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Strain-induced semimetal-semiconductor transition in INnAgGaSb broken-gap quantum wells
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We investigate the hybridization of the electron, heavy-hole and/or light-hole dispersion relations in strained
InAs/GaSb quantum wells. In the considered structures, the lowest electron level lies below several hole levels
at zero in-plane wave vect@, so that the anticrossings of subbands produce gaps in the in-plane dispersions.
To calculate the electronic band structures of such quantum wells grown on different substrates, we use the
eight-bandk - p model and the scattering matrix method. We have found that the order of levels at the zone
center k;=0), gap positions and magnitudes can change due to the lattice-mismatched strain. Strain can also
enhance the hybridization of electron and light-hole statég=aD considerably. In the structure with a thick
InAs layer grown on GaSh, we have obtained a negative indirect gap in the in-plane dispersion resulting from
the anticrossing of electronlike and highest heavy-hole-like subbands. If the substrate is InAs, the gap becomes
direct and positive. This phenomenon can be treated as strain-induced semimetal-semiconductor phase transi-
tion.
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[. INTRODUCTION ing from the lack of inversion symmetry and strong spin-
orbit interaction, was detectéd?'~>*The gap positions and
An interesting characteristic feature of broken-gap heteromagnitudes also depend on the spin orientation of two-
structures made from InAs, GaSh, AISb is that the valencelimensional hybridized quasiparticles and the structure pa-
band maximum of GaSb lies above the conduction bandameters. In addition, the gap positions in energy kpdre
minimum of InAs. Because of this the electrons can movedifferent for different directions of in-plane wave vectér!
across an InAs/GaSb interface from the valence band ofhis anysotropy is especially noticeable for the structures
GaSb to the conduction band of InAs, leading to a semimewith a thick InAs layer and a thick GaSb layer. Due to the
tallic phase where electrons in InAs coexist with holes inasymmetric dispersion, the structure can exhibit semimetallic
GaSb! This phase can be observed in InAs/GaSb superlatoehavior, if the gaps at differeriq) points do not overlap.
tices or InAs/GaSb quantum wells sandwiched by AlSb barWhen the lowest electron level in InAs is close to the light-
riers if the InAs and GaSb layers are sufficiently thick, sohole level in GaSb &t =0 in the InAs/GaSb quantum well,
that the lowest electron spatially quantized level in InAs liesa considerable hybridization of the zone-center electron and
lower than the highest heavy-hole level in GaSb at the zon#éght-hole states occurs, and their wave functions spread over
center. In this case, however, the electron and heavy-holihe entire quantum well structufé.f the electron level at
dispersion curves anticross kgt#0 resulting in a small hy- k=0 becomes below the light-hole level with the layers of
bridization gap in the in-plane dispersion predicted bythe structure increasing, the electronlike and light-hole-like
Altarelli.’> This gap, which has been observedsubbands anticross at some nonezero wave veqte0,
experimentally’~’ causes the semicondicting behavior ratherproducing a wide hybridization gap between the two
than the semimetallic behavior. A number of earliersubbands$?® In this case, several heavy-hole levels are also
experiment$ 12 nevertheless, suggests a semiconductorabove the electron level &;=0, and multiple anticrossings
semimetal phase transition with the InAs and GaSb layeproduce multiple minigap¥:2®In a thicker layer structure,
thickness increasing. Since no negative indirect gap wathe two lowest electron levels can lie lower than the highest
found in first theoretical investigatiods?4it was supposed heavy-hole level at the zone center. Since the hybridization
that doping and temperature effects are responsible for thgaps resulting from the mixing of the heavy-hole subband
observation of semimetallic phase. with the two electron subbands occur at different values of
Recently, in parallel with experimental discovery of hy- energy andk, such a structure exhibits a semimetallic be-
bridization of electron and hole levels’'5the interest to the  havior as shown in Ref. 20.
theoretical study of this effect in InAs/GaSb In this paper we consider the influence of lattice-
superlattice$'®!” and InAs/GaSb quantum welfs?® was  mismatched strain on electronic band structure of InAs/GaSb
resumed. It has been found that the hybridized electron-holguantum wells using Burt's envelope function thetrgince
dispersions are sensitive to both the InAs and the GaSb lay¢he difference between the lattice constants of InAs and
thicknesses. Considerable spin splitting of subbands, resulGaSh is less than 1%, this effect has been neglected in all
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' ' ' ST,XT,Y1,27,8],X(,Y],Z], (1)
2 F 7 the 8x8 k-p Burt's Hamiltonian for thel’ point of zinc
blende crystals can be written?as
§ AlSb InAs GaSh AlSb
= . (Hy O}
1F . H= . | +HsotH,, 2
% 0 q, SO 2
=
“ whereH, is the k-dependent % 4 block, Hsg is the spin-
0 . orbit interaction term, and the terf,, which we added to
—_ | the Hamiltonian in Ref. 25, describes the effect of strain on
! ! ! the electronic band structure. The bldgk has the following
-10 0 10 20 30 form:
. R R
position (nm) - Ao A, o
FIG. 1. Conduction and valence band diagram of the AISb/InAs/ 4 H,. H,, ’
GaSh/AlSb broken-gap quantum well structure.
where
previous investigations of hybridized electron-hole sub- . N .
bands. Nevertheless, such a small difference can produce a Hec=Ec(2) +KA(2)K, (4)
noticeable shift in the level and the hybridization gap posi-
tion. We will show that the order of subbands at the zone HCU:ﬂIC:(ipRX ipRy iPRZ), (5)

center can change because of the lattice-mismatched strain.
When the electron level is close to the light-hole level at theand
zone center, the strain can enhance the hybridization of the ~ .
electron and light-hole states considerably. In the thicker Hyxx Hxy Hxz
layer structure grown on GaSbh, we found indirect negative R 0 0 ©)
hybridization gap between the electronlike and the highest vv Yxovy Tz e
heavy-hole-like subbands due to no overlap of minigaps at Azx HAzy Az
different in-plane wave vectors. This indicates the semime- ] .
tallic properties. In a similar structure grown on InAs, we Here E¢(2) is the conduction band edgé(z) reflects the
obtained a direct positive gap resulting in the semiconducteffect of remote bands on the electron effective mass,rand
ing behavior. This difference causes the possibility of strainiS the interband momentum matrix element. The diagonal
induced semimetal-semiconductor phase transition. and off-diagonal elements of the mattiy,, have the follow-
We will add to the eight-ban#l-p Burt’s model for zinc  ing typical forms:
blende crystals described in Ref. 25 the strain-dependent
terms to obtain the solutions for the wave functions in each
layer of the structure. Then the eigenvalue problem is solved
using the boundary conditions at the interfaces and the scat-
tering matrix algorithr® mentioned in Ref. 23. Contrary to Ok NL K+ RNk @
the commonly used transfer matrix method, which treats the XY TRy E Ry e
growing and decaying waves identically that results in theyhereE, (z) is the valence band edge andz) is the split-
loss of accuracy during computation, the scattering matrixff energy. The parameteld, L, N, , andN_ are given by
method remains stable even for thick structures and large

. Ao
Axx=E,(2) ~ 5 + kL ket kMK, + kMK,

basis sets in the model used. We describe our model in Sec. L=—(h22mg)(y1+47y,), (8a)
Il and the method for the solution of eigenvalue problem in
Sec. lll. In Sec. IV, we present numerical results and discus- M= — (#212m0) (y1—275), (8b)
sion. Section V gives a summary.
N_=M —7#2/2m,, (80
Il. THEORETICAL MODEL
N, == (h%/2mg)(6y3) —N_, (8d)

Consider a structure consisting of an InAs/GaSb quantum
well sandwiched by two AISb barriers grown along {081]  wheremy is the free electron mass and, vy,, andy; are
direction. This direction is defined as tlzeaxis. We also the modified Luttinger parameters. In a heterostructure the
choose the axis to be alon100] and they axis to be along parameterd, L, N, , andN_ are functions oz Hence the
[010]. The band diagram of an InAs/GaSb quantum wellcorrect order of momentum operators with respect to these
structure is shown in Fig. 1. Using the following basis func-parameters given by E@7) is important.
tions: The operatoH 55 has the form
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The termH, can be expressed s
Ho, O
= ) (10)
0 HeO
where the 44 block H is
aee 0 0 0
R 0 h ne Ne
A= XX Xy Xz (12)
0 neyx hyy ney,
0 neyu ney hy,
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val and the range of in-plane wave vector considered in our
work, the neglect of these terms has insignificant effect on
the calculated results. The spin-orbit interaction termb! jn
are also ignored*°because their contribution to the strain-
dependent part of the Hamiltonian is sndll.

Ill. SOLUTION OF EIGENVALUE PROBLEM

To avoid unphysical spurious solutiofiswe setA.(z)
=0 and solve the equations for the envelope functigns

8
El Hijgi=Egi, i=12,....8, (15
=

where E is an energy, using the scattering matrix method
similar to the method in Ref. 23, which allows us to obtain
the subband dispersions and wave functions in the structures
with thick layers. We first express the conduction band en-
velope functionsy; and 5 from the first and fifth equations

of Eq. (15) in terms of valence band envelopes as

1=1(E—Eg—ace) " P(Kyha+Kytha+Kyihy),

¢5:i(E_Ec_ace)_lp(kx¢6+ky¢7+kz¢8)- (16)

Then, substituting the expressions fg¢; and ¢ into the

In the above equatior;;’s are the strain tensor components, other six equations of E¢15), we arrive at the & 6 energy-
€=ext eyt €, ac is the conduction band deformation gependent HamiltoniaH ¢ which describes the evolution of

potential, and
hux=lexxt M(€yyt€,,),
hyy=leyy+M(ent €y, (12

h, =l €+ M(€xxt €yy).

The parameters, m, and n can be expressed in terms of

valence band deformation potentiads,, b, andd as’
I=a,+2b,
m=a,—b, (13
n= \/§d,
and the components of strain tensor are giveff by
ap—a

ExT EyT T4

2C,,
— — €y,
Cll XX

€27~

(14

Exy™ Eyx™ Exz™ €75= €y = €5y = 0.

vector F= (s sth7bg) T in the following way:
HEF=EF. (17)

The matrixH(® is obtained from matrix1 by deleting the
conduction band rows and columns and repladirendN
with

L'(E)=L+P?(E—E;,—age),

N’ (E)=N, +P?(E—E.—a.e). (18

We find the solution of Eq(17) in each layer of the structure
in terms of plane waves. The wave functions are then
matched at the interfaces using the boundary conditions of
Burt's envelope function theory. These conditions are ob-
tained by integrating Eq(17) across the interfaces. As a

result, the vector functions andBF are required to be con-
tinuous, where the 86 matrix B is

é—(éS 0) (19
1o 5

and the 3<3 block B; is given by

In Eq. (14), ap anda are the lattice constants of the substrate Maldz 0 iN_k,

and the layer material, respectivey;; andC,, are the stiff- . .

ness constants. Bs={ O  Mdlgz iN_ky |, (20
Our theoretical analysis does not include the lineak-in- iN‘ ke iNik, L'dloz

terms in the Hamiltonian, KaneB parameter, and the defor-
mation potentiab’,?>*°resulting from the lack of inversion ~ The solution of Eq(17) in each layer of the quantum well
symmetry in bulk zinc blende crystals. For the energy intersstructure can be written as a sum of all transmitted and re-
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flected waves having the same eneEgwgnd in-plane wave IV. RESULTS AND DISCUSSION
Y% r k,). For layern we hav . .
ector s ky). For laye € have For the calculation of the electronic band structures, we
6 take the parameter&nergy gaps, split-off energies, Lut-
F=expik,x+ik,y) >, {aexf ik{V(z—2zq;) 1) tinger parameters, interband momentum matrix elements, lat-
=1 ’ tice constants for different layer materials, conduction and
T hMexd —ikM(z—7..)1eM 21 \{alence band discontinuities 'f'or the gnstralned heterojunc-
e ke (2 Zn) JET3) D) tions) from Ref. 22. The modified Luttinger parameters are
In the above equatiork,; (j=1,...,6) are thez compo-  calculated as in Ref. 25. The deformation potential constants

nents of complex wave vectors for the bulk states. All com-and the stiffness constants are obtained from Ref. 31. The
plex wave vectork, j, which describe the transmitted states, lattice-mismatched strain causes the shift of the conduction
have positive or zero imaginary pars,, andz,, are thez  and valence band edges and the split of the bulk zone center
coordinates of the left and right boundary of an intermediatdight-hole and heavy-hole levef8; *yielding different band
layer n. For the left or right barrier layers, we takg; offsets of the light-hole and heavy-hole bands. The strain
=2,,, Wherez,, (z,,) is thez coordinate of the AISb/InAs also changes the electron and hole bulk dispersions near the
or GaSb/AISb interface. In additiom{” and b{" are the band edges. This results in the modification of subband dis-
complex coefficients of the transmitted and reflected wavespersions.
respectively. The vectors!) and ™ are defined from the  The electronic band structures for the quantum well struc-
equation ture with a 10 nm InAs layer and a 10 nm GaSb layer are
shown in Fig. 2, where panéd) is for the unstrained quan-
HE®(xk, el =EeD, (220  tum well structure, panelb) is for the strained structure
grown on InAs, and panelc) corresponds to the strained
where the matrice$d(®)(+k,;) are obtained from matrix quantum well grown on GaSb. There are five subbands in
H® by replacing k, with *k,; and k,; are given by each panel of Fig. 2, which are labeled for electrons, 1h
|H®(k,;)—EI|=0 with | as the unity matrix. for light holes, and hh, 2hh, 3hh for heavy holes(We
Using the boundary conditions, we match at the interfacesissumed the =0 at the conduction band edge of unstrained
the envelope functions between two neighbor layers. TheinAs.) The label for a subband corresponds to its wave func-

the 12< 12 scattering matriceS(m,n) defined as tion property at the zone center. To assign the labels to dif-
ferent subbands, we plot the occupation probabilitieg
am am =37 1|4:]?) atk =0 of these five subbands of interest in
pMm |~ S(m,n) ) (23 Fig. 3, where panel&@), (b), and(c) are for the same cases as

in Fig. 2. For convenience, the wave functions in Fig. 3 are
are calculated as in Ref. 23. In E@3), the vectorsa™ and  shifted up according to the values of energies of the corre-
b(" are the column vectors composed of the coefficielﬁté sponding levels. Hence, the flat parts of each curve in Fig. 3

and bj(”) , respectively. Expressing imply the zero occupation probability. The wave functions of
the heavy-hole statesdhh, 2hh, and &hh are localized in the
smn) (Sll(m,n) Slz(m,n)) 24 GaSb layer because of the absence of interaction with the
m,n)= , electron and light-hole stateslgt=0. On the other hand, the
Sa(m,n) - SpA(min) hybridization of the & and ]Jﬂ states occurs even at the
whereS;;(m,n) are the 6<6 matrices, the eigenvalue equa- zone center. In this case, we assign label(1lh) to the
tion can be written &8 subband if its wave function &;=0 is localized mainly in
the InAs(GaSh layer.
[l = S54(m,N)S;5(1,m)|=0. (25 Shown in Fig. 2 are the subband dispersions along differ-

) . entk| directions. Atk;#0 the spin-degeneracy breaks, and
In Eqg. (25), index 1 corresponds to the left AISb barrier, ¢onsiderable spin-splitting of subbands can be seen in each
while indexN corresponds to the right AISb barrier, the ma- yane| of Fig. 2 along botfi10] and [11] directions. Espe-

trices S;;(m,n) depend on energk and in-plane wave vec- cjglly great spin-splitting undergoes thdhl subband in
tor k;. '[‘ de”‘"”,\%l this equation, we set the vector coeffi- panel(c) around the highest minigap. At the same time only
cients a™ and b™ ‘;?r incoming WavesNto be zeFﬁ.The weak subband anisotropy exists in this quantum well for the
vector coefficientd™, a™, b, anda™ are then given  considered values ¢ and ky, while larger anisotropy will
by? be obtained for the structure with the thicker InAs layer.
Only 1hh level is above the & level atk;=0 in Fig. 2a).

[1 = S2(m,N)Sp(1.m) Jb™ =0, (26) Taking the strain into account, we obtain that thehland
2hh levels are higher than theellevel in the structure
a™=8,,(1,mb™, (27 grown on InAs, while the three levels kb, 1Ih, and Zhh)
lie above the & level in the one grown on GaSb. The highest
b= S,,(1,m)b™, (28 minigap moves away from the zone center in Figd) 2nd
2(c) due to the lattice mismatched strain. In addition the
aNM=s,,(mN)a™. (290  highest hybridization gap magnitudes for the well grown on
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0.20 T T T T T

AlSb  InAs " GaSb  AISH

-

2hh 1lh

3hh

o o
— —
[ew] (@4
T T
%
™
1 1
L)
N —
g =
=
%

11h =

3hh T T T T
0.05 M AISb  InAs GaSb | AISb

1 1 1 1 1 (b)
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0.20 T T T T T .l 1hh
3 L -
(b) =
[ \
1hh | e |
015 | . 1h
E A Jhh A o
>} [ 1 1 1 1 ]
20
g le 0 6 12 18 24
¢ 0.10 [ 1 . . . .
AlSb InAs GaSb AlSb
11h B T
(c)
/ 3hh
0.05 3 - hh .
1 1 1 1 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 1lh
0.20 T T T T T _2]1]:1 5

position z (nm)

M FIG. 3. Normalized probability densitys(z)|? for the zone cen-

0.10 | 2hh - ter states in a quantum well with a 10 nm InAs layer and a 10 nm
GaSh layer.

M 3(c)] are strongly mixing in comparison with those shown in

0.05 7 , , , . . N Figs. 3a and 3b). With moving away from the zone center,

03 02 01 0 01 0.2 0.3 the 1e subband becomesilight—hole-like, while t.hth]sub- .
band becomes electronlike. The wave function behavior

[11] in-plane wave vector (nm~1) [10] around the anticrossing gaps has been considered in detail in
Refs. 17,23.
FIG. 2. Electronic band structures for the quantum well struc- As the InAs layer of the structure becomes thicker, the
ture with a 10 nm InAs and a 10 nm GaSh. hybridization gap between the highest heavy-hole-like sub-

band and the lowest electronlike subband decreases. This can
InAs in Fig. 2b) are considerably greater than those in Figs.be clearly seen from Fig. 4, where we plot the subband dis-
2(a) and Zc). In Fig. 2c), it can be found that a wide hy- persions for the structure with a 15 nm InAs layer and a 10
bridization gap also occurs &~0 between Ih and le  nm GasSb layer(This structure was investigated experimen-
subbands. The wave functions of the two subbdsde Fig. tally in Ref. 7) The panels(a), (b), and(c) in Fig. 4 are
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0.20

GaSb  AlSb

AlSb InAs

2hh
0.10 1Th 3
M
0.05 h 3
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 2
0.20 — . . . ; . . S
\_/ 2.
(b) 2e -
0.15 1hh i
=
L $
z:>5 2hh
—
= 010 f .
© 11h
3hh
0.05 le 4
1 1 1 1 1 1 1
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
0.20 T T T T T T T
(c) \Ze
0.15 F 1hh 1 0 6 12 18 24 30
position z (nm)
2hh
0.10 FIG. 5. Normalized probability densityy |2 for the zone cen-
) 1lh ter states in a quantum well with a 15 nm InAs layer and a 10 nm
GaSh layer.
3hh
0.05 p 1e for the strained structure grown either on Infmnel(b) in

Fig. 4] or on GaSHpanel(c) in Fig. 4]. However, the calcu-
lation performed neglecting the strdigee panela) in Fig.
4] gives the 3ih level lower than the & level. With the
in-plane wave vector increasing, the electronlike subband an-
ticrosses sequentially with thdH, 2hh, and Ihh subbands
FIG. 4. Electronic band structures for the quantum well struc-gs shown in Figs.@) and 4b), and with the 3ih, 1lh, 2hh,
ture with a 15 nm InAs and a 10 nm GasSb. and 1hh subbands as shown in Fig(ck This results in
multiple minigaps. In Fig. &), which is for the structure
similar to those in Fig. 2. Six subbands are shown in eaclgrown on InAs, the Bh subband lies inside the wide hybrid-
panel of Fig. 4, which are labeled according to the spatialzation gap between the electronlikeg)land light-hole-like
distribution of the corresponding occupation probabilities(1lh) subbands and remains almost unperturbed. Similar
presented in Fig. 5. Theellevel is the lowest one & =0  wide minigaps between the electronlikeh(® and light-

-03 -02 -01 0 01 02 03
[11] [10]

in-plane wave vector (nm~1)
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holelike (11h) subbands in the in-plane dispersion of the V. CONCLUSION

structure grown on GasSb occur at larger valueof We have presented a study of the hybridized electron-hole

Here we discover an interesting effect which can be . . ) .
treated as strain-induced semime?al—semiconductor phaé@'plane dispersions in strained AISb/InAs/GaSb/AISb quan-

transition. Let us consider the in-plane dispersions in thdum Well structures, based on the eight-bang model and
vicinity of the highest hybridization minigaps in Fig. 4. the scattering matrix method. The q_uantum Wells_grown on
Comparing the electronic band structures in pariejsand  [NAs and on GaSb have been considered. The difference in
(c) with that in panela), we conclude that the gap positions lattice-mismatch strain leads to the difference in order of the
in k space considerably enlarge because of the latticd€vels at the zone center and in the subband dispersions. The
mismatched strain as in the structure with a 10 nm InAgpositions and magnitudes of the hybridization gaps between
layer. In addition, the subband anisotropy becomes more ndhe electronlike and holelike subbands are sensitive to the
ticeable around the hybridization gaps in this figure. Due tdattice-mismatched strain. The spin-splitting of subbands is
the spin-splitting of subbands, the minigaps in the differentalso strain dependent. Due to the large spin splitting of sub-
k; directions are negative and indirect as can be found in Figbands, the hybridization gaps between the electronlike sub-
4(a), where strain effects are neglected. Similar indirectband and the highest heavy-hole-like subband along different
negative minigaps exist in the electronic band structure oflirections of in-plane wave vector, which have been ob-
the quantum well grown on Ga$bee Fig. 4c)]. This struc-  served experimentally, are smaller in the structure grown on
ture can exhibit a semimetallic property. This means thatGaSh than those in the structure grown on InAs. These gaps
electrons in the lowest conduction-band-like subbdthd  have been found to be negative and indirect in the structure
1hh subband around the anticrossing pbitan coexist with ~ with a thick 15 nm InAs layer and a 10 nm GaSb layer
the holes in the highest valence-band-like subb@he 2hh ~ grown on GaSbh. Since electrons in the lowest conduction-
subbangl In the structure grown on InAs, the GaSb layer isband-like subband can coexist with holes in the highest
strained instead of InAs layer. This difference leads to quitevalence-band-like subband, this structure is in a semimetal
different band structures. Positive and direct hybridizationphase. On the other hand, the small spin splitting of sub-
gaps in Fig. 4b) result in a semiconducting behavior. Such abands around the highest hybridization gap in a similar struc-
strain-induced phase transition can be observed experimefure grown on InAs results in a positive and direct gap. This
tally by means of measurements of electron and hole concerstructure is therefore in a semiconductor phase with a small
trations in the InAs/GaSb quantum wells grown on differenthybridization gap. Semimetal-semiconductor phase transition
substrates. can hence be induced by the lattice-mismatched strain.
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