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Effective-mass theory for InAs/GaAs strained coupled quantum dots

Shu-Shen Li,* Jian-Bai Xia, Z. L. Yuan,* and Z. Y. Xu
China Center of Advanced Science and Technology (World Laboratory), P.O. Box 8730, Beijing 100080, China
and National Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences,
P.O. Box 912, Beijing 100083, China

Weikun Ge, Xiang Rong Wang, Y. Wang, J. Wang, and L. L. Chang
Department of Physics, Hong Kong University of Science & Technology, Clear Water Bay, Kowloon, Hong Kong
(Received 23 January 1996; revised manuscript received 6 May) 1996

In the framework of effective-mass envelope-function theory, the optical transitions of InAs/GaAs strained
coupled guantum dots grown on Gaf00) oriented substrates are studied. At Thgoint, the electron and
hole energy levels, the distribution of electron and hole wave functions along the growth and parallel direc-
tions, the optical transition-matrix elements, the exciton states, and absorption spectra are calculated. In cal-
culations, the effects due to the different effective masses of electrons and holes in different materials are
included. Our theoretical results are in good agreement with the available experimental data.
[S0163-182606)09339-3

I. INTRODUCTION tently account for the observations, thus providing the first
clear evidence that the island-induced evolving strain fields
Growth of highly strained InAs/GaAs quantum-well het- provide the driving force for self-assembly or self-
erostructures has attracted much attention due to their uniquerganization in island systems. The strong vertically self-
electronic and optical properties as well as potential applicaerganized islands open a new front for studying the proper-
tions in electronic and optoelectronic device&More re-  ties of nanostructures, such as the coupled InAs quantum
cently there has arisen an interest towards structures withoxes.
further reduced dimensionality: quantum wires and dots. For the theoretical approach, Bifrt developed an
InAs quantum wires and dots have been grown selectively oenvelope-function theory that is suitable for every kind of
SiO-patterned GaAs substrates and on terraced GaAs SUkicrostructure. He derived an effective-mass equation under
faces with InAs monolayefML) coverage.® The growth of  gnly one condition that the envelope function is slowly vary-

highly strained semiconductor laydtnAs, In,Ga;_xAS)  ng. By focusing on the equation satisfied by slowly varying
onto a substratéGaAs, Inf could lead to the spontaneous gnyelope functions, it becomes clear why the effective-mass
formation of semiconductor nanometer-scale clusters. approximation works so well for quantum wells with only 1
Very sharp emission lines from InAs/GaAs heterostructure§, . o so wide. in which the electronic states are weakly
prepared from this method have been observed recEht, bound and thué necessarily extended. Foréfifarderived

directly representing thé-function-like density of states in the conduction-band effective-mass differential equation and
the zero-dimensional system. ) L .
the valence-band effective-mass Hamiltonian of a semicon-

P. D. Wanget all’ studied the optical properties of InAs/ : )
GaAs heterostructures with InAs average layer thicknesgluctor guantum well or superlattice. It is shown that the cor-
rect form of the valence-band effective-mass Hamiltonian

ranging from 1 A(one-third of a ML) to 4 ML grown on - ) X
(100 and(311) surfaces. Extremely high optical quality was 91V€S reagonable physical results, while th_e commqnly used
revealed for the structures with ultrasmall InAs coverage. SYmmetrized” form can produce nonphysical solutions for
Optical anisotropy found in photoluminescer(@t) as well ~ the heavy-hole(HH) subbands in which the quantum-well
as in PL excitation spectra indicates a highly anisotropiceffective mass is very sensitive to the difference in Luttinger
growth mode for InAs molecules on the Gafi90) surface. parameters between the well and the barrier.
The 1-A sample had the narrowest 0.8 me\j linewidth, In this paper, using the effective-mass envelope-function
which was consistent with the formation of 1 ML islands theory, we will study the electron and hole energy levels at
with lateral dimension comparable to exciton Bohr radiustheI’ point, the distribution of electron and hole wave func-
and implied a uniform distribution of InAs molecules on the tions along the growth and parallel directions, the optical
GaAs surface. Another remarkable feature @ 1hA sample transition matrix elements, the excitonic states, and the
was the extremely high efficiency of radiative recombina-optical-absorption spectra of coupled InAs/GaAs strained
tion, especially at high temperatures. This result clearly inquantum dots grown on Gafk)0 oriented substrates by
dicates a dramatic reduction of nonradiative recombinatiorthe plane-wave expansion meth@d? In our calculations,
channels. the effects due to the different effective masses of electrons
Xie etal!® demonstrated a vertically self-organized and holes in different materials, and the coupling between
growth of InAs quantum box islands. A phenomenologicalHH and light hole (LH) are included. Presently, to our
model was also proposed. The model was shown to consignowledge, there is no suitable theory for this problem.
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T 9 ve(x,y,z)={0' x+y"<R" and |¢]< (2a)
nAs GaAs Ve,  Others,
. my, x2+y?<R? and |z|<]I
me (x.y.2)= I mj, others, (2b)

m; and mj are the electron effective masses in InAs and
GaAs materials, respectively. The electron Sdimger
equation is

>

A @ @ ® § h 4 4 4B

HeWe=EcWe. 3

Assuming that the electron wave functions have the follow-
ing forms:

2 'nzei(knzx-%—knyyﬁ—knzz)’ (4)

We(re)= L\/_an ynz

with  Kpx=ke+n Ky, Kny=ky+nyKy,  Ky=k,+n,K,,

As GaAs K=Ky=K,=2m/L, K,=2x/(l+d), r=(r_II ,2),
ru=(x,y), andn,,n,,n,=0,=1,+2, ..., thematrix ele-
! ments of Hamiltoniar(1) for Eq. (4) can be written as
X L L
ng n.n, nyn)’, nn, ZmTZSi j

X (KpuKhyt knyk,’w+ KnKn)
+( 5nxn)’( 5nyn)’, 5nzn£ - Sisj )VeO ) )
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where

FIG. 1. The structures of coupled InAs monolayer quantum k' =k +n/K,, k. =k, +niKy, Kh=k,+nK,,
dots:(a) along the parallel direction arth) along the growth direc- Y y
tion. 72 h? h?
2m’1‘2: 2mt 2m}’

Il. THEORETICAL MODEL

Studying the case of the InAs/GaAs coupled quantum |_
dots grown on(100) GaAs substrates, we assume that the |+d’
strain only arises in the InAs dots. In the following we
choose the growth directiofl00) as theZ direction of our r{rr(n )
coordinate system. The InAs dots are periodically arranged I+d
boxes*® In the Z direction, the width of the InAs dot is and m(n,—n.)
the distance between two adjacent dotsljsthe period is
thenl +d. In the parallel direction, the radius of InAs dots is mR? , ,
R, the distance between two nearby dots is2R, andL is Tz M=ny andny=n,
the period. We choose the boxed region as the unit cell in S= R
Flg 1. - ’ ’

According to Burt and Foreman’s effective-mass theory aLYIAKR), M Ny oF ny#ny,
and taking into account the differences of the effective
masses between InAs and GaAs materiafS,the electron
Hamiltonian can be written as the equation belgmeglect- A= (N )%+ (n,—n)2
ing the second- and higher-order terms in the approxima- X yo ooy
tion), J; is the first-order Bessel function, J;(x)
=(x/27) [§cosx cos)sirtd db. Therefore, we can calcu-
late the electron subband structures from €.

For the valence subbands, including the effects of strain,
the hole Hamiltonian can be written &ssuming the hole
energy as positive

n,=n,

and

1
He= PmPJrVe(x,y,z). (1)

In the unit cell in Fig. 1, Hp=Ho+H,+Vh(X,y,2). (6)
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Vh(X,Y,2) is the hole potential of coupled quantum dots. In L =23[(Pyx ipy) (o= 8)p,+ p,m(Py* |py)]
the unit cell in Fig. 1, R

Vh(X!y!Z): (7)

Vo, oOthers, 0= 0= §(=1=y1+27,+6y;3), m=§(1+y,-2v,),

Hg is the Foreman effective-mass Hamiltonian for the hole — g
state(excluding spin-orbit splitting* y=2(r2t7s) and u==3(y2=7s).
Y1.7Y2,7Y3 are the Luttinger effective-mass parameters which
P R -Q- 0 are functions ok,y,z. In the unit cell in Fig. 1,
+ + +
HOZL R 4 P- C Q+ (8) 71:72,73()(,)/12)
2mo —Q_ C P_ _R

0 -Q, —-R" P, Y11,712: Y13, X2+Yy?’<R? and |7]<I,

Y21:Y22,Y23, Others,

9

with
where vq1,7%12,Y13 and ¥».1,v22,v23 are the Luttinger
P.=px(¥1% ¥2) Px+ Py(v1E ¥2) Py + P ¥1F 272) D7, effective-mass parameters of InAs and GaAs, respectively.
o L o my is the free-electron effective mash., is the strained
R=V3[(Py+iPy) w(PxtiBy) = (De—iPy) ¥(Py—iPy)], energies of the hofé=°
|
2 1 1 1
Ho=—Dy(exxteyyter)— §Du[<J§—§J2 Exxt ( 3= 39 eyt | 35— §J2> €22
2 !
- §Du[2{‘]x aJy}sxx’l' Z{Jy xJz}syz"' Z{Jz va}Szx], (10
|
where Dy, D,, D are the deformation potentials, 2 2Cy;
Exx:Eyy, - - . are the strain tensor components. The substrate Do=—3Dy(1 Exx (14b
of the InAs dots is GaAs, we assume
aO_a . . C
Ex By~ g and g;=0 (i#]), (11 =—2Dd( 012)8xx- (149
11

in InAs wherea and a, are the lattice parameters of bulk

InAs and GaAs, respect|vely The energy density of strain is\ssuming the hole wave function has the following form:
U= 2C11(28XX+ SZZ)+012(28XXSZZ+ sxx) U should have

minimum in the condition11), so

anx ny,nz
C12 b
E,,~ —ZC—SXX (12) Ny.Ny.N, .
11 h( h) o oo el(knxx+knyy+knzz)’
C., andCy; are the elastic moduli of InAs. Using the repre- Vl dnyny ., Xy
sentation ofl,, J,, andJ, in Eq. (39) of Ref. 26, we obtain dnx,ny,nz
the hole effective-mass Hamiltonian, (15
P,—D R -Q_ 0
1 R+ P +D C* -Q° the matrix elements of Hamiltoniaf13) between the wave
Hy=o— . +D’ function (15) are then
2mp| —Q~ C P_+D -R
0 -Q -R* P,-D _
' " 13 (P % D)o = (7% n,n; Oy S + S 72)
+Vn(zZn), 13

X (KneKit KnyKiy)

4
+ T ’ ’ r+ Y
Do, x?+y?<R? and |z|<I (72 90,040,y o+ $18172)

D= 0, others, (143 XKnKp,+DoSS;, (16a
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(Q+)nn= Z\E{[5nxn>’< 5nyn§5nzn£(02_ 55)
O1—0oat 52)Ssj](kr’1xi II(ny)knz
T2 Sﬂsj]

(16b)

+ (01—

+[ 5nxn)’( 5nyn)’,5nzn£772 +(m1—
X (KnxEiKny) Kzt

Rnn = \/§{[ 5nxn)’< 5nyn’ 5nzn;1u*2+ (p1— 1“2)Sisj](knx+ ikny)

X(kl +|k ) [5nxn)’<5nyn;5nzné72+(71_')’—2)Ssj]

x(knx_ikny)(qux_ikr;y)}, (16C)
nn’ 2[(knx II(ny)k (k, _|kny)knz]

X (01— 61— m— 0+ 8+ 7,)SS;, (160

(D,+Vh)nn’:D,Sisj+(5nxn)’<5nyn;5n n’_SiSj)VhO,

(16¢

with  yL=y51% vz, =(Yu= Y1) —7Yi, Yi=va

F2y2,  Yi=(yu 2y -7, o= &=s(-1-ym

+2¥n2t6vn3), ™= %(1+ Yn1—2¥n2) ?: % (Yn2t Yn3),
un=—112(Yn2— ¥n3) 0n= O~ m=3(—1=vn1+2%

+37v43), andn=1 or 2. The hole subband structures can be

calculated from Eq(16).

The treatment of strain effects in Eq4.l) and(12) is a
good approximation for larg®, but in the limit of small

R, the strain will approach the case

exx= €yy=€,,=(ap—a)/a. So, our simplified treatment of
strain will break down for smalR. Due to the matrix ele-
ments of strain energy include the fac®r[Egs. (168 and
(168] and S; will approach zero wheiR approaches zero;
the transition energies calculated using ER) is close to
those calculated using,,= e, =ey, for the smallR. The
R=0 transition energies is equal to the transition energies o

bulk GaAs.
The exciton Hamiltonian can be written as
H=H.,+H ¢ 1
=HetHp BTk (17)

Assuming that the exciton wave function is of the following
form:

Vo= W,G(p,z,0)=|i.j), (18)
where

2 | 1/2 2
G(p,z,0)= E A,,( :) (%) exp(— a;p?— Bz,

PZZ (Xe— Xh)2+ (Ye— Yh)zi and
2= (2e—121)°.
The exciton energies can then be determined by
de(Hirjr’ij_ESrjr’ij):o, (19)

with
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TABLE I. The effective masses and lattice parameters.

mg (Mo) Y1 Y2 Y3 ag (A)
GaAs 0.067 6.85 2.1 2.9 5.653
InAs 0.023 19.67 8.37 9.29 6.0583
e’ |
H,] Q= i'j’ He+Hh—m ij),
and Sy, ;;=(i"j'[ij). The exciton binding energies are

therefore given by
Eb:Ee+ Eh_E (20)

The absorption coefficients for interband transitions can
be written a$’?®

alho)= =S [(Fofs-PIO)OE ), (2

whereC is a constant an denotes the ground state of the
solid. Assuming that the momentum matrix elements be-
tween the conduction- and valence-band Bloch states are in-
dependent ok,?® we obtain

<\Ifex|é'P|G>=Qmm; G(k), (22)

where Qv IS the squared optical transition matrix ele-

of ments.

In order to obtain a smooth absorption spectrum, we re-
place theé function in Eq.(21) by a Lorentzian function
with a half-widthI", viz.,

r

AE- o)~ e ) 2T

(23

{'he magnitude of is roughly equal to the energy spacing of
the eigenstates.

Ill. RESULTS AND DISCUSSION

The number of plane waves that were used in our calcu-
lations aren,,n,,n,=0,=1,=2,+3. Taking more plane
waves, the calculated results will be slightly improved.

Whenl=30 A ,d=50 A ,R=50 A, andL=200 A , we
take the effective masses and lattice parameters in T&Ble I.
The conduction-band offset is assumed to be 70% of the
band-gap differenc¥. The band offsets are given in Table II.
For InAs materials, we take the deformation potential param-
etersDy=—a=6.0eV, D,/3=—-b=1.8 eV, and the elas-
tic moduli (in 10" dyn cm™?): ¢;,=8.329,¢,,=4.5262° We
have calculated the electron and hole subbands along the

TABLE Il. The band offset parameters in strained and un-
strained valuegin units of e\).

Eg(caas Ec(inag) Veo Vho
Unstrained 1.518 0.418 0.77 0.33
Strained 1.518 0.78456 0.51341 0.22003
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TABLE lll. The energy level§meV) at thel" point (k=0). TABLE IV. The squared optical transition matrix elements from
the first electronic energy level to the first heavy-hole and light-hole
m* m* =m} m} =m} m* =m} energy levels.
First ConQuctive 417.1 365.8 281.6 Model Q, Q
HH1 mixed 100.0 79.9 80.4
not mixed 155.7 129.5 100.6  HH1 quantum dots 0 18.156
superlattices 0 17.079
LH1 mixed 103.1 84.4 91.7
not mixed 172.4 150.3 131.3 LH1 quantum dots 24.499 6.125
superlattices 24.853 6.214

growth direction(100 and the parallel direction of GaAs/ o i ) ) )

InAs quantum dots. The results indicate narrow bandwidth§roximation. Including the exciton effects, Fig. 2 gives the
and sharp peak density of states in coupled quantum dot§lH and LH energy transitions as functions of the radius
The width of the first band is only about 1 meV for both (& and widthL (b). The energy transition will decrease as
electron and hole. The width of bands will become largerth€ Size of InAs dots increase.

when the dots are closer to each other or the dots are wider in For the monolayer coupled quantum ddts,2.83 A. Set-
size. The mixing between the LH and HH is determined byting k=0, and taking above structure parameters, as well as
R, Q, andC in Eq. (8). The mixing still exists even when the optical transition matrix constan_lP?/m0=_1$.71 evy

k=0 (at thel" point) in coupled quantum dots, while it does We have calcula.ted the squc_ared optical transition-matrix ele-
not exist in superlattices. The energy levels at Eh@oint ~ Ments from the first electronic energy levelB1) (where CB
(k=0) are shown in Table Ill. From this table, we can seedenotes conduction bahtb the first LH energy leve(LH1)

that the energy levels are strongly affected by the materigi"d the first HH energy levéHH1). The results are given in
parameters and the mixing effect between LH and HH inTable 1V, in comparison with the results of the superlattice
coupled quantum dots. Using the envelope-function apmodel. From our calculations, we found that the optical tran-

proach, one can indeed show that the excitonic wave funcSitions are clearly anisotropic, and the squared optical
tions are mostly confined in InAs dots. For simplicity, we

assume here an effective mass, close to that of the InAs, for 5 —
the whole InAs-GaAs coupled quantum dots system, and . CBA

perform the same effective-mass calculation. When the vol- 3 \

ume of the InAs dots is not very small, this is a good ap-

1500 F : ] T =
AF D LH
1350 .
2 d=50A
i 1200¢ L=200A ]
HH
z(A
1050 | (@) 1 @)
0 20 40 60 80 100 5
RA) CB1
3
1500
1
1400 =
N -
>
g 1300
w -3
1200 :
.5 3 H 2
1100 . , , 0 25 50 75 100
0 10 20 30 40 %y (A)

IA)
FIG. 3. The distribution of electron and hole wave functions
FIG. 2. The heavy- and light-hole energy transitions as func-along the coordinate axes. The dotted line is the interface of InAs
tions of the radiuRR (a) and widthl (b). and GaAs.
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transition-matrix elements of the dot model are close to those
of the superlattice mode. 60
Figure 3 shows the distribution of electron and hole wave
functions of the ground states along coordinate axes for
coupled InAs monolayer quantum dots for the above struc-
ture parameters. Here the upper lines correspond to electrons
and the lower lines correspond to holes. From this figure, we
see that the wave functions of electrons and holes penetrate
very deeply into the GaAs barrier along the growth direction.
Also the penetration of the wave functions of LH into GaAs
is deeper than those of HH. Taking above effective-mass
parameters, we can calculate the exciton states. We found
that the LH exciton binding energies are very close to the
value of bulk GaAs and weakly dependent on the structure 1490 1500 1510 1520
parameters of the InAs dots. This is also due to the very deep Photon Energy (meV )
penetration of the LH wave functions into the GaAs batrrier.
For HH, whend=50 A andL =200 A , the binding energies
are close to the value of bulk GaAs and weakly dependent o
the radiusR; with a fixed value ofd=50 A andR=50 A,
and L increasing, the binding energies from the minimum
value (close to the value of the bulk GaAscreases to a
maximum (only about 4.5 meY, and then decreases to a In this paper we have given an effective-mass theory for
value, again, close to the value of bulk GaAs. Thealue  coupled InAs quantum dots grown on G&280 oriented
corresponding to the maximum binding energy is about 65Gubstrates. At thd" point, we have calculated the electron
A . WhenR andL are very large, the results will be similar and hole energy levels, the distribution of electron and hole
to the results of INAs/GaAs superlattices. In a word, the exwave functions along the growth direction as well as in the
citonic binding energies are close to the value of bulk GaAsplane, the optical transition matrix elements, the excitonic
Figure 4 gives the theoretical absorption spectra fronstates, the energy transitions as functions of the radius and
HH1 and LH1 to CB1 for coupled monolayer InAs quantum period of InAs dots, and the optical-absorption spectra. Our
dots withd=50 A ,R=50 A , andL=300 A . These struc- theoretical results agree well with the available experimental
ture parameters are close to the experimental parameters data.
Ref. 30. For comparison, we note that the photoluminescence
experimental data given by Ref. 30 show that HH1 and LH1
exciton absorption peaks are located at 1.502 and 1.5106 eV,
respectively, and our theoretical absorption peaks are at This work was supported by the State Key Program for
1.5025 and 1.5085 eV for the HH1 and LH1 exciton, respecBasic Research and the National Natural Science Foundation
tively. Obviously our theoretical results agree well with the of China, and Grant No. MFG 94/95. SC03 at HKUST, and
experimental dat& RGC Grant No. 209/93E.

40 } LH1-CB1

HH1-CB1

20 |

o( Arb. Units )

FIG. 4. Theoretical absorption spectra with2.83 A,d=50 A,
B=s0 A, andL=300 A.

IV. SUMMARY
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