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Effect of strain on the magnetoexciton ground state in InlPGa,In;_,P quantum disks
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The ground-state properties of an exciton in a self-assembled quantum disk are calculated in the presence of
a perpendicular magnetic field. For sufficient wide and thin dots, the strain field leads to a confinement of the
heavy hole within the dot and the system is type |, while the light hole is confined outside the dot and the
system is type Il. However, with increasing disk thickness, the strain induces a transition of the heavy hole
from inside the disk towards the radial boundary outside the disk. For the exciton, we predict a heavy-hole to
light-hole transition as a function of the disk thickness, i.e., forming a “ringlike” hole wave function. There is
a range of parametefsadius and height of the diskor which a magnetic field can induce such a heavy-to-
light hole transition. The diamagnetic shift was compared with results from magnetophotoluminescence ex-
periments, where we found an appreciable discrepancy. The origin of this discrepancy was investigated by
varying the disk parameters, the valence-band offset, and the effective masses.

DOI: 10.1103/PhysRevB.67.235325 PACS nunider73.21.La, 71.35.Ji, 85.35.Be

. INTRODUCTION strain-dependerkt- p Hamiltonian was used to calculate the
electronic structure. GaSb/GaAs quantum dots were investi-
Quantum dots have been the subject of intensive studiegated by Lelonget al® who studied excitons and charged
during the past two decades, because of their zergexcitons, and by Kalameitsest all” who investigated the
dimensional nature with the correspondiggfunction-like  effect of a magnetic field. In previous work we relied on a
density of state$.Arakawa and Sakakireported in 1982 a Simplified effective-mass approximation, without consider-
theoretical prediction of promising advantages, such as a loWd the effect of strain, to study single and coupled type-|l
and temperature-independent threshold current, of quantufiPts in the presence of external magniétiand electric
dot lasers compared to the conventional quantum well semflelds. . L .
conductor laser. The formation of self-assembled quantum dots is inextri-
The use of the Stranski-Krastanow growth mode to fabri-C@0!1Y bound up with the occurrence of strain fields in and
ca S caled s ascombid cam G0 mean gIouP e 80 T St vl ave o e pact o e
breakthrough in the further resegrch of semiconductor dotsihe dots. The hydrostatic component of the strain will shift
The fast and easy nature of this growth process, togeth

h duction- and valence-band edges, while the biaxial
with the possibility to fabricate small and defect-free dots © CONCUEION and vaence-vand ecges, wii'e e nlaxa

; 'strain modifies the valence bands by splitting the degeneracy
had a great advantage over previous types of dots, as, €.g4 the light- and heavy-hole bands.

colloidal dots or dots created by lithographic techniques. The ' pjfferent theoretical models exist to obtain the strain dis-
formation of self-assembled dots requires two semiconductogipution in and around self-assembled quantum dots. Well-
materials with a substantially different lattice parmeter,known and extensively used are the continuum mechanical
which are grown on top of each other. Such lattice-(CM) modef*® and the valence force field(VFF)
mismatched heteroepitaxy gives rise to the formation of namodel®2%2! In the CM model, the elastic energy is mini-
nometer sized islands, governed by strain-relaxation effectsmized to obtain the distribution of the displacement in the

Confinement of charge carriers in quantum dots occurstructure and the corresponding strain fields, whereas the
because of the difference in bandstructure of the two semivFF model is an atomistic approach, which uses phenom-
conductor materials. One can define two types of quanturenological expressions for the elastic energy, depending on
dots, namely, type-l and type-ll, depending on the bandhe atomic coordinates. Pryast al* compared the two
alignments. In the case of type-I dots, both the electron anehethods and found agreement for small strains, whereas for
the hole are confined inside the dot. For type-Il dots, thdarger strains discrepancies were repoffedhis was cor-
confinement inside the dot occurs only for one of the chargeoborated very recently by Tadat al,'® who also compared
carriers, i.e., electron or hole, whereas the dot forms an arboth methods for cylindrical InAs/GaAs and InP{InGaP
tidot for the other particle. Examples of type-Il dots are thedots, and found a better agreement for InPAGa P than
InP/Galn;_P (Refs. 3 and #or InP/GaAs dots with the for InAs/GaAs dots, where the latter has the largest lattice
electron confined in the dot, and the hole in the barrier, angnismatch.
the GaSb/GaAg¢Ref. 5 or InAs/Si (Ref. 6 dots where the A more simple method to calculate the strain fields near
hole is located inside the dot, but the electron remains in than isotropic quantum dot was presented by Doweteal, >3
barrier. who used Eshelby’s theory of inclusidfiso express the

Up to now most research was devoted to type-Istrain distribution in quantum dot structures. This approach
structures, '3 while type-Il dots have attracted fewer atten- was adapted by Davies, who showed that the elastic field can
tion. Theoretical studies considering InP/@®a_,P dots be derived from a scalar potential that obeys a Poisson equa-
were performed by Prycet al'* and Tadicet al.™® where a  tion with the lattice mismatch as charge den8tty.
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In the present paper, we follow the work of Daviéand e2 prie(r',2')
use the so-called isotropic elasticity model to calculate the Hen)— f © = dr’ We(ny (T e(hy »Ze(h))
strain fields around a single cylindrical quantum disk. The dme Ir=r’]
results for this structure have recently been shown to be in — o et (T oty +Zect) )
good agreement with results obtained by the CM mdd&t. e(h)¥e(n " e(h) » “e(h) />

ith He (Hy) the single-particle Hamiltonian for the electron
hole). In the presence of strain, the single-particle Hamil-
onian for the electron can be written as

The strain distribution is used as an input to calculate th
modification to the band structure. We use a single-ban(%v
effective-mass approximation to calculate the exciton props
erties in InP/Ggn,_,P quantum disks in the presence of a

perpendicular magnetic field, considering both heavy- and

light-hole bands. The three-dimensional confinement is h? 1 h? |§
known to cause drastic effects on the band structure close to He™ ~ 7Vm*(r) VAVe(r)+aceny(r)+ 2m* (1) r_2
the zone center, inducing a mixing of the valence bands.

However, strain causes a splitting of the heavy- and light- le 1 . 2 o

hole bands, therefore reducing the mixing and making the t S hocet gM* (Nawger”, )
single-band effective-mass approach a justifiable first

approximatiort.” With . o(r)=eB/m*(r), where m*(r) is the position-
The eight-bandk-p theory and consequently also the yependent electron effective maas,is the conduction-band

more simplified two-band effective-mass model are most acgeformation potentiall, is the electron angular momentum,

curate in the vicinity of thd™ point. However, the accuracy gnd the hydrostatic straisy, is defined bye,+ &yy+ &,,.

of the eight-band-p model decreases for smaller dots and g (rthermore, we makeya distinction betweé)ﬁ the heavy

more elaborate methods, as empirical pseudopotefl 5 the light hole, as the strain will act differently on them.
calculations are necessary. Comparison for InAs/GaAs qualkq; the heavy hole, we have

tum dots shows a reasonable agreement between eight-band

k-p and EP calculations for dot base lengt’s9 nm?2’ The 52

contributions of “largefk|” states are in this size range Hin(1) =51V Vi+V, V, |+ V(1)
found to be negligible. As the dots in the present study have 2 M, (1) Mhh,2(1)

a diameter~=15 nm, we therefore neglect states originating ) 2
from largerk values. h Ih

The paper is organized as follows. In Sec. II, we explain FAeny (1) +blExct oyy)/2t ezl 2Mpp (1) r2
our theoretical model. Section Il discusses the strain in-
duced type-l to type-Il transition for the heavy hole, while B |_h
Sec. IV is dedicated to the heavy-hole to light-hole transition 2
of the ground state. In Sec. V, we compare our numerical

results with experimental results of Ref. 3. Our results arewith w ny(r)=eB/my,(r), and mghf‘|(r)=[y1(r)+y2(r)]
summarized in Sec. VI. the in-plane heavy-hole effective massy, . ,(r)=[y(r)
—2v5(r)] the heavy-hole effective mass along thélirec-
tion. The valence-band deformation potentials are given by
a, andb, andy;(r) are the Luttinger parameters.

The strain was calculated by adapting the method used in For the light hole, this becomes
Ref. 25, and which was already described in Ref. 15. The

1 2 .2
fiwe hpt 8mhh,H(r)wc,hhr , 4

Il. THEORETICAL MODEL

elements of the strain tensor are given by Ho (1) h? v 1 —_ 1 v.bvin
N=-—{Vj——— —_— r
" 2mg | | myp, (1) ” My (r) " ° h
B €p 1+v (ri—ri’)dﬁ’ ﬁ2 |ﬁ
su(r)—soéi;—ml_,,jg, PEFIERE D +av8hy(|r)—b[(gxx+gyy)/z+szg+WW)r—2
where g, is the lattice mismatch between InP and _l_hﬁwclh_|_ Emlh (N w2 hr?, (5)
Galn;_,P, given by eo=(ayp—acamnd/acanp. FUrther- 27 8 ©

more, v denotes the Poisson ratio, generally chosen to be 1/3
for zinc-blende-type semiconducto®, is the surface of the With wg n(r)=eB/my, j(r), and myj(r)=[y1(r) = y2(r)]
dot, andi runs overx, y, andz the in-plane light-hole effective mass, anqg}z(r):[yl(r)

For the calculation of the exciton properties, we used at 2v,(r)] the light-hole effective mass along thelirection.
mean-field-type approach, which is equivalent, for this prob- We solved the coupled single-particle equations self-
lem, to the Hartree-Fock approximation. This approach wagonsistently using an iterative procedure. More information
previously introduced by us for type-1l quantum dots whereabout the implementation and numerical procedure can be
strain®?® was neglected. The coupled single-particle equafound in Ref. 28. After convergence of the iteration proce-
tions are given by dure, the total energy is given by
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TABLE |. Material parameters, taken from Ref. 15. [Fr oo T osey U R to T & & F T e BT &t
100 (a) unstraine T+ ) (b)
[ VB offset .-~ ,~L i\, heavy hole
Parameter InP Gaalng.adP i S T S W
__________ - | + % i \\\-
me (mo) 0.077 0.125 s SOE—— § T ==
71 4.95 5.24 g | ﬂ I \| -~ light hole
Y2 1.65 1.53 3 OF a4 i
Min| 0.1515 0.1477 ‘é ; heavyhole | : 1| S light hole
Mhnh 2 0.606 0.4587 §_-50 _ Ew T Em
My | 0.303 0.269 £ £
M., 0.121 0.1205 r° L 4 °
E, (eV) 1.424 1.97 -oop e
0 5 10 15 + 0 5 10
V. (eV) 1.379 1.97 o e
Vv, (eV) —0.045 0.0 -15 -10 -5 0 10 20 30
a (ev) -7.0 z (nm) r (nm)
a, (eV) 0.4
b (eV) -20 FIG. 1. The confinement potentials for the hole along the
€ 12.61 12.61 direction(a) and along the radial directiafb) for a disk with radius
a (nm) 0.58687 0.56532 R=8 nm and thicknesd=4 nm. The unstrained valence-band off-
set is shown by the solid curve, whereas the dashed and dotted
curves denote, respectively, the heavy- and light-hole confinement
2 - potentials. The insets show contour plots of the hedleft pane)
€ Pe(raz)ph(r ,Z ) H i : H H
Eexciton= Ee+ En+ drdr’, and light- (right pane) hole confinement potentials. The white re-
dme |r— r ’| gions denote the highest potential, where the respective hole will be
(6) located.

whereE, andEy, are the single-particle energies.

For our numerical calculation, we took the material pa-
rameters of InP/Gan;_,P, as used in Refs. 14 and 15,
which are given in Table I. Her&,, |, My, My, and
my, , are calculated from the Luttinger parameters using th
formulas mentioned above. From Table I, it follows that the
valence-band offset for this system isegative (V,=
—45 meV), i.e., we have a type-Il system. This appeared t
be rather controversial, however, as a theoretical calculatio
based on first principles by Wei and Zungfeshowed that
the band offset should be positive{=55 meV), leading to

for a disk of radiusR=8 nm and thicknessl=4 nm are

shown in Fig. 1. The unstrained valence-band offselid

curve is depicted together with the strained heavy-hole

dashed curveand light-hole(dotted curve band offsets, in

he direction perpendicular to the disk along its cefhkeg.

1(a)] and along its radialFig. 1(b)]. Contour plots of the
eavy- and light-hole potentials are depicted as insets in Fig.

%; For the heavy hole, we find a deep potential maximum in
e middle of the quantum disk. Notice that in the radial

direction, this potential decreases towards the disk boundary

a type- confinement. Experimentally, Hayee al3* con- and increases again just afte_:r the radial o!lsk_boundary gnd

: : an have even a higher maximum, but which in the consid-
clude that the hole should be located in the barrier, and thagred case is narrower. The liaht-hole potential shows the
the system is type Il. In a first step, we will use the negativedee est confinemert e. hi he%t otent?alin the barrier
band offset, as we used previously. Later, we will investigater_natgrial st on 1o and bglow thpe disk which will be the
how our results are modified when we take the positive bulk f ) | . pf he liaht hol ’
hole band offset. preferential position for the light hole. _

We found that when we increased the thickndss the
disk, the heavy hole moves towards the radial boundary of
the disk. This effect is purely due to the strain, which in-
creases the potential maximum at the radial boundary with
respect to the potential inside the digdee Fig. 2b)]. For

As follows from the equations, hydrostatic strain shifts ~: . . - ;
the conduction- and valence-band offsets. Furthermore, thg.;"Cker disks, the height of the potential the disk system-

biaxial strain induces a splitting of the heavy- and light-hole@lcally decreases, making it eventually preferable for the
bands. The heavy-hole band is shifted towards higher enef\€8VY hole to move out of the disk and the system becomes

gies, whereas the light-hole band shifts towards lower eneryPe |l a!so for the heavy hole. Figurféeﬁ depicts the down-
gies. ward shift of the confinement potential for increaskedlong

The unstrained valence-band offset is slightly negative:[hez direction. We summarized our results in the phase dia-

i.e.,V,= —45 meV, but the heavy-hole band offset will be- gram in Fig. 3. To construct this figure, we calculated the

come strongly positive after strain is introduced. The heaV)PrObab”ity of the heavy hole to sit at the radial boundary of

hole will thus be strongly confined inside the disk, makingthe disk,
the system type I. In contrast, the light-hole band decreases
in energy, making the system even more type Il and the light
hole will be located outside the disk. The numerical results

IIl. STRAIN INDUCED TYPE-I TO TYPE-Il TRANSITION
FOR THE HEAVY HOLE

Psidezzw‘[i thJRdrh (ol Whn(rh,2n) 2 (7)
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FIG. 2. Heavy-hole confinement potentials along the ra@igl

andz (b) directions, for a disk with radiuR=8 nm and thickness
d=2 nm (solid curve andd=8 nm (dashed curve

FIG. 4. Phase diagram indicating whether the heavy- or light-
hole exciton is the ground state, as a function of the disk radius and
thickness. The solid curve denotes the resultBer0, whereas the
dashed curve gives the result =50 T. The dotted line indicates
the 50% probability for the heavy-hole to be located at the radial
boundary of the dot foB=0.

The line in Fig. 3 indicates the probabili®yg;q.=50%. At
the right side of this line, the heavy hole is mainly located
inside the disFig. 3@)], and the system is type-I-like. At
the left side of the_ 50% line, the hegvy hole is predominantly,¢ 5 function of bottR and d. We find that the light-hole
located at the radial boundary outside of the dBig. 3b)],  oyciton becomes the ground state for increasing thickness of
and the system is type—ll—llkzes. the disk. The full curve in Fig. 4 shows the separation be-
~ From our previous work?**we know that when the hole yyeen the heavy- and light-hole exciton ground states in the
is located at the radial boundary of the disk it will lead to the jjycance of a magnetic field. The dotted curve is the result of
occurrence of hole angular momentum transitions as afunq:ig_ 3, which separates the heavy-hole type-I and type-Il

tion of a magnetic field applied parallel to the grow() round state. Notice that the heavy-hole exciton is in the
d|rectlon. Such angular momentum transitions also occur fo eavy-hole type-l region foR>6.4 nm. When the heavy
the exciton and are not found for type-I excitons. hole is at the radial boundary outside the dot, the exciton
energy is higher than that for tligype-I1l) light-hole exciton,
IV. HEAVY-HOLE TO LIGHT-HOLE TRANSITION OF except in a very narrow region af values forR<6.4 nm.
THE GROUND STATE The dashed curve shows the result Bx=50 T. Thus a

.magnetic field lowers the light-hole ground state with respect

In the present approach, mixing of the valence bands ¥ the heavy hole. This is made more clear in Fig. 5, where
neglected and we thus solve two separate sets of COUpIG{ﬁe evolution of the heavy<{full curve) and light-hole
equations, namely, one for the heavy hole and one . th‘(adashed cunjeexciton energies is shown as a function of
light hole. Next we will compare the energy of the light- and magnetic field for a fixed disk size, i.eR=6.5 nm andd

heavy-hole exciton in order to determine which one is the_ 3.5 nm. The reason for thimagnetic-field induced heavy-

ground state. The results are summarized in Fig. 4, which . ”» .
; . ... _fo-light hole transitioncan be found in the stronger effect of
shows a phase diagram of the heavy-to-light hole transition

375 T T T T
8 T T T T T T T T T T 6 heavy hole o Ir]esv%/ r;ole e)}tciton
. type Il - like 4 B =0T ----light hole exciton
10 370 |- €2 - 3
! - - )
Eo type | - like © N 2 -
N sf- S35 ]
6r 1 = ) (@)
= e 6 (@) 2 05 10
S <15 o r (hm light hole] ]
£ sl 0 5 1or(1:m)2o 25 30 : ) S 360 —(/ ) et B
s . e leeooee-
N 2 G
4r 4 R=8m | - % 355 o]
d=2nm 4
g 1 0246(8)101214
50% [ r (nm
3L o 0 5 r(nm)m 15 350 ) )
L ./ | ) L L ) ! L L 0 10 20 30 40 50
3 4 5 6 7 8 9 10 11 12 13 14 B (T)
R (nm)

FIG. 5. The exciton energy as a function of the magnetic field
FIG. 3. Phase diagram for the probability for the heavy-hole tofor a disk with radiusR=6.5 nm and thicknesg= 3.5 nm, both for
be located at the radial boundary of the disk, as a function of thehe heavy-hole excitorisolid curve and the light-hole exciton
disk radius and thickness. The curve denotes a probability of 50%(dashed curve.The insets show contour plots of the probability
The insets show the heavy-hole wave functions for, respectively, densities of, respectively, the heavy-hole B0 T (a8 and the
type-I-like system(@ and a type-ll-like systentb). light-hole atB=50 T (b).
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FIG. 6. The exciton energy as a function of the magnetic field FIG. 7. The exciton diamagnetic shift as a function of the mag-
for a disk with radiusR=5.5 nm and thicknes$= 3.5 nm, both for  netic field, for a disk with thicknesd=2.5 nm and for, respec-
the heavy-hole excitorisolid curvg and the light-hole exciton tively, R=8 nm(thick curves andR=6 nm(thin curves. The solid
(dashed curve.The insets show contour plots of, respectively, the curves indicate the heavy-hole exciton, whereas the dashed curves
probability densities and radial probability densities of the heavy-indicate the light-hole exciton. The dotted curve depicts the result
hole atB=0T (a,0 and atB=10 T (b,d), and of the light-hole at  with fitted masses. The squares denote the experimental result of
B=20T (e,f). Ref. 3. The inset depicts the exciton transition energy for a disk

with radius R=8 nm and thicknessl=2 nm andd=2.5 nm, as

the magnetic field on the heavy hole. This is due to a largeindicated in the plot. The solid curve denotes the heavy-hole exci-
magnetic energyi w. nn="7%€B/my, |, which is caused by a ton, whereas the dashed curve gives the result for the light-hole
smaller in-plane heavy-hole mass, knowmaass reversal’  exciton.
The insets show, respectively, the heavy-hole wave function
at B=0T (a) and the light-hole wave function &=50 T  inset of Fig. 7. We show both the heavffull curve) and
(b). Thus this heavy-light hole transition is accompaniedlight- (dashed curvehole exciton energies, for two values of
with a spatial direct-to-indirect exciton transition. the disk thicknessd=2 nm andd= 2.5 nm, as indicated on

It is also possible to have a magnetic-field induced heavythe plot(the disk radius was takeR=8 nm for all curveg A
to-light hole transition where both heavy- and light-hole ex-change in the thickness almost uniformly shifts the curves up
citon states are spatially indirect. This is shown in Fig. 6,0r down in energy, which is due to a corresponding change
where the evolution of the heavyfull curve) and light-  of the confinement energynostly of the electron For these
(dashed curvehole excitons is depicted as a function of sets of disk parameters, the heavy-hole exciton is the ground
magnetic field for a disk with radiuR=5.5 nm and thick- State. But we find that the light-hole exciton fdr=2.5 nm
nessd=3.5 nm. In the insets are depicted both the probabil@pproaches most closely the experimental result for sBall
ity density |¥|? (a,b,@ and the radial position probability While the heavy-hole results are closer for highBy fine
densityr|¥|2 (c,d,f for the hole in the exciton ground state, tuning the value ofl, it is possible to fit theB=0 T heavy-
for different values of the magnetic field, as indicated. Thehole transition energy to the experimental result. To show
heavy hole is shown in Figs(&-d, where from the radial more clearly the magnetic-field dependence, we investigated
position probability density it follows that the system is in- the exciton diamagnetic shift, defined as
deed type Il. An increasing magnetic field pushes the heavy-
hole wé?/e function more igsidegthe disk, ur?til it would even-y AE=Eyans(B) ~Eyrans(B=0 T). ©)

tually become type I. However, before this happens, therhe result is depicted in Fig. 7 fat=2.5 nm by the thick
light-hole exciton becomes the ground state of the systenfyll (heavy hol¢ and dashedlight-hole) curves. Notice that

which is still type II, as shown in Figs.(6,1). the diamagnetic shift of the exciton is overestimated by more
than a factor of 2 in the considered magnetic-field range.
V. COMPARISON WITH EXPERIMENT In order to explain the discrepancy, we systematically in-

In ord h ical | ith th vestigated the influence of different disk and material param-
n order to compare our theoretical results with the Mag-yer5"on the diamagnetic shift of the exciton. The results for
netophotoluminescence experiments of Ref. 3, we have tq_5 . are on top of thé=2.5 nm results. This is not too

calculatg the exciton transition energy as a function of thesurprising because the disk thickness only minorly influences
magnetic field. The transition energy is defined as follows: the in-plane motion. But a decrease of the disk radius will
Eqvane=Eoxciiort Eqs ®) decrease the diamagnetic shift. However, even a substantial
9 decrease t&®=6 nm cannot explain the experimental results
where E4 is the band-gap energy of the disk material andquantitatively, as shown in Fig. 7 by the thin curves, al-
Eexciton LEQ- (6)] contains the single-particle electron and though the theoretical results are closer to the experimental
hole energies and the Coulomb binding energy. Our theoretesults than foR=8 nm. We find that the light-hole exciton
ical results(curves are compared with the experimental pho- is most strongly affected and shows a smaller diamagnetic
toluminescence resultsquares from Hayneet al® in the  shift. However, the shift is still large for high fields, and thus
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light-holes. The reason is that the heavy-hole is now much

156 i BN stronger confined inside the disk. The corresponding diamag-
186 ¢ netic shift is shown in Fig. 8 foR=8 nm andd=2.5 nm,
184 2 / where the results for the negative offset are shown by the
1.82% /Y . -
10+ = 5. " thick curves, whereas the results for the positive offset are
180 & 77V, =55meV . . .
A shown by the thin curves. We notice that the heavy-hole is

AE (meV)

0 10 20

B(M

30 40 5

nE
..
u-8
3

378 A ith fitted masses

A

m
.a
;-
.-
experimental result
heavy hole exciton -
light holle exciton

o 10

20

40 50

more strongly affected by the reversed offset: the diamag-
netic shift atB=50 T has decreased by 5 meV. We at-

tribute this to the stronger confinement of the heavy-hole
inside the disk: as the hole will already be confined in the
unstrained case, strain will only enhance this effect for the
heavy-hole. Furthermore, a stronger potential confinement

B(M decreases the effect of the magnetic field on the particle. The
light-hole, on the contrary, is only slightly affected by the
netic field for both a positivéthick curve$ and a negativethin altered band offset. Although the height of the potential bar-

curves unstrained valence-band offset. The results for the heavy[ier for the light hole has. dgcreased’ it is still appre_ciable,
and light-hole excitons are given by, respectively, the solid anc@"d Will not have a drastic influence on the magnetic-field
dashed curves, while the squares indicate the experimental result Bghavior of the light-hole. However, the qualitative discrep-

Ref. 3. The dotted curve denotes the results with fitted masse@nCy still exists in Fig. 8, which thus cannot be explained by
Inset: The exciton transition energy as a function of the magneti¢he reversed band offset. Also for the case of the positive

field. The same convention for the curves is used as in the maitinstrained VB offset, we investigated the influence of the
figure. masses. Again we took a fixed electron mass in the dot of
m% =0.15m,, both for the heavy-hole exciton and for the
cannot be the main reason for the discrepancy. But from théght-hole exciton. Furthermore, following the same reason-
phase diagranfFig. 4), we know that the heavy-hole exciton ing as above, we only fitted the in-plane heavy- and light-
is still the ground state and its diamagnetic shift decreasetiole masses. We found an excellent fit to the experimental
only by 7.7%. It would not be realistic to further decrease theresults formy,;, = 0.5my and my, ;= 3.0m, for, respectively,
disk radius, as measurements found a disk diametdhe heavy- and the light-hole exciton, which is shown in Fig.
~16 nm. 8 by the dotted curve. Notice that in this case, we need a

Next, the influence of the masses was investigated. Itight-hole effective mass which is two times larger than that
order to obtain a smaller diamagnetic shift, an increase of tha the case of a negative unstrained offset. We attribute this
masses is needed: the higher the mass, the stronger the ptirthe fact that the light-hole is more weakly bound, and that
ticles are bound in the disk, and the smaller will be the in-thus a higher mass is needed to obtain a smaller diamagnetic
fluence of the magnetic field, i.e., the diamagnetic shift isshift.
inversely proportional to the exciton mass. For the electron, From the above results, we can conclude that a change of
we increased the mass with a factor of 2, namef§(InP) the disk parameter§.e., radius and/or thickness not the
=0.15m,. As the magnetic field acts mainly on the radial main origin of the discrepancy between theory and experi-
direction, a change of the in-plane mass( will have the ment. Furthermore, we find that taking a positive unstrained
largest effect on the diamagnetic shift. We will, therefore,valence-band offset has only a minor influence to our theo-
only vary this in-plane mass for the holes. Furthermore, weetical results. However, both for the positive and for the
found that the heavy-hole is located in the disk, whereas thgegative unstrained offset, a change of the electron mass and
light hole is located in the barrier material. For the heavy-Of the in-plane hole masses could change drastically the dia-
hole exciton we thus vary only the in-plane masshe disk ~ magnetic shift, and a good fit to the experimental result could
while for the light-hole exciton we vary only the in-plane be obtained. Effects due to disorder may have an appreciable
massin the barrier. The results are shown by the dotted effect on the masses and are expected to increase them. But
curve in Fig. 7. An excellent fit to the experimental diamag-on the other hand, the use of the effective-mass approxima-
netic shift with the heavy-hole exciton could be fouftisk ~ tion is questionable in such a situation.
radius R=8nm and thicknessd=2.5 nm) for myy
=0.5mg, whereas for the light-hole, we found a good fit for
m|h'H: 150‘no .

The assumption of a negative band offset was questioned We have investigated theoretically the properties of an
in Ref. 29 where a positive unstrained valence-b&viB) exciton in a strained self-assembled quantum dot. The dot
offset of 55 meV was found theoretically. The result for thewas modeled by a disk and strain fields were taken into ac-
transition energy with a positive unstrained hole band offsetount using the isotropic elasticity model. The exciton en-
of V,=55 meV is shown in the inset of Fig. 8, where we ergy and wave function were obtained by means of a mean-
find that the heavy-hole now more closely approximates théield theory using the Hartree approximation.
experimental result, although the quantitative agreement is Investigation of the effect of strain on the confinement
less good than that for a negative unstrained offset. Noticpotentials tells us that, starting from a negatityge-I11) un-
also the large difference between the results for heavy anstrained valence-band offset, the confinement potential for

FIG. 8. The exciton diamagnetic shift as a function of the mag-

VI. CONCLUSIONS
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the heavy-hole is reversdde., becomes type),l while for  theoretical results, and that again an increase of the masses is
the light-hole the system becomes even stronger type lineeded to obtain a good fit.
However, with increasing disk thickness, the heavy-hole po- As far as the experimental result is concerned, we may
tential inside the disk was found to decrease strongly wittconclude that from the diamagnetic shift, we find that the
respect to a potential maximum at the radial boundary outmost plausible explanation for the small shift is an increase
side the disk. For a certain disk thickness, it becomes thuef the electron mass by a factor of 2, and as a consequence
preferential for the heavy-hole to move towards the radialts value is closer to the Ghn, _,P mass, and an increase of
boundary, into the barrier material, making the system alsthe in-plane heavy-hole mass such that its value is close to its
type Il. A consequence of this behavior is the occurrence operpendicular mass. Such increases in electron and hole
angular momentum transitions for the heavy-hole when amasses are not unrealistic for a disordered quantum dot sys-
magnetic field is applied. tem. Thus the exciton observed by Hayeeal® is most

A phase diagram was constructed as a function of the diskrobably a type-I heavy-hole exciton in a strongly disordered
radius and thickness, indicating whether the heavy-hole exguantum dot. In order to explain the experimental results in
citon or the light-hole exciton forms the ground state of theterms of a light-hole exciton, we have to increase the light-
system. This was done both f&=0T andB=50 T. The hole in-plane mass with approximately a factor of 10, which
magnetic field was found to be able to induce a heavy-tois rather unrealistic. Furthermore, it is the heavy-hole exciton
light-hole transition. This magnetic-field induced transitionwhich is the ground state of the system for the experimental
was attributed to the heavy-hole mass, which has a smallefalue of the sizes of the quantum dot.
in-plane mass than the corresponding light-hole mass.

Finally, both the transition energy and the energy of the
diamagnetic shift were calculated as a function of the mag-
netic field, and compared with experimental results by Hayne K.L.J. was supported by the “Instituut voor de aanmo-
et al®>* An appreciable discrepancy was found for the dia-ediging van Innovatie door Wetenschap en Technologie in
magnetic shift, and the origin of this discrepancy was invesVlaanderen”(IWT-VI) and B.P. was supported by Flemish
tigated. We considered a smaller disk radius and found thabcience FoundatiotFWO-VI). Part of this work was sup-
this slightly decreases the difference between theory and eyorted by the FWO-VI, The Belgian Interuniversity Attrac-
periment. Next, the masses were strongly increased, and vimn Poles(IlUAP), the Flemish Concerted ActiofGOA)
found that we can fit both the heavy- and the light-hole ex-Program, the University of Antwerf/IS) and the European
citon energies to the experimental result. Furthermore, inCommission GROWTH program NANOMAT project, Con-
stead of taking a negative unstrained valence-band offset, weact No. G5RD-CT-2001-00545. We acknowledge interest-
investigated the effect of starting with a positive unstrainedng discussions with M. TadjcM. Hayne, A. Zunger, A.
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