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Mode assignment of excited states in self-assembled InAs/GaAs quantum dots
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The modes of excited states of electrons and holes in self-assembled InAs/GaAs quant(@Ddstare
investigated through photoluminescer{i®) and photoluminescence excitatidALE) polarization properties
with the aid of the theoretical calculation. First, the wave functions of electrons and holes are calculated by
solving the three-dimensional Schiinger 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 ifl110] 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.S0163-18208)03435-3

I. INTRODUCTION II. QUANTUM DOT STRUCTURE AND
PHOTOLUMINESCENCE PROPERTY

Recently, there is much interest in self-assembled InAs/ The InAs/GaAs quantum dots were fabricated by
GaAs quantum dots(QD’s).)™ The most pronounced Stranski-Krastanow mode molecular-beam epit#d4BE)
property of the QD is in its formation of completely discrete growth. The growth temperature was 480 °C and the VIl
guantum energy levels. Although there are some repbrts ratio during the growth of the InAs dot was 8. The amount of
indicating the existence of the excited states of electrons an@ ML INAs was supplied for the dot formation. A reflection
holes through the observation of multiple peaks of photolu-h'gh'e”ergy electron diffraction, a transmission electron mi-
minescencéPL) and/or electroluminescen¢EL) spectra for ~ CrOSCOPE, and an atomic force microscope observations re-
InAs/GaAs QD’s, it has not been investigated enoughvealed that the averaged quantum dot size and structure are
(@ whether the multiple PL and/or EL peaks actually corre—?hsafr:gwc?rtg dF'II’?.RléfTr(;(%_)S::]léCE)lgselslesnoTheSW:raét ﬂﬁgﬁegnﬁ?
spond to higher quantum energy levels in QOty, whether P ! S 9 u 9

; (25 and 30 nmthan those of Ref. §12 nm), (b) the base
any peaks are present be.hmd the observed ones,(@nd structure of our sample has a slight unisotrdfhe length of
which modes of wave functions the PL peaks correspond t 110] is about 20% longer than that of ti10] direction

For the applications of not only interband transitions but als hile the sample of Ref. 6 is isotropic, ahg) the height of
intersubband transitions in QD’s to optoelectronic devices QD is much lowe(30 A) than that of Ref. 6. The struc-

it is very important to investigate the modes of the excitedy, 5| gifference may be due to the slight difference in the
states of electrons and holes. Grundmanal® have treated rowth conditions such as the V/III ratio, the actual growth
the excited states in InAs/GaAs QD's where they reportedemperature, and the growth rate. These differences in the

that their QD’s have only the ground level of electrons, andstructure strongly affect the higher quantum energy levels as
the higher-energy PL peaks are due to the transition betweeafescribed later.

the ground state of electron and the excited states of holes. In Figure 2 shows the PL spectra of the sample for the vari-
this work, we have investigated the excited states obus excitation levels at 13 K, where the excitation source
electrons and holes in self-assembled InAs/GaAs QD’'svas a multimode Ar ion laser. Many peaks appeared in
through the PL and photoluminescence excitati®E)
polarization measurements with the aid of theoretical calcu-
lation. It is shown that our QD’s have the excited states of
not only holes but also electrons, and the transitions between
the excited states of electrons and holes with the same
guantum numbers are observed, contrary to the results by
Grundmanret al. The difference may be due to the structural mi
differences between the individual QD’s as described later. It f 300/ .

R

InAs
QUANTUM DOT

is also found that there exist some excited states that give / /

very weak optical emission, in addition to the ones that give el . [001] [110]
the strong emission peaks. Some of the results have been L~ InAs Zléy:
briefly reported in Ref. 7. In the following we describe in GaAs  \WETTING LAYER [170]

detail and comprehensively the theoretical and experimental
results on the excited states of the self-assembled InAs/GaAs FIG. 1. Averaged quantum dot size and structure of self-
QD’s. assembled InAs/GaAs quantum dot investigated here.
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FIG. 2. PL spectra for various excitation powers at 13 K.

band gaps of InAs and GaAs, and in the band offset between
them were calculated by using the strain distribution. The
strain-induced modification of the electron effective mass
was also calculated. On the other hand, the stain effect on the
hole effective mass was not considered since the strain effect
can be neglected for the first approximation. The effective
mass due to heavy-hole like band$ +3)) was utilized for
holes. Strictly speaking, the mixing effect between the
heavy-hole-like bands and the light-hole-like barids* 3))
should be considered, but the mixing effect was ignored here
for the following reason and/or to avoid that the calculation
procedure becomes much more complicated. When we con-
sider that our QD structure is relatively flavhich means
that the lengths for thgl10] and[110] directions are much

higher photon energy when the excitation power increasedonger than that of thE001] direction and the quantum con-
The full width at half maximum spectral width of each peak finement effect for th€001] direction is larger than those for
was estimated to be 50—-60 meV due to size fluctuations. If110] and [110] directions, the heavy-hole-like bands are
the successive sections, the following points on the PL speconsidered to have the dominant effect on the electronic

tra will be discussedas described in Sec):1(1) Do these

properties as in a quantum-well structfiréhus, the essen-

peaks at high-excitation levels actually correspond to highefial discussions described here are considered to hold even
energy levels in quantum dot$2) Are there any peaks be- though we ignore the band-mixing effect. The penalty for
hind the observed one¢3) Which modes of wave functions  this ignorance is that the hole mass is estimated to be slightly

do the PL peaks correspond to?

Ill. ANALYSIS OF ELECTRON
AND HOLE STATES IN QD

heavier than the actual one, and band-to-band transition
wavelength is estimated to be longer than the actual one.
Then, the three-dimensional single-particle effective-mass
Schralinger equation was solved for electrons and holes, re-
spectively, by using the finite element method. The calcu-

To answer the above questions, we first calculated eledated envelope wave functions for electrons and holes are
tron and hole envelope wave functions of the QD’s by solv-shown in Figs. &) and 3b), respectively, where the distri-
ing the Schrdinger equation using the finite element butions at thexy plane existing at 3 ML higher than the base
method. Although the detailed procedure of the calculation iplane of the pyramid were drawn. Hepeandy mean the
shown in the Appendix, the essential points are summarizedirections of110] and[110], respectively. The excited states
as follows. First of all, the strain distribution inside and/or are classified according to their nodesn, andoin x, y, and
around the QD was calculated so that the total stain energy directions, respectively, dsn,n,0, wherez expresses the
becomes minimal using the finite element method for the Q}001] direction. The important point in Fig. 3 is that the
structure shown in Fig. 1. The strain-induced changes irexcited states are present for electrons in[fti®] and[110]

[110]

[110] X

(b)

FIG. 3. Calculated envelope wave functions €ar electrons andb) holes, where the distributions at tikg plane 3 ML higher than the
base plane of the pyramid were drawn. Hereandy means the directions $110] and[110], respectively. The excited states are classified
according to their nodes, n, ando in x, y andz directions, respectively, dm, n, ando), wherez expresse$001] direction.
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directions, which is completely different from the result of ~ FIG. 5. Calculated polarization degree of each transition be-
Ref. 6. This may be due to the longer base lengths in th&veen excited states of electrons and holes with the same quantum
[110] and[110] directions in our sample. Another important numbers, where the polarization degree is found to become positive
point in Fig. 3 is that the excited states in {d0] and[110] ~ (*) and negativé—) according to the transition energy.

directions have lower energies than that of the hole excited L )

state in thg001] direction. This is due to the lower heightin  AS €an be seen in Fig.(), the hole wave functions tend
the [001] direction in our sample. Owing to these facts theto localize for the direction with the smaller component of
transitions between the excited states of electrons and hol&&ch wave vectok. Since the dimension of our QD's is

in [110] and[110] directions with the same quantum num- much larger in thex,y direction compared with the direc-
bers become possible. tion, the component of wave vecthibecomes much smaller

in thexy plane, and the hole localization occurs mainly in the
xy plane. Thus, the polarization properties in Rygplane are
IV. ANALYSIS OF POLARIZATION PROPERTIES discussed hereafter. The dipole moment matrix elements for

. . the light polarized in thex andy directions are expressed
By utilizing the wave functions of electrons and holes asq,log P y P

obtained above, the polarization property for each transition

can be theoretically calculated. The polarization property is 2 1312t 2\ (L2t 12 1 12 2
determined with the localization of the wave functions of IMAE= L3 (k) (k) 1 M @
carriers. When electrons and holes can move around for ev- s 32 22 2 o ,

ery direction without any restriction as in bulk crystal, the IMy|“=[3 (kz+ k! (kg + k5 + k) 1 Mpuid %, 2
wave functions for them distribute uniformly, and thus theIby using the wave numbeks,, k, , andk,, and the matrix

dipole moment, which is determined by the overlap 'ntegraelementM o for InAs bulk crystal constituting the QD's.

qf the wave functions of electrons and holes, has no dlr(.ECI'-Iere, the transitions between excited electrons and holes
tional dependence. Thus, the PL spectrum has no polariz

Fith the same quantum numbers are considered. The polar-

tion property. When the movement of electrons and holes IS, 2tion degreg between the andy directions in PL and/or

Csjégc;ﬁgc\f[\i’gzst?gr']gt:gdlzggﬁgec’fézegcui:ﬁ] tumstrﬁiﬁtﬁi’ ;TELE, which is defined as the ratio of the luminescence inten-
- Especially, q ity betweenx andy directions, can be expressed by using
structure produces the complete localization of wave func:

. . . the matrix element for each direction as

tions. In this case, the envelope wave function for each en-

fergy state shown in Fig. 3 can be app_roxmately fitted in the p:[|Mx|2_|My|2]/[|Mx|2+|My|2]- 3)

orm of Afy(k.x)f,(kyy)fs(k,z) by using the eight wave

vectors k=(*k,, *k,, and*k,) composed of specific =*k,, =k,, and=*k, can be obtained from Fig. 3 by fitting
wave numbers corresponding to the quantized energy levetbe envelope wave functions with sinusoidal functions as de-
in thex, y, andz directions. Heref;( ) expresses a sinusoidal scribed above. Then the polarization properties can be calcu-
function (sin and/or cos For each wave vectds, the Bloch  lated by using Eq9.1)—(3). The results are shown in Fig. 5,
wave functions can be drawn schematically as shown in Figwhere the polarization degree is found to become positive
4(a), where the heavy-hole-like bam@l+3) is considered for (+) and negative(—) according to the transition energy.
holes as described before and is rotated in the plane perpefhhus, the modes of the carrier wave functions corresponding
dicular to the vectok, while that of the electron is isotropic. to each transition can be assigned by measuring the polariza-
Figure 4b) expresses schematically the distribution of thetion degree of PL and/or PLE spectra.

hole Bloch wave functions for eight wave vectors constitut- Here, we should note that the wave veclofthus the

ing one excited state in QD. As can be seen in the figurewave numberstk,, *k,, and*k,) is determined by the
strong localization of hole wave functions are seen, whichcarrier confinement in the quantum dots as described above,
leads to the polarization properties of the photoluminescencand the directions of the individual wave vectors for elec-
for each transition. trons and holes are almost equal as shown in K. due to
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FIG. 6. PL polarization properties for loga) and high(b) excitation powers at 13 K, where the measurement was performed for the
sample with which the result of Fig. 2 was obtained.

the similar confinement effect in the quantum dots. Thus, théransitions between the excited electrons and holes with the
values of +k,, *k,, and *k, required for the calculation modes of|000, [100), [010), [110), 200, |020), [120) (or
of Egs.(1)—(3) can be extracted from either hole or electron|210) occurs. However, since individual excited states have
wave function. Actually, the polarization properties obtainedrelatively wide distributions due to the size fluctuations of
by using electron and hole wave numbers gave almost ththe QD’s, the PL emissions due to higher and lower excited
same results. When the quantum numbers become largagates were overlapped. Thus, the polarization degree is con-
(]210 and |[300), however, the slight difference appeared.sidered to have become modified somewhat from the actual
This is probably due to the deviation of the hole wave func-one, which leads to the shift of the peak position of the
tions from the actual ones owing to the utilization of isotro- polarization spectrum. For example, tlie-) polarization
pic hole mass as well as the neglect of the hole band mixingeak at the lowest photon energy side in Fifo)&eviated
effect. To avoid the ambiguity in hole wave numbers, wefrom the PL peak of 1.21 eV although they are considered to
have utilized the results extracted from the electron wavéve coincident with each other. Moreover, due to the overlap
functions to draw Fig. 5. Since the experimental results imof the higher and lower modes emissions, the sign of the
Fig. 6, which will be described later, show the behavior simi-polarization degree at the higher photon energy side was
lar to the theoretical prediction, the above treatment is constrongly affected by that of the lower photon energy side
sidered to hold. owing to the band-filling effect. Thus, the negative value of

It is also important to consider the alloy effect especiallywas difficult to observe in the PL polarization measurement.
due to the In segregation effétduring the growth of the To observe the negative we have performed the PLE po-
guantum dots. We made a calculation for the case of the Itarization measurement, since it gives the absorption at a
segregation length of 15 A, and the segregation probabilitgpecific photon energy, and the band-filling effect can be
of 0.82 (which corresponds to the case of In segregation aexcluded. As shown in Fig. 7, the negative polarization
growth temperature of 480 9Cwhere the segregation occurs peaks as well as the positive one have been obtained exactly,
mainly to the direction parallel to the growth directién  which correspond t¢200), 020}, and|120) (or |210). Here
direction. It was found that band-to-band transition energywe should note that the peak20 (or |210) may be over-
becomes larger compared with the no-segregation case Wgpped with the absorption by the wetting layer.
about 40 meV. However, the polarization properties obtained The results obtained above are completely different from
almost no effect since the polarization occurs inxg@lane  those of Grundmanret al, who reported that their QD’s

while the segregation effect mainly appeared in ztdirec-  have only the ground state of electrons, and the higher-
tion.

. 0.06 =

PL Q

V. MEASUREMENT OF POLARIZATION PROPERTIES | DETECT \ 0.04 '::
AND MODAL ASSIGNMENT > | E

Figure 6 shows the typical PL polarization properties for 21 0.02 é
(@ low- and (b) high-excitation levels at 13 K, where the o J a
measurement was performed for the sample with which the 2 0 6
result of Fig. 2 was obtained. When the excitation level was w
low, the polarization degree was almost constant, and the I (_)\ﬁE——' 0.02 ¢
dipole moment of the transition is considered to align mainly 13K ()  POLARIZATION 8
along thex([110]) direction. However, when the excitation ' : : . -0.04 0

1.1 1.4 1.5

power increased, the polarization degree became smaller and 1'|§HOTOI1\1'3|’ENERGY [eV]

larger alternately, just like the result of Fig. 5, and finally the
result of Fig. §b) was obtained. This result indicates that the FIG. 7. PLE polarization properties.



PRB 58 MODE ASSIGNMENT OF EXCITED STATES IN SELF. .. 7185

y ; mal using the finite element method for the QD structure
[ 13K 1200 120)(or 1300)) shown in Fig. 1.
> | 8.3kW/om? 11020 O e | The strain energy) is expressed as
= 010) LAYER
G
pd
“EJ . u:§f ffa‘(e—ao)dx dy dz (A1)
ot
e wheree is the strain vectorg is the stress vector, andg, is
the initial strain vectol? ¢ is expressed by using the dis-
placementsal, v, win thex, y, andz directions, respectively,
1.4 12 13 14 15 as
PHOTON ENERGY [eV]
Exx aul 9x
FIG. 8. Assignment of modes of higher energy levels. It is seen e vl ay
that the hidden peaks ¢f00) and|110 are present betwedA00) 8?2' W/ 9z
and|010 and between010 and|200), respectively. e= en) =| (oulay+avianz |- (A2)
energy PL peaks are due to the transition between the ground Eys (dvldz+ owlay)/2
state of electrons and the excited states of holes. These dif- . (oWl 9x+ aul 92)12
ference may be due to the structural difference between both
QD’s as described before. wheree,,, ey, ande,, are the direct strains in the y, and

I_-|ere,_ we assign the modes o_f the carrier wave functions, directions, respectively, angd,,, &,,, ande , are the shear
which give the_PL spectra of Fig. 2 as Fig. 8 thr_ough thestrains in thexy, yz and zx planes, respectivelyr is com-
careful comparison between theoretical and experimental r&osed of the stresses,,, a.,, ando,, in thex, y, andz

. . X1 yy: zZ y ]
sults. Itis seen that the hidden peaks 100 and|110) are  gjrections, respectively, and the shear stressgs oy,, and

present betweej@00) and|010 and betweef010) and|200), in the x andxz planes, respectively, and expressed
respectively. The weak emission 400 may be due to the T2x e P » Fesp Y P

strong phonon interaction, but the detail is under consider-

ation.
Oxx
VI. CONCLUSION Oyy
We have assigned the modes of excited states of electrons o=| 77| = D(e—¢&q)+ 0y,
and holes in self-assembled InAs/GaAs QD'’s by investigat- Txy
ing PL and PLE polarization properties with the aid of the Oyz
theoretical calculation. First of all, the wave functions of O2x
electrons and holes have been calculated by solving the
three-dimensional Schdinger equation using the finite ele- Cy Cp Cpp O 0 0
ment method by considering the effect of the strain distribu- C C C 0 0 0
tions inside and/or around QD’s. It has been shown that there C12 Cll C12 0 0 0
; ; ; 12 12 11
exist excited states of not only holes but also electrons in D= (A3)
[110] and[110] directions in our QD’s. Based on the results, 0 0 0 Cu O 0
the polarization properties of transitions between excited 0 0 0 0 Cu O
states of electrons and holes with the same quantum numbers 0 0 0 0 0 Cy
have been calculated. Then, the PL and PLE polarization
properties were measured, and the modes of the excited
states were assigned by comparing the calculation results. It D z SYMMETRY
has been shown that some hidden peaks are present betwee * ~
apparent peaks, respectively. The weak emission of the hid- X E > ] Y
den peaks may be due to the strong phonon interaction. ISR B
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APPENDIX: DETAILED PROCEDURE OF CALCULATION
FOR ENVELOPE WAVE FUNCTIONS

First, the strain distribution inside and/or around the QD FIG. 9. Schematic to show the division of voxels for the finite
was calculated so that the total stain enddglyecomes mini-  element method.
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oy is the initial stresspD is the matrix composed of elastic and ag,as are lattice constants of InAs and GaAs, respec-
constantsC;;,, Cy,, and C,4, which combines the strain tively, without strain. The boundary conditions were as fol-
with the stress. lows: (i) the displacements at the base pldtie xy plane
The guantum dot is divided as shown in Fig. 9, wherethat passes through the poiktn Fig. 9) are zero, andii) the
each voxel has 15 A, 12.5 A, and 3 A, for they, andz  periodic boundary conditions are employed, and the dis-
directions, respectively. The displacemefusv, andw) at  placements at the edge planébe xz plane that passes
each node of voxelx,y,2 were first calculated so that the through point8B andD, and theyzplane that passes through
strain energyJ becomes minimal. The displacements at anypointsC andE in Fig. 9) are zero.
point of the voxel were estimated by the linear interpolation Then, the strain-induced changes in the band offset be-
using the values of each node. Then, the strain distributiotween InAs and GaAs were calculated by using the strain
inside and/or around the quantum dot can be obtained frordistribution obtained above. The energy changes of heavy-

u, v, andw, obtained. In the calculation, the initial stresg
was set to be zero, and the initial straig was given for
INAS asey 0= eyy0= €70~ (Qnas— 8caad/ @cans Wherea as

hole (AEpy), light-hole (AE, ), and spin split-off bands
(AEgo) can be obtained from thiep perturbation theory>14
where the perturbation Hamiltonian is expressed as

33 1 3 _1 3 _3 11 11
|2,2> |2!2 |2! 2> |2! 2> 212 |2! 2>

P.+Q, -S, R, 0 12?5, -2V,

- S: Ps_ Qa 0 Ra 21/2Q£ _(%)1/283
R: 0 Ps_ Qs Se _(%)1/253 - 21/2Qs
He= 0 R} S P.+Q, 2MR:  12Y%r | (A4)
12v2sr 2V, (3l 2VR,  P,+A, 0
—2MRY (Rl -2V, 12V, 0 P.+Ag
|

where which depends only on the hydrostatic component of the

strain. By using Eqs(A6) and (A7), the strain-induced
changesAE., AE,, AE 4, and AEg, can be obtained.
These values were added to the InAs/GaAs band offsets
without strain for a deduction of the electron and hole con-
(A5 finement potentials under strain. The band offset ratio for the
unstrained bands is taken from the difference in absolute
energetic position of the average valence qu;gl\,.13
The strain-induced modification of the electron effective
and ag, b, andd, are constants that express hydrostaticmass was also considered, and it is express€t as
uniaxial, and shear components.
Since it was found from the strain calculations described
above that the shear strains,{, e,,, ande,,) and the
differences between individual direct strains{, e,,, and
€,,) are very small, the values &, and R, become very

P.=ag(exxteyyT €57,
Q.=by/2(2e,,— £y~ Syy)v
S, = —ds(ex—1 Syz)v

R,=3Yby/2(&,y— gyy) —idgeyy,

TABLE I. Numerical parameters utilized for the calculations.

small, and therefore the above Hamiltonian can be easily InAs GaAs
solved. In this case, the eigenvalues, thaABy,, AE ., 5 (A) 6.0584 5.6532
andAEgg are expressed as Cy; (10 dyn/cn?) 8.329 11.88
o Cy, (10 dyn/cnr) 4.562 5.38

ABu=—P.—Q,, as (eV) -1.0 -1.16

bs (eV) -1/8 -17

— _ 2 2\1/ s

AE y=—P,+1/2Q,— Apg+(A§+2A,Q,+9Q)Y2, (A6) d. (eV) _36 _4E
a. (eVv) -5.08 -7.17

AEso=—P,+1/2{Q,~ Ag— (A3+240Q,+9Q) 1. LoV 038 034
SO e 1Q.—Ap—(Af 0Q.+9Q)"3 E, 2 (6V) 667 _6.02

On the other hand, the strain-induced energy shift in conduds, (eV) 0.359 1.435
tion bandAE. is expressed as me (Mg) 0.027 0.068

Myy (M) 0.41 0.5

AEc=P.=ag(exxteyyte;)), (A7)
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Um?* = 1img+ P?/3[3/Egup+ (a— 2Y2B) %/ E vi/rEchBe( E/:= AA)%;;ZQS , B=(A2+2A,Q,+9Q)¥2 and C
+(B+2Ya) % Egsq], Then, the three-dimensional single-particle effective-mass

. ) 12 ) (A8) Schralinger equation was solved for electrons and holes, re-
1imf = 1/mo+2P*/3[(2" a— B)*/Eq 4 spectively, by using the finite element method. The Hamil-
+(21/23+a)2/5gso]. tonian is as follows:

whereP is the momentum matrix element of the interband Hi=—(h/2m)2/{2m* (x,y,2)}V?+V,(X,y,z), (A10)
:\r/?:;':'?r? éi%':dusﬁgwbzr:%%ﬁg ?hrg ;Zivi/rjf(ggl)?ﬁgﬁt})e- wherei equalsc, HH, and LH and expresses the conduction,

hole (LH), and spin-orbi(SO) bands, respectively, under the heavy-hole,.and I|ght-l10Ie bands, respectlvgly. In the case of
strain.|| and_L express the parallel and perpendicular direc-t€ conduction band; becomes tensor, which components
tions to the substrate surface, respectively. The elements &€ €xpressed by E4A8). Vi(x,y,z) can be obtained by
and 3 are dimensionless parameters representing the straitSiNg Eqs{(A6) and (A7) as described above. The excitonic
induced mixing between the LH and the SO split band, an§ffect was ignored here since our quantum dot is in the

are expressed as strong confine_ment regime, and thg size quantization repre-
sents the dominant part of the carrier energy.
a=82Q,|/C, The numerical values utilized for the calculation are listed
(A9) in Table I. The resultant envelope functions for electrons and
B=(A-B)|Q.l/(CQ,), holes are shown in Fig. 3.
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