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Mode assignment of excited states in self-assembled InAs/GaAs quantum dots

Susumu Noda,* Tomoki Abe, and Masatoshi Tamura
Department of Electronic Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

~Received 23 December 1997!

The modes of excited states of electrons and holes in self-assembled InAs/GaAs quantum dots~QD’s! are
investigated through photoluminescence~PL! and photoluminescence excitation~PLE! polarization properties
with the aid of the theoretical calculation. First, the wave functions of electrons and holes are calculated by
solving the three-dimensional Schro¨dinger equation using the finite element method by considering the effect
of the strain distributions inside and/or around QD’s. It is shown that there exist excited states of not only holes
but also electrons in@11̄0# and@110# directions. Based on the results, the polarization properties of transitions
between excited states of electrons and holes with the same quantum numbers are calculated. Then, the PL and
PLE polarization properties are measured, and the modes of the excited states are assigned by comparing the
calculation results.@S0163-1829~98!03435-3#
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I. INTRODUCTION

Recently, there is much interest in self-assembled In
GaAs quantum dots~QD’s!.1–4 The most pronounced
property of the QD is in its formation of completely discre
quantum energy levels. Although there are some repor5,6

indicating the existence of the excited states of electrons
holes through the observation of multiple peaks of photo
minescence~PL! and/or electroluminescence~EL! spectra for
InAs/GaAs QD’s, it has not been investigated enou
~a! whether the multiple PL and/or EL peaks actually cor
spond to higher quantum energy levels in QD’s,~b! whether
any peaks are present behind the observed ones, an~c!
which modes of wave functions the PL peaks correspond
For the applications of not only interband transitions but a
intersubband transitions in QD’s to optoelectronic devic
it is very important to investigate the modes of the exci
states of electrons and holes. Grundmannet al.6 have treated
the excited states in InAs/GaAs QD’s where they repor
that their QD’s have only the ground level of electrons, a
the higher-energy PL peaks are due to the transition betw
the ground state of electron and the excited states of hole
this work, we have investigated the excited states
electrons and holes in self-assembled InAs/GaAs Q
through the PL and photoluminescence excitation~PLE!
polarization measurements with the aid of theoretical ca
lation. It is shown that our QD’s have the excited states
not only holes but also electrons, and the transitions betw
the excited states of electrons and holes with the sa
quantum numbers are observed, contrary to the results
Grundmannet al.The difference may be due to the structu
differences between the individual QD’s as described late
is also found that there exist some excited states that
very weak optical emission, in addition to the ones that g
the strong emission peaks. Some of the results have b
briefly reported in Ref. 7. In the following we describe
detail and comprehensively the theoretical and experime
results on the excited states of the self-assembled InAs/G
QD’s.
PRB 580163-1829/98/58~11!/7181~7!/$15.00
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II. QUANTUM DOT STRUCTURE AND
PHOTOLUMINESCENCE PROPERTY

The InAs/GaAs quantum dots were fabricated
Stranski-Krastanow mode molecular-beam epitaxy~MBE!
growth. The growth temperature was 480 °C and the V
ratio during the growth of the InAs dot was 8. The amount
2 ML InAs was supplied for the dot formation. A reflectio
high-energy electron diffraction, a transmission electron m
croscope, and an atomic force microscope observations
vealed that the averaged quantum dot size and structure
as shown in Fig. 1. The structure is somewhat different fr
that reported in Ref. 6:~a! the base lengths are much long
~25 and 30 nm! than those of Ref. 6~12 nm!, ~b! the base
structure of our sample has a slight unisotropy~the length of
@11̄0# is about 20% longer than that of the@110# direction!
while the sample of Ref. 6 is isotropic, and~c! the height of
our QD is much lower~30 Å! than that of Ref. 6. The struc
tural difference may be due to the slight difference in t
growth conditions such as the V/III ratio, the actual grow
temperature, and the growth rate. These differences in
structure strongly affect the higher quantum energy levels
described later.

Figure 2 shows the PL spectra of the sample for the v
ous excitation levels at 13 K, where the excitation sou
was a multimode Ar ion laser. Many peaks appeared

FIG. 1. Averaged quantum dot size and structure of s
assembled InAs/GaAs quantum dot investigated here.
7181 © 1998 The American Physical Society
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7182 PRB 58SUSUMU NODA, TOMOKI ABE, AND MASATOSHI TAMURA
higher photon energy when the excitation power increas
The full width at half maximum spectral width of each pe
was estimated to be 50–60 meV due to size fluctuations
the successive sections, the following points on the PL sp
tra will be discussed~as described in Sec. I!: ~1! Do these
peaks at high-excitation levels actually correspond to hig
energy levels in quantum dots?~2! Are there any peaks be
hind the observed ones?~3! Which modes of wave function
do the PL peaks correspond to?

III. ANALYSIS OF ELECTRON
AND HOLE STATES IN QD

To answer the above questions, we first calculated e
tron and hole envelope wave functions of the QD’s by so
ing the Schro¨dinger equation using the finite eleme
method. Although the detailed procedure of the calculatio
shown in the Appendix, the essential points are summar
as follows. First of all, the strain distribution inside and/
around the QD was calculated so that the total stain ene
becomes minimal using the finite element method for the
structure shown in Fig. 1. The strain-induced changes

FIG. 2. PL spectra for various excitation powers at 13 K.
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band gaps of InAs and GaAs, and in the band offset betw
them were calculated by using the strain distribution. T
strain-induced modification of the electron effective ma
was also calculated. On the other hand, the stain effect on
hole effective mass was not considered since the strain e
can be neglected for the first approximation. The effect
mass due to heavy-hole like bands~u3

2,6
3
2&! was utilized for

holes. Strictly speaking, the mixing effect between t
heavy-hole-like bands and the light-hole-like bands~u3

2,6
1
2&!

should be considered, but the mixing effect was ignored h
for the following reason and/or to avoid that the calculati
procedure becomes much more complicated. When we c
sider that our QD structure is relatively flat~which means
that the lengths for the@11̄0# and @110# directions are much
longer than that of the@001# direction! and the quantum con
finement effect for the@001# direction is larger than those fo
@11̄0# and @110# directions, the heavy-hole-like bands a
considered to have the dominant effect on the electro
properties as in a quantum-well structure.8 Thus, the essen
tial discussions described here are considered to hold e
though we ignore the band-mixing effect. The penalty
this ignorance is that the hole mass is estimated to be slig
heavier than the actual one, and band-to-band transi
wavelength is estimated to be longer than the actual one

Then, the three-dimensional single-particle effective-m
Schrödinger equation was solved for electrons and holes,
spectively, by using the finite element method. The cal
lated envelope wave functions for electrons and holes
shown in Figs. 3~a! and 3~b!, respectively, where the distri
butions at thexy plane existing at 3 ML higher than the bas
plane of the pyramid were drawn. Here,x and y mean the
directions of@11̄0# and@110#, respectively. The excited state
are classified according to their nodesm, n, ando in x, y, and
z directions, respectively, asum,n,o&, wherez expresses the
@001# direction. The important point in Fig. 3 is that th
excited states are present for electrons in the@11̄0# and@110#
ed

FIG. 3. Calculated envelope wave functions for~a! electrons and~b! holes, where the distributions at thexy plane 3 ML higher than the

base plane of the pyramid were drawn. Here,x andy means the directions of@11̄0# and@110#, respectively. The excited states are classifi
according to their nodesm, n, ando in x, y andz directions, respectively, asum, n, ando&, wherez expresses@001# direction.
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PRB 58 7183MODE ASSIGNMENT OF EXCITED STATES IN SELF- . . .
directions, which is completely different from the result
Ref. 6. This may be due to the longer base lengths in
@11̄0# and@110# directions in our sample. Another importa
point in Fig. 3 is that the excited states in the@11̄0# and@110#
directions have lower energies than that of the hole exc
state in the@001# direction. This is due to the lower height i
the @001# direction in our sample. Owing to these facts, t
transitions between the excited states of electrons and h
in @11̄0# and @110# directions with the same quantum num
bers become possible.

IV. ANALYSIS OF POLARIZATION PROPERTIES

By utilizing the wave functions of electrons and hol
obtained above, the polarization property for each transi
can be theoretically calculated. The polarization property
determined with the localization of the wave functions
carriers. When electrons and holes can move around for
ery direction without any restriction as in bulk crystal, th
wave functions for them distribute uniformly, and thus t
dipole moment, which is determined by the overlap integ
of the wave functions of electrons and holes, has no dir
tional dependence. Thus, the PL spectrum has no pola
tion property. When the movement of electrons and hole
restricted with the introduction of the quantum structures,
wave functions tend to localize. Especially, the quantum
structure produces the complete localization of wave fu
tions. In this case, the envelope wave function for each
ergy state shown in Fig. 3 can be approximately fitted in
form of A f1(kxx) f 2(kyy) f 3(kzz) by using the eight wave
vectors k5(6kx , 6ky , and6kz) composed of specific
wave numbers corresponding to the quantized energy le
in thex, y, andz directions. Here,f i( ) expresses a sinusoida
function ~sin and/or cos!. For each wave vectork, the Bloch
wave functions can be drawn schematically as shown in
4~a!, where the heavy-hole-like bandu 3

2,6
3
2& is considered for

holes as described before and is rotated in the plane per
dicular to the vectork, while that of the electron is isotropic
Figure 4~b! expresses schematically the distribution of t
hole Bloch wave functions for eight wave vectors constit
ing one excited state in QD. As can be seen in the figu
strong localization of hole wave functions are seen, wh
leads to the polarization properties of the photoluminesce
for each transition.

FIG. 4. ~a! Bloch wave functions for each quantized wave nu
ber k, where heavy-hole-like bandu 3

2,6
3
2& is considered for holes

and is rotated in the plane perpendicular to the vectork, while that
of the electron is isotropic.~b! Schematic distribution of the hole
Bloch wave functions for every eight wave vectors in QD.
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As can be seen in Fig. 4~b!, the hole wave functions tend
to localize for the direction with the smaller component
each wave vectork. Since the dimension of our QD’s i
much larger in thex,y direction compared with thez direc-
tion, the component of wave vectork becomes much smalle
in thexy plane, and the hole localization occurs mainly in t
xy plane. Thus, the polarization properties in thexy plane are
discussed hereafter. The dipole moment matrix elements
the light polarized in thex and y directions are expresse
as9,10

uMxu25@ 3
2 ~ky

21kz
2!/~kx

21ky
21kz

2!#uMbulku2, ~1!

uM yu25@ 3
2 ~kz

21kx
2!/~kx

21ky
21kz

2!#uMbulku2, ~2!

by using the wave numberskx , ky , andkz , and the matrix
elementMbulk for InAs bulk crystal constituting the QD’s
Here, the transitions between excited electrons and h
with the same quantum numbers are considered. The po
ization degreer between thex andy directions in PL and/or
PLE, which is defined as the ratio of the luminescence int
sity betweenx and y directions, can be expressed by usi
the matrix element for each direction as

r5@ uMxu22uM yu2#/@ uMxu21uM yu2#. ~3!

6kx , 6ky , and6kz can be obtained from Fig. 3 by fitting
the envelope wave functions with sinusoidal functions as
scribed above. Then the polarization properties can be ca
lated by using Eqs.~1!–~3!. The results are shown in Fig. 5
where the polarization degree is found to become posi
~1! and negative~2! according to the transition energy
Thus, the modes of the carrier wave functions correspond
to each transition can be assigned by measuring the pola
tion degree of PL and/or PLE spectra.

Here, we should note that the wave vectork ~thus the
wave numbers6kx , 6ky , and6kz) is determined by the
carrier confinement in the quantum dots as described ab
and the directions of the individual wave vectors for ele
trons and holes are almost equal as shown in Fig. 4~a! due to

-

FIG. 5. Calculated polarization degree of each transition
tween excited states of electrons and holes with the same qua
numbers, where the polarization degree is found to become pos
~1! and negative~2! according to the transition energy.
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FIG. 6. PL polarization properties for low~a! and high~b! excitation powers at 13 K, where the measurement was performed fo
sample with which the result of Fig. 2 was obtained.
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the similar confinement effect in the quantum dots. Thus,
values of6kx , 6ky , and6kz required for the calculation
of Eqs.~1!–~3! can be extracted from either hole or electr
wave function. Actually, the polarization properties obtain
by using electron and hole wave numbers gave almost
same results. When the quantum numbers become l
~u210& and u300&!, however, the slight difference appeare
This is probably due to the deviation of the hole wave fun
tions from the actual ones owing to the utilization of isotr
pic hole mass as well as the neglect of the hole band mix
effect. To avoid the ambiguity in hole wave numbers,
have utilized the results extracted from the electron w
functions to draw Fig. 5. Since the experimental results
Fig. 6, which will be described later, show the behavior sim
lar to the theoretical prediction, the above treatment is c
sidered to hold.

It is also important to consider the alloy effect especia
due to the In segregation effect11 during the growth of the
quantum dots. We made a calculation for the case of th
segregation length of 15 Å, and the segregation probab
of 0.82 ~which corresponds to the case of In segregation
growth temperature of 480 °C!, where the segregation occu
mainly to the direction parallel to the growth direction~z
direction!. It was found that band-to-band transition ener
becomes larger compared with the no-segregation cas
about 40 meV. However, the polarization properties obtai
almost no effect since the polarization occurs in thexy plane
while the segregation effect mainly appeared in thez direc-
tion.

V. MEASUREMENT OF POLARIZATION PROPERTIES
AND MODAL ASSIGNMENT

Figure 6 shows the typical PL polarization properties
~a! low- and ~b! high-excitation levels at 13 K, where th
measurement was performed for the sample with which
result of Fig. 2 was obtained. When the excitation level w
low, the polarization degree was almost constant, and
dipole moment of the transition is considered to align mai
along thex(@11̄0#) direction. However, when the excitatio
power increased, the polarization degree became smaller
larger alternately, just like the result of Fig. 5, and finally t
result of Fig. 6~b! was obtained. This result indicates that t
e
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transitions between the excited electrons and holes with
modes ofu000&, u100&, u010&, u110&, u200&, u020&, u120& ~or
u210&! occurs. However, since individual excited states ha
relatively wide distributions due to the size fluctuations
the QD’s, the PL emissions due to higher and lower exci
states were overlapped. Thus, the polarization degree is
sidered to have become modified somewhat from the ac
one, which leads to the shift of the peak position of t
polarization spectrum. For example, the~1! polarization
peak at the lowest photon energy side in Fig. 6~b! deviated
from the PL peak of 1.21 eV although they are considered
be coincident with each other. Moreover, due to the over
of the higher and lower modes emissions, the sign of
polarization degree at the higher photon energy side
strongly affected by that of the lower photon energy s
owing to the band-filling effect. Thus, the negative value or
was difficult to observe in the PL polarization measureme
To observe the negativer, we have performed the PLE po
larization measurement, since it gives the absorption a
specific photon energy, and the band-filling effect can
excluded. As shown in Fig. 7, the negative polarizati
peaks as well as the positive one have been obtained exa
which correspond tou200&, u020&, and u120& ~or u210&!. Here
we should note that the peaku120& ~or u210&! may be over-
lapped with the absorption by the wetting layer.

The results obtained above are completely different fr
those of Grundmannet al., who reported that their QD’s
have only the ground state of electrons, and the high

FIG. 7. PLE polarization properties.
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energy PL peaks are due to the transition between the gro
state of electrons and the excited states of holes. These
ference may be due to the structural difference between
QD’s as described before.

Here, we assign the modes of the carrier wave functio
which give the PL spectra of Fig. 2, as Fig. 8 through t
careful comparison between theoretical and experimenta
sults. It is seen that the hidden peaks ofu100& and u110& are
present betweenu000& andu010& and betweenu010& andu200&,
respectively. The weak emission ofu100& may be due to the
strong phonon interaction, but the detail is under consid
ation.

VI. CONCLUSION

We have assigned the modes of excited states of elect
and holes in self-assembled InAs/GaAs QD’s by investig
ing PL and PLE polarization properties with the aid of t
theoretical calculation. First of all, the wave functions
electrons and holes have been calculated by solving
three-dimensional Schro¨dinger equation using the finite ele
ment method by considering the effect of the strain distri
tions inside and/or around QD’s. It has been shown that th
exist excited states of not only holes but also electrons
@11̄0# and@110# directions in our QD’s. Based on the resul
the polarization properties of transitions between exci
states of electrons and holes with the same quantum num
have been calculated. Then, the PL and PLE polariza
properties were measured, and the modes of the exc
states were assigned by comparing the calculation resul
has been shown that some hidden peaks are present be
apparent peaks, respectively. The weak emission of the
den peaks may be due to the strong phonon interaction.
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APPENDIX: DETAILED PROCEDURE OF CALCULATION
FOR ENVELOPE WAVE FUNCTIONS

First, the strain distribution inside and/or around the Q
was calculated so that the total stain energyU becomes mini-

FIG. 8. Assignment of modes of higher energy levels. It is se
that the hidden peaks ofu100& and u110& are present betweenu000&
and u010& and betweenu010& and u200&, respectively.
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mal using the finite element method for the QD structu
shown in Fig. 1.

The strain energyU is expressed as

U5 1
2 E E E s t~«2«0!dx dy dz, ~A1!

where« is the strain vector,s is the stress vector, and«0 is
the initial strain vector.12 « is expressed by using the dis
placementsu, v, w in thex, y, andz directions, respectively
as

«5S «xx

«yy

«zz

«xy

«yz

«zx

D 5S ]u/]x
]v/]y
]w/]z

~]u/]y1]v/]x!/2
~]v/]z1]w/]y!/2
~]w/]x1]u/]z!/2

D , ~A2!

where«xx , «yy , and«zz are the direct strains in thex, y, and
z directions, respectively, and«xy , «yz , and«zx are the shear
strains in thexy, yz, andzx planes, respectively.s is com-
posed of the stressessxx , syy , and szz in the x, y, and z
directions, respectively, and the shear stressessxy , syz , and
szx in the xy, yz, andxz planes, respectively, and express
as

s5S sxx

syy

szz

sxy

syz

szx

D 5D~«2«0!1s0 ,

D5S C11

C12

C12

0
0
0

C12

C11

C12

0
0
0

C12

C12

C11

0
0
0

0
0
0

C44

0
0

0
0
0
0

C44

0

0
0
0
0
0

C44

D . ~A3!

FIG. 9. Schematic to show the division of voxels for the fin
element method.
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s0 is the initial stress,D is the matrix composed of elasti
constantsC11, C12, and C44, which combines the strain
with the stress.

The quantum dot is divided as shown in Fig. 9, whe
each voxel has 15 Å, 12.5 Å, and 3 Å, for thex, y, and z
directions, respectively. The displacements~u, v, andw! at
each node of voxel~x,y,z! were first calculated so that th
strain energyU becomes minimal. The displacements at a
point of the voxel were estimated by the linear interpolat
using the values of each node. Then, the strain distribu
inside and/or around the quantum dot can be obtained f
u, v, andw, obtained. In the calculation, the initial stresss0
was set to be zero, and the initial strain«0 was given for
InAs as«xx05«yy05«zz05(aInAs2aGaAs)/aGaAs whereaInAs
tic

e

si

u

y

n
m

and aGaAs are lattice constants of InAs and GaAs, respe
tively, without strain. The boundary conditions were as f
lows: ~i! the displacements at the base plane~the xy plane
that passes through the pointA in Fig. 9! are zero, and~ii ! the
periodic boundary conditions are employed, and the d
placements at the edge planes~the xz plane that passe
through pointsB andD, and theyzplane that passes throug
pointsC andE in Fig. 9! are zero.

Then, the strain-induced changes in the band offset
tween InAs and GaAs were calculated by using the str
distribution obtained above. The energy changes of hea
hole (DEHH), light-hole (DELH), and spin split-off bands
(DESO) can be obtained from thekp perturbation theory,13,14

where the perturbation Hamiltonian is expressed as
H«5

u 3
2,

3
2 & u 3

2 , 1
2 & u 3

2 ,2 1
2 & u 3

2 ,2 3
2 & u 1

2 , 1
2 & u 1

2 ,2 1
2 &

S P«1Q« 2S« R« 0 1/21/2S« 221/2R«

2S«* P«2Q« 0 R« 21/2Q« 2~ 3
2 !1/2S«

R«* 0 P«2Q« S« 2~ 3
2 !1/2S«* 221/2Q«

0 R«* S«* P«1Q« 21/2R«* 1/21/2S«*

1/21/2S«* 21/2Q« 2~ 3
2 !1/2S« 21/2R« P«1D0 0

221/2R«* 2~ 3
2 !1/2S«* 221/2Q« 1/21/2S« 0 P«1D0

D , ~A4!
the

sets
n-
the
lute

ve
where

P«5as~«xx1«yy1«zz!,

Q«5bs/2~2«zz2«xx2«yy!,
~A5!

S«52ds~«zx2 i«yz!,

R«531/2bs/2~«xx2«yy!2 ids«xy ,

and as , bs , and ds are constants that express hydrosta
uniaxial, and shear components.

Since it was found from the strain calculations describ
above that the shear strains («xy , «yz , and «zx) and the
differences between individual direct strains («xx , «yy , and
«zz) are very small, the values ofS« and R« become very
small, and therefore the above Hamiltonian can be ea
solved. In this case, the eigenvalues, that isDEHH , DELH ,
andDESO are expressed as

DEHH52P«2Q« ,

DELH52P«11/2$Q«2D01~D0
212D0Q«19Q«

2!1/2%, ~A6!

DESO52P«11/2$Q«2D02~D0
212D0Q«19Q«

2!1/2%.

On the other hand, the strain-induced energy shift in cond
tion bandDEC is expressed as

DEC5P«5as~«xx1«yy1«zz!, ~A7!
,

d

ly

c-

which depends only on the hydrostatic component of
strain. By using Eqs.~A6! and ~A7!, the strain-induced
changesDEC , DEHH , DELH , and DESO can be obtained.
These values were added to the InAs/GaAs band off
without strain for a deduction of the electron and hole co
finement potentials under strain. The band offset ratio for
unstrained bands is taken from the difference in abso
energetic position of the average valence bandEv,av.13

The strain-induced modification of the electron effecti
mass was also considered, and it is expressed as15

TABLE I. Numerical parameters utilized for the calculations.

InAs GaAs

a0 ~Å! 6.0584 5.6532
C11 (1011 dyn/cm3) 8.329 11.88
C12 (1011 dyn/cm3) 4.562 5.38
as ~eV! 21.0 21.16
bs ~eV! 21/8 21.7
ds ~eV! 23.6 24.5
ac ~eV! 25.08 27.17
D0 ~eV! 0.38 0.34
Ev,av ~eV! 26.67 26.92
Eg ~eV! 0.359 1.435
me (m0) 0.027 0.068
mHH (m0) 0.41 0.5
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1/mi* 51/m01P2/3@3/EgHH1~a221/2b!2/EgLH

1~b121/2a!2/EgSO#,
~A8!

1/m'
* 51/m012P2/3@~21/2a2b!2/EgLH

1~21/2b1a!2/EgSO#,

whereP is the momentum matrix element of the interba
transition.EgHH , EgLH , and EgSO are the energy gaps be
tween the conduction band and the heavy-hole~HH!, light-
hole ~LH!, and spin-orbit~SO! bands, respectively, under th
strain. i and' express the parallel and perpendicular dire
tions to the substrate surface, respectively. The elemena
and b are dimensionless parameters representing the st
induced mixing between the LH and the SO split band, a
are expressed as

a581/2uQ«u/C,
~A9!

b5~A2B!uQ«u/~CQ«!,
,

-

in-
d

where A5D01Q« , B5(D0
212D0Q«19Q«

2)1/2, and C
5@2B(B2A)#1/2.

Then, the three-dimensional single-particle effective-m
Schrödinger equation was solved for electrons and holes,
spectively, by using the finite element method. The Ham
tonian is as follows:

Hi52~h/2p!2/$2mi* ~x,y,z!%¹21Vi~x,y,z!, ~A10!

wherei equalsc, HH, and LH and expresses the conductio
heavy-hole, and light-hole bands, respectively. In the cas
the conduction band,mc* becomes tensor, which componen
are expressed by Eq.~A8!. Vi(x,y,z) can be obtained by
using Eqs.~A6! and ~A7! as described above. The exciton
effect was ignored here since our quantum dot is in
strong confinement regime, and the size quantization re
sents the dominant part of the carrier energy.

The numerical values utilized for the calculation are list
in Table I. The resultant envelope functions for electrons a
holes are shown in Fig. 3.
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