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Modeling of type-Il InAs/GaSb superlattices using an empirical tight-binding method
and interface engineering

Yajun Wei and Manijeh Razeghi
Center for Quantum Devices, Department of Electrical and Computer Engineering, Northwestern University,
Evanston, lllinois 60208, USA
(Received 14 July 2003; revised manuscript received 3 October 2003; published 20 February 2004

We report the most recent work on the modeling of type-Il InAs/GaSb superlattices using the empirical tight
binding method in arsp®s* basis. After taking into account the antimony segregation in the InAs layers, the
modeling accuracy of the band gap has been improved. Our calculations agree with our experimental results
within a certain growth uncertainty. In addition, we introduce the concept @hGa, type interface engineer-
ing in order to reduce the lattice mismatch between the superlattice and the(@d5Bubstrate to improve
the overall superlattice material quality.
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INTRODUCTION EMPIRICAL TIGHT-BINDING METHOD WITH Sb
SEGREGATION
The type-1l band alignment of the heterojunctions in be-
tween InAs and GaSb was first put forth by Halaski and
Esaki in the 1970%. Since then, high quality material

The empirical tight-binding methodETBM) originates
from the early work of Slater and Koster in 1954The
method was originally called linear combinations of atomic

) o S, Pthitals. The nonorthogonality of the atomic orbitals posed a
tially due to the growth difficulties encountered at the h'ghlydifficulty in applying this method in an empirical frame.
strained interfaces~<7% mismatch The quantum wells or jth the modification of the atomic orbitals to talin
Super|attices formed by these heterojunctions are of Signiﬁorbita|s}2 this prob|em was solved. However' we assume
cant potential for a wide range of applications ranging fromthat these orbitals still have the same symmetry as their cor-
detector$° to laser$” and modulator§ etc. responding atomic orbitals. The basis orbitals in this work
Important aspects of the type-Il InAs/GaSb superlatticeshould be considered only to be théwidin orbitals. As a
have been previously modeled usikgp, pseudopotential, balance between the modeling accuracy and the calculation
bond orbital, and tlght-blndlng methods, etc. Tale initio load, we chose a basis ep3s*' with nearest neighbor in-
calculations of the electronic structures have not been prageractions, under a two-center approximatiofi*s* orbitals
tical till now. Therefore empirical methods have becomeywere used to better describe the conduction bands. It can be
widely used. However, because the fitting parameters arghown that a full superlattice Hamiltonian matrix cannot be
highly dependent on the material quality, there has not beepjock diagonalized into two equivalent parts once the spin-
a universal rule that can be used consistently to explain thgrpjtal interactions are consider&tTherefore we used a full
experimental results for superlattices grown at different conset of Lavdin orbitals with both spin-up and spin-down
ditions. In this work, we took into account a parameter that isstates in this work.
of crucial importance during the growths: the antimony seg- There has been significant amount of work in the theory
regation in the InAs |a.yer5. With the addition of this aSpeCt,of the ETBM for both bulk 111-V materials and IlI-V super-
our model can be used to explain our experimental results fogttices. Here we only briefly describe the formalism to keep
superlattices grown at different growth conditions, especiallythe integrity of this work.
the band gaps, within some growth uncertainties. With the - Assuming the construction Lowdin orbital for the material
aid of our modeling, we are also able to calculate the effectgs
of mixed interfaces and compare with experimental results.
Due to the limitation of our experimental investigation tech- on(F— R— Tn),
niques, in most cases, the amount of antimony segregatiovr\1/heren runs through all the atoms in a unit cell, are the
remains as a general fitting parameter to a series of growthcsOordinate position vectors of the atoms in the celkuns
that were done using the same growth condition. It has bee '

reported that indium and arsenic segregation exit in the GaS{rE10ngh all considered types of ialin orpltals S Px: Py
p,, ands*), andR represents the coordinate position vector

layers®1® However, these nonperfections are highly depent ey~ T : o ST
dent on the details of the growth method used. We hav® EI'P? ulr31||t cre] n t ientl_re m?telna we a][e ccr)]n5|de_r|ng.

minimized their existence through years of material growthterial ?s d((a)gcri\tl)vea(\j/eb unction of electrons for the entire ma-
improvements. However, because of the much lower anti- y

mony vapor pressure at a growth temperature below 400 °C

compare with that above 500 °C, the residual antimony still V)=, > > exdik-(Rg +7y)]
plays an important role. The initial seeds of antimony before Ry @ N1

starting each InAs layer are significant for the material com- .

position of the InAs layers. XAnen(F—=Rs — 7)),
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whereN is the total number of atoms in one unit cél; are TABLE I. Composition matrix for antimony segregated super-

constants, ands, runs through all the unit cells that are '2CEL(ASIN_1-ASG4IN, - (SbGa}-SbGaIN; o]y within
involved in the nearest neighbor interactions. one periodx(i) (i=1,2,...m) represents the amount of Sb segrega-

. tion. The superlattice energy terms are composition weighted arith-
The band structure calculation problem now reduces to an__ . . )

. B metic average of the corresponding materials.
eigenvalue problem fow (1):

H () = EW£(F), Ga In As Sb
0 0 1—x(1) x(1D) z
whereH is the Hamiltonian operator, and is the energy %

. . - . , L 0 1 0 0 =
eigenvalue that is dependent bivalues in the first Brillouin 2
zone. A full description of the format for the superlattice = 0 0 1-x(2) x(2) =
Hamiltonian matrix is in the Appendix. S B

In order to better model a real superlattice that is growr g go
with a specific technique and growth condition, we should § 0 1 0 0 &
identify |_mportant dlffer.ences' between a grown superlattice .2 0 0 1 —x(m) x(m) 2
and an ideal superlattice. First of all, since the band ga| g «
prediction is one of the most important and fundamenta E %
tasks for any type of superlattice modeling, we will focus © 5 1—x 0 0 } g€
on this in the present work. We define an ideal type-II ! ! 52
superlattice to be [(AsIn),-AsGa,ln,_,;-(ShGa)- o
ShGag,ln; _,» N With a perfect crystal structure, where each v 0 0 0 1
atomic symbol represents a layer of the same kind of aton 1 0 0 0 z
without any exotic materials, and the sequence of atoms i =
exactly as it is written. Here we distinguish the interface 0 0 0 1 2
compositions for later use. The particular atomic order we 1 0 0 0 3
choose is only for our convenience in describing the formal- 0 0 0 1
ism we developed, in which we start with an anion atom. In Joey,
a real superlattice, first of all, at each layer which an atomic L8
symbol represents, it is no longer the same kind in genera *2 1=x, 0 0 % E
second, there are point defects, dislocations, etc.; third, thel 8 g

is always a surface miscut; fourth, the superlattice might no
be perfectly periodic; fifth, the presence of the dopants
would change the periodic potential. All these would makeThe antimony for arsenic or arsenic for antimony substitu-
the assumption of an ideal superlattice no longer valid. Varytion is a growth characteristic particular to type-Il InAs/GaSb
ing material parameters to accommodate these defective asuperlattices. We will focus on the former case in this work.
pects of a real superlattice, such as band lineups at the inteThis refers to the antimony segregation in the InAs layers.
faces, would not help to understand the physics behind re@ue to the different properties of arsenic and antimony, only
superlattice structures. antimony segregation in the InAs layers is important. As
To model all the imperfections would be impractical asmentioned earlier, we will not consider the indium and ar-
well. Fortunately, not all of these factors have the same effectenic segregations in the GaSb layers for our superlattices.
on the superlattice band gap. The periodicity is a factor that The physical presence of the antimony segregation in the
can be improved with a sound practice of material growth|nAs layers has been reported using a scanning tunneling
and we will not take into account the effects of the nonperi-microscopée® We will follow the same notation in this work.

odicity of an actually grown superlattice. The effects of sur-we used the same method for the Sb segregation profile,
face miscut will introduce an error bar af/— one mono-

layer for each layer of InAs or GaSb, which will broaden the x(n)=x,R""}(1—-R)+x,(1—-R"), n=1,2,3,..,
cutoff energy width. This is a factor that we are not consid-

ering for our superlattices in this work, since the introducedwhere x(n) stands for the composition of Sb in threh
band gap error is much smaller than the band gap we a®As; ) Shn) layer,x; stands for the initial seeds of SR,
dealing with. The dislocation density can be decreased sigeepresents the phenomenological segregation coefficignt,
nificantly by an optimization of the superlattice design with is the Sh background incorporation ratio, ag,s stands for
less mismatch to the substrate, which will be covered in latethe number of InAs layers. A tablet description of the result-
sections. For the point defects, there are vacancy defects)g superlattice compositions in one period is shown in Table
antisite defects, antimony for arsenic defects or vice versd,

and dopant sitesin a general sengeVacancy and antisite The superlattice Hamiltonian matrix is thus modified to
defects act as dopants, and are related to detailed growteflect this layer dependent InAs composition using a com-
conditions. They do not affect the band gamless at a high position weighted arithmetic average of the material param-
enough density that is comparable to that of the majerial eters for InAs and InSb. For example, for the atomic section
but rather affect the Fermi energy level in the superlatticeof “-InAs,,Sh _n)-GaSb-,” the self-interaction energy

N InAs
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TABLE Il. The ETBM material parameters for GaAs, InAs, Wavelength (pm)
10

GaSb, and InSb at 77 K. Z 10 4030 20
= T=80K
GaAs InAs GaSb InSb 2
<
St
Esa —9.2664 —9.3562 —6.0493 —9.3378 %
Eec —-4.3504 —3.9611 —4.0712  —3.3248 E 0k
£
Epa +1.4866  +1.8201 +0.91157 +0.39352 g 3
Epc +3.2136  +3.1842  +2.6352 +2.0791 g ; =
Ecsa +8.7826  +7.0432 +7.8753  +6.6378 5 N 2 g
Eesc +5.8765 +6.1232 +4.8565  +5.3807 210t L - : ]
Esasc —7.9480 —6.5393 —5.7762 —5.8320 F
Egaxc +2.7777 +4.3607 +4.4761 +4.1129 50’ 7'5 160 125 150 1;5 260 225
Eyasc  +10.005 +7.0849 +8.2748  +7.5769 Energy (meV)
Eceaxe  +3.6271  +3.0007 +5.0079  +3.4448 _ .
FIG. 1. (Color online Photoresponse spectrum of a series of
Exassc I;gg;; Iggg;g 1?:22 iigg;g superlattices grown under the same condition with a fixed GaSb
xaxc ‘ : : : layer thickness of 40 A{ 13 ML) at a temperature of 80 K. The
Exayc +5.0305  +5.4700  +5.3733 +4.0026 layer thickness of InAs changed from 40 A-(3 ML) up to 66 A
Ay +0.420 +0.420 +0.973 0.973 (~22 ML).
A +0.174 +0.393 +0.174 0.393

o

have been reported elsewhéréWe fixed the GaSb layers at

40 A (~13 ML), and varied the thickness of the InAs layers
for the As(yShi_xm layer would be {x(n)Eps+[1  from 40 A (~13ML) up to 66 A (~22 ML)-2_0 InSb-only
—X(N) 1Enspt X(N) Eganst [1—X(N) |Egasit/2, etc. TheE; interfaces were attempted for these superlatfuces._ The experi-
(i=InAs, etc) represents the general form for the corre-mental response spectrum of the superlattices is shown in
sponding fitting parameters. Since there exists neither conf=ig- 1. Calculations were done using fitted parametenrs; of
mon a anion nor cation between InAs and GaSb, it is impor=0.39, Xo=0.012, andR=0.67. These parameters were
tant to single out the interface layers from the InAs and Gastinanually fitted to get good visual satisfaction with a refer-
layers in the calculations. In order to model the real situation€nce to the values given in Ref. 16. Their accuracy is good
a realistic model of the interface energy terms is essentiaenough to describe the whole series of superlattices for de-
Since the superlattice layers, including the interfaces, are urfign purposes. Since each of the three parameters has its own
der high stress and strain-(7 %), Harrison’sd 2 rule'’ was physical meaning, the fitte_d numbers represents actual physi-
also applied to scale the interaction energies. For example, &8/ phenomena. A comparison of the calculated band gap and
interface As|n_A§L)_|n(2)_SHg)Ga, Aél) self-interaction en- the eXperimenta| values is shown in F|g 2. The calculation is
ergy would be that in a bulk InAs, that for @ would be the in good agreemer_lt with _th(_a experimental data Withi_n certa_in
arithmetic average of InAs and InSh. For nearest neighbor@oWth uncertainties. This indicates that the ETBM is a reli-
the interaction energy betweerfdhand SK* would be that gble method to gu@e the superlattice design after consider-
of InSb under stress. For a mixed interface, as another exX9 the Sb segregation effects.

ample, AsIn-AsGg.lng g SbGa, the self-interaction energy 400

of Ga, 5y g would be the arithmetic average of Ging gAS T=80K [ O experimental data
(0.EGanst 0.8Eipp)  and  GaznggSh  (0.Egass e Y
+0.8E,5p), etc. The arithmetic average scheme is adopted 300 % _ETBM calculations
based on the additional characteristic of potential fields origi- > /
nating from different atomic sites. g 2% E
The values of the ETBM parameters under #@’s* ;;. 200 e
nearest neighbor approximation are shown in Table Il. These 2 i) 1%
parameters are fitted to the known bulk band structure pa- 5 Data point confirmed .,
rameters of GaAs, InAs, GaSh, and InSb at 77 K. The band B jgp. MRS T
gap, spin-orbit splitting energy, effective masses at conduc- . 00
tion band minimum and for heavy holes along the 001 direc- = e
tion, were fitted to the exact experimentally measured 0+——————

values!® Other band energies at high symmetry points were @ W & 0 Lo B 1N

. . . . Superlattice Period ( A )

fitted using a numerical least squares method. The modeling

results have shown that this scheme is accurate enough to i, 2. (Color onling Comparison of the calculated band gap

predict the characteristics of the superlattices we grow. Thgjith the experimental data. The experimental data points scattered

band alignment energies between different compositionaiosely round the calculated curve using a modified ETBM. The

materials were from R_ef. 19. _ cutoff wavelength for the superlattice with an InAs layer thickness
We used this modified ETBM to calculate a series of su-of 40 A has been confirmed with newer growths using the same

perlattices we have grown. Details of the material growthsgyrowth conditions.
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Map of Cutoff Wavelength
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FIG. 3. (Color online An example of calculated map of cutoff

WsaglglengtshbsG folr the su;t)el.rlat.t:jce .t(ﬁ(ASIrl)lz'ASthlnl}\]‘l;. FIG. 5. (Color onling The calculated map of the cutoff wave-
( a)r 32IN1]n at liquid nitrogen temperature. Notice length for superlattice of [(AsIn)g-AsGaIn,_4;-(SbGa) s

that the two interfaces are not symmetricg!. The cutoff WaVEIengt%bGazlnl,xz]N. The cutoff wavelength variation is between 3.68
closely depends on the interface compositions. and 4.20um, corresponding to an energy variation-e40 meV.

0

INTERFACE ENGINEERING )
lengths greater thar-7 um. Below this wavelength, there

Although it is quite obvious that the properties of type Il does not exist any combination of InAs and GaSb layer num-
InAs/GaSb superlattices should be strongly dependent on thgers that can satisfy the zero lattice mismatch condition. For
interface type, only InSb and GaAs types of interfaces havéhe latter case, since the interfaces are highly strained or
been experimentally exploited before, and only,&h _,  stressed ~7% mismatch with GaSP01) substratels the
(0<x<1) mixed interfaces have been theoretically investi-superlattice may relax before growing the next type of inter-
gated using the pseudopotential metfi®By calculation, we  face. For the theoretically investigated,8b, _, interfaces,
found out that there is a certain limitation in applying only it is not very practical to grow since the flux ratio of Sb and
InSb or GaAs interfaces. In order to have almost zero lattice\s is not the composition ratio of Sb and As in the material.
mismatchegwell below 1000 ppmy there exist only a cer- |n addition, this composition ratio is highly sensitive to the
tain number of thickness combinations of InAs and G&éSb  growth temperature; thus it is difficult to have good repeat-
only InSh interfaces are usedr one has to use alternating ability and reliability to implement this type of interface.
m-GaAs interfacesri=0) with n-InSb (h=0mn#0) in-
terfaces. For the former case, it is only valid for cutoff wave-
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=
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=
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Experimental points .3
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B 04 0.5 0.6 07 08 09 1
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FIG. 4. (Color online The calculated map of the lattice mis- FIG. 6. The three-dimensional view of the cutoff wavelength for
match of the superlattice with the Ga$B01) substrate at room [(AsIn)g-AsGa,lIn, ,;-(SbGa)ySbGa,In, ,o]y. The maxi-
temperature for the superlattice df(AsIn);»-AsGa ln, yq- mum cutoff wavelength can be obtained whey=1 and x,=0.
(SbGa)-SbGag,In; 4]y - It can be seen that the two interfaces The minimum cutoff wavelength can be obtained wie® 0.5 and
play an identical role in affecting the lattice mismatch. X,~0.5.
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Map of Lattice Mismatch (Absolute Values)
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FIG. 7. (Color onling The calculated map of the absolute values .
for the lattice mismatch in between the superlattice of - : 0.2
[(AsIn)g-AsGa,In; _4;-(SbhGa)yShGa,ln, .1y and the GaSb 10 X,
(001 substrate. Significant lattice mismatch would present when F|G. 8. The three-dimensional view of the absolute values for
using binary interfaces. We can see that within a narrow stripelikehe |attice mismatch in  between the superlattice of
region, a zero lattice mismatch can be obtained. [(AsIn)g-AsGa,In; _,;-(SbGa) - SbGa,ln,; 4, ]y and the GaSb
(00D substrate. We can clearly see the zero mismatch composition

With these observations, we have investigated mixed intertine.
faces of Galn,_, type both theoretically using ETBM and
experimentally using an Intevac Mod Gen Il Molecular interface compositions. It clearly shows that an almost zero
Beam Epitaxy system. A clear advantage of usinglGa,  mismatch can be achieved using InSbh-only interfaces.
type interfaces is that it is highly controllable and highly  The thickness of the InAs layers needs to be decreased in
repeatable because of the nonvolatility of the Ga and In spearder to obtain a cutoff wavelength below7 um. If InSb-
cies on the sample surface at a growth temperature close tnly interfaces were used, the lattice mismatch in the growth
400°C. direction between the superlattice and the Gash sub-
The calculation of the effects for this type of mixed inter- strate would become positive, i.e., the superlattice would be-
faces in the ETBM is straightforward with variation of gin to have a larger average lattice constant. This makes it
the interface compositions of; and x,. An example of a possible to introduce Ga species into the interface layers so
cutoff wavelength calculation at liquid nitrogen temperatureas to decrease the average lattice constant and balance the
for the superlattice of (AsIn);»-AsGa;In; ,;-(SbGa) ;- strain in the superlattice. As an example for superlattice of
SbGa,lIn; 4, ]y is shown in Fig. 3. This type of superlattice [(AsIn)g-AsGa;In,_,;-(ShGa)-SbGa,ing_,»]n, Fig. 5
has a cutoff wavelength aroundun at liquid nitrogen tem- shows the calculated map of cutoff wavelength usiqg
perature. Interface No. dF 1) is denoted using Galn; _,; =0.124,%x,=0.01, andR=0.67. Figure 6 shows the three-
and interface No. 2IF 2) is denoted using Galn;_,,. The  dimensional view of the map. The entire rangeXgrandx,
calculated map of the cutoff wavelength reveals the nonsymérom 0 to 1) has been calculated. We see that the cutoff
metry of IF 1 and IF 2. Only along the diagonal is the wavelength can range from 3.68 to 4.20n, which corre-
superlattice tetragonal, otherwise orthorhombic. In ordesponds to an energy variation 640 meV. The calculated
to compare the calculation with the experimental valuesmap of mismatchabsolute valugsis shown in Fig. 7, and
two superlattices were grownf (AsIn);>-AsGa odNg os the three-dimensional view is shown in Fig. 8. We can see
(SbGa)-SbGg odnggaln and [(AsIn),>-AsGa 1dNg g5 clearly that there exists a zero mismatch composition line.
(SbGa);-ShGg 1dng gs]n - In order to decrease the Sb seg- With almost zero lattice mismatch, a superlattice of very
regation effects, a lower Sb flux was used for these twadigh crystalline quality can be grown with a significant thick-
growths. Manually fitted segregation parameters »>f ness in the micron range. Experimental work on the super-
=0.124,x,=0.01, andR=0.67 were used in the calculation. lattice of [(AsIn)g-AsGa 34N e (SbGa) - SbGalng gsln
Since pure GaAs interfaces will always lead to constrainedvas reported in Ref. 21.
superlattices(negative mismatch in the growth direction In conclusion, we have demonstrated that the ETBM is a
compared to the substratand pure InSb interfaces will al- reliable method to model the bandga cutoff wavelength
ways lead to compressed superlatti¢pssitive mismatch of type-Il InAs/GaSb superlattices after taking into account
casey there exist certain interface composition, (X,) sets the antimony segregation factor during the superlattice
that will lead to almost zero mismatch. Figure 4 shows agrowths. We also introduced the concept of,[Ba_,-type
calculated map of lattice mismatch with respect to the twanterface engineering for a robust solution of the lattice mis-
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match problem in the midwavelength infrared range 3~7 um, which helps to improve the overall material quality.

APPENDIX: SUPERLATTICE HAMILTONIAN MATRIX

The values of the energy terms should be those for the corresponding atoms or adjacent atomic layers. The format of the
superlattice Hamiltonian is,

Ha Hae O 0 H&)
Hl. He Hea 0
0 HI Ha Ha 0
Hg=| 0 0 HI. H. 0 - 0 [,
o o0 . 0 O
0 0 Hip Hg
[ Hea O 0 0 0 HL He |

[Eq, O 0 0 0]
0 E ia 0 0
pa 137
- A
haa O |?a Epa 0 0 1
0 O 0 Ep O
L0 0 0 0 Egsq
"0 0 0 0 O
A
0 O 0 —2 0
3
A
ha,so: 0 0 0 _|? 0
A, A
0o -2 =2 o 0
3 '3
L0 0 0 0 0
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flESBSC
—V3f, cosOEyasc

V3f, coSOyEsaxc
f1[Exaxct (3 cos ‘9x_1)Exayc]

hae=pB-| —V3f;C0860,Exase 3f; €086, COS ,Eyayc
—V3f; c0S0,Exasc 3f, €086, COSH,Exayc
0 ‘[sz CosaxEssaxc
91Esasc —V30; c0S6,Eyasc

‘/392 CosaxEsaxc gl[ Exaxc+(3 CO§ Oy~ 1) Exayc]

hea=pB-| —V392COSOyEsaxc —3g; €O, COSO,Eyayc

—v3(4 C0SO,Eqaxc —30; c0s6, COSOyEyayc

0 —‘/392 €0s 0,Exassc

1 - -
f1=Z[exp(ik- 7)) +expik-75)],

V31, cosOyEgayc

3f; cos, cosOyEyayc

Exayc]
3f, cosf, cosOEyayc

f1[Exaxct (3 cog 6,—1)
V3£, cosOyEssaxc

V39, oSOy Eyasc

— 391 COS Oy COSO,Eyayc
gl[ Exaxc+ (3 CO§ oy_ 1) Exayc]

39, C0S 0, COSOYE, 4y
1/:7’92 COSGyExassc

PHYSICAL REVIEW B 69, 085316 (2004

V3, c0S0,Eqaxc
3f, cos by coSO,Eyqayc
3f, cosfy cosO,Eyqayc
f1[ Exaxct (3 €08 6,— 1)Eyaydl
V3f, c0S0,Essaxc

V391 C0SO,Exasc
— 393 COS 0y COSO,Eyayc
39, COS by COSH,Eyqyc
91l Exaxct (3 €08 6,— 1)Eyaydl
V31 C0S0,E,assc

0
—V3f, coSO,Eyassc
—V3f, cosEyassc |
—v3f, c0SO,E,assc

0

0
V3g5 COSOyEssaxc
—V30;, €086, Eggaxc | ,
—V30; C0SO,Eqsaxc

0

1 1
T3=Zai[1+sxx,—1—8yy,—1—82ﬂ, T4=Zai[—l

1 o o —&ey,1teyy, —1—e,,]
fo=glexptik- 7,) —explik- 7)1, i is a material made of two adjacent atomic layers, such as
InAs, InSb, GaSh, GaAs, GalnAs, GalnSb, etc. Also,
1 - -
91=lexp(—ik-75) +exp —ik-74)], B 3
P T end? (T ey 2+ (145,97

cosaj=\/§(1+sjj), j=X, y, or z,

Asub
Exx= EyyT
I
agup is a substratéGasSh lattice constantD
constant of the corresponding mateiial

1 7 > a7 >
go=7 [exXp(—iK-75) —exp(~ K- 7)],

1
7'1=Zai[1+sxx,l+ gyy, 1t €54,

_ 001,
—1, &,,=—D; Tex-

.1 is a strain
7'2=Zai[—1—£XX,—1—8yy,1+sZﬂ,
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