinger equation in z-direc-
tion {i.e. the direction of optical c-axis) was solved.
Such a heterostructure system (superlattice) is con-
sidered as a two-dimensional system from the free
motion of charge carriers point of view; on the other
hand, it may be considered as a one-dimensional
system from the bound and/or localized motion of
charge carriers point of view. Therefore, the corre-
sponding Schrédinger equation describing the
bound states of charge carriers is one-dimensional.

The details of the calculations and the properties
of the material studied for a particular well width
and barrier width are given in our recent works
[13,15]. The numerical values of the parameters
used in the present calculations are as follows: the
conduction band line-up, V. = 0.4 eV, the barrier
height of the valence band, ¥V, = 0.37 eV; the dielec-
tric constant ¢ of InSe and GaSe is 8.5 and 7.6,
respectively; the effective mass of electrons in InSe,
m¥ =0.13m,, the effective mass of electrons in
GaSe, m¥ = 0.28m,; the effective mass of holes in
InSe, mff = 1.54m,, and the effective mass of holes
in GaSe, mff = 0.2m,.

In the present calculation, the periodic potential
V(z) contains both coulomb and exchange contri-
butions in addition to the initial square-well poten-
tial Vo { = AE, or AE,), namely

Viz) = Vo + Veolz) + Veulz) (1

Considering the central point difference method
the periodic one-dimensional Schrdinger equation
is reduced to a recursion relation [16,19].

atfioy + (B — AWy +o*iiey =0, (2}

where f; = ¥(k., z;} 1s the pericdic part of the Bloch
wave in the z-direction,

h* 2k
=T ?_m*(l - 17—5)’ G)
Kt 4nk?
= {24+ 56 4 62z
i 2”]*( T ) + 0°¥{z); 4

k-3
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here 1 = §*E,. In these equations, & is ihe step-
length in the motion direction, d = d; 4 d; is the
width (period) of the superlattice unit cell, E, is the
band energy and k. is the wave vector. Other
quantities have conventional meanings. In our
work, one-dimensional Schrédinger equation de-
scribing the InSe/GaSe periodic system is solved
numerically, The periodic boundary conditions for
i are taken into account in considering the matrix
{from the recursion relation. The exchange potential
is expressed as a function of the local charge density
of the form

Volz) = — (%p.-) " {in a.u.) (5

The coulomb poiential is obtained from the nu-
merical solution of Poisson equation. Solutions,
namely the energies and wave functions, are ob-
tained within a self-consistent iteration for a pre-

determined precision. During the self-consistent
iterations, 20% mixing is taken into account. Con-
vergency was reached within 10 iterations with a
precision of 10™* a.u. in energy. Eq. (2} is solved self-
consistently, and energy eigenvalues (E,), Coulomb
(V) and exchange (V.,) potentials, and total po-
tential, Eq. (1), are iterated for self-consistency.

Calculations are carried out for various widths
d; and d; here indices 1 and 2 refer to InSe and
GaSe, respectively. The lowest five electronic en-
ergy levels in the conduction band and the highest
three hole energy levels in the valance band are
plotted as a function of width in Fig. 2,

In the Jollowing stage, we have calculated the
optical transition matrix elements [15,17]

Tvi.cj = |<l!’vi|p|ltllcj>|z (6)

where ,; and i, are, respectively, valence and
conduction band wave functions generated at the

y I S .: e
/ —_————
tot 1 b i ]
0.2 | / + / - + / P
3(_, c2 / ——————— R
” EF/////_:' 1 r%—-——// T r"‘"”a‘_,___d__-————‘_w_' S s ﬁ i
0.0 [ t + + + t + t + 4 + + + + t
. vi
s | _ .\\RN\\“_,“\\ME“__.\\th*m‘“fﬁszss_
—_ &_—*“—-—._-
>>o.2~\“¥f_—%——*‘“—*—~.-m i
D + § + + + +

! s é g
:_Z -2 2‘“2 T 3-
E P 5 Ns ; f
2 4l 1 .

1 I L 1 i I 1 ] 1

L ] 1 1

d,#2Cp 3C2 4C2 50z 6C2 2 3 4 5 & 2
(o} d=2C, (b} d,=3C,

{c) d,=4C;

4 5.6 2 3 4 5 &8 2 3 4 5 6B

{(d] g=5C {e}d,=6C,

Fig. 2. Varalion of energy levels (upper panel for conduction, middle panel for valence) and optical transition matrix elements
(V1 — Cj) (lower panel) with respect to width of the barrier da = 2ca, 3¢y, 4¢3, 5ca, 6cy; cz = 15.94 A, The well widths d, are (a} 2ey,

{b) 3cy, (c} 4cy, (d) 5cy, (e} Gey:cy = 16.70 A.
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center of the superlattice Brillouin zone, and p is the
momentum operator. The charge carriers move
freely in the xy-plane, and we assume that there is
no band bending along the z-direction. In the ab-
sence of band bending, the problem is purely one-
dimensional and scalar [18]. On the other hand, if
we asswme that the polarization of radiation is in
the z-direction, then the explicit form of the optical
matrix elements may be expressed as

Tyiej = |<¢’vsldl/’cj/dz>|2- (7

Fig. 1 shows schematically the considered
transitions. Variation of the calculated optical
transition matrix elements versus width are also
shown in Fig. 2.

The sell-consistent field calculation results for
uniformly doped InSe/GaSe superlattice with
n=10""cm™? (electron concentration per unit
volume) are shown in Fig. 2. In these figures, the
calculated energy levels and transition matrix ele-
ments are displayed as a function of supercell
width.

In the calculations we have considered the fol-
lowing well widths (d,} and barrier widths (d,):
d; = 2¢;, 3¢, 4cq, Scy, 6c, 1= 1, 2; here the para-
meters ¢; correspond to the interlayer separations
of InSe and GaSe crystals, respectively, along the
z-axis. The numerical values are ¢; = 16.70 A and
c; = 1594 A [13].

Each panel in Fig. 2 displays the variation of the
first five conduction and the first three valence
energy levels for given d,. In these figures, the
variable quantity is 4,. Each panel in Fig. 2 also
displays the variation of optical transition matrix
elements for the transitions (V1 — Cj). Transitions
from the highest valence state (F,) to the first five
conduction states (C; j= 1-5) are considered.
Fermt level (Eg) and the minimum of the potential
barrier (V' }in conduction are also shown on Fig. 2.

In the «case of smallest well width
(d; = 2c, = 33.40 A), Fig. 2a, as the barrier width
increases the conduction levels go up gradually as
expected. Similar variation in valence levels are
faster than the conduction levels. Transition prob-
ability is higher for the transition V1 —C1 for
d; value upto 4cy, then the transition V1 — C3
becomes most probable {or larger d, values. This is
due to the resonance character of level C3, which

lies just above the barrier [16,19] for the barrier
width larger than 4c,. In the case with 4, = 3¢,
{Fig. 2b) although the transition probability is the
highest for the transition V1 —+ C3 when d, < 4¢a
but when d, = 4c¢,, the transition probability from
the highest hole state to the other resonance state
{C5) is higher than the others. In the other case,
with d, = 4¢; (Fig. 2c), the trangition probability
from V1 — C5 is the highest when 4, < 3¢,, but
then the transition from V1 — C1 is dominant. As it
15 observed from the panels {Fig. 2c-Fig. 2e), the
transition probability for ¥'1 — C1 is the highest for
InSe/GaSe superlattices when the well width
d, > 4cy and the barrier width d, = 6c,. Further-
more, it seems that the most probable transitions
do not show a systematic dependence on widths.

Another interesting feature of the energy levels is
that as the widths (both well and barrier) increase,
the levels below the barrier height vary slowly,

In summary, we have calculated the confined
electron and hole states for unifermly doped
(n = 10'% cm ™) InSe/GaSe system. By calculating
the optical transition matrix elements we have de-
termined the most probable transitions between the
hole and electron states (V1 — Cj). We are not able
to compare the present results with experimental
findings and other calculations. However, this work
may be useful for further expedimental and theoret-
ical studies in the InSe/GaSe SyStem. o
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