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High excitation magnetoluminescence investigations have been performed on cylindyig@ayy-As/InP
qguantum dots with different diameters down to 30 nm. The magnetic field oriented normal to the quantum
disks enhances the lateral confinement of the carriers inside of the dots, and splits energy levels with positive
and negative angular momenta due to the Zeeman-like interaction. This splitting depends lin@rhnaris
independent of the disk size. The increase of the lateral quantization of the carriers by the magnetic field, on
the other hand, depends strongly on the dot diameter. The experimental results are in good agreement with the
results of detailed numerical calculatiof$0163-182@6)00223-9

Due to the potential advantages of quasi-zero-dimensionalxis of the cylindrical dots. High optical excitation enabled
semiconductor structures for technological applicatforis, us to observe emission from dot levels of different magnetic
great efforts have been made to fabricate high-quality quanguantum numbers,, corresponding to different angular mo-
tum dots. These nanostructures represent artificially createmienta. Levels of the same absolute vdhugzl, which are
atomiclike systems with electronic properties which can bedegenerate @ =0, are split by the interaction of their mag-
controlled by fabrication. The technological efforts can benetic moment with the magnetic field. This splitting is ex-
mainly divided into two categories: One is the direct epitax-pected to depend only on the angular momentum and to be
ial growth of the structure$the other the lithographical pat- independent of the dot size and linearBnWe compare our
terning of epitaxial layers. experimental findings with the results of detailed numerical

Experiments in high magnetic fields are a particularlycalculations that include the full geometric confinement po-
powerful tool for the investigation of such dot systems. Thetentials.
energy levels of quantum dots are fully quantized, and are The quantum dots were fabricated by high-resolution
characterized by three spatial quantum numbers and the spatectron-beam lithography and wet chemical etching on a
guantum number. The magnetic fi@ddefines a preferential 5-nm-wide I 54G&, 4/AS quantum well sandwiched between
direction in space and therefore lifts degeneracies due to getwo InP layers. Details of the fabrication process have been
metrical symmetries, as is known from atomic physics. Ingiven earlie! For the quantum-well parameters only one
addition, B enhances the confinement of the carriers in theslectron subband is confined in the quantum well. In addi-
dots. Magnetic-field experiments are therefore expected tton, the heavy-hole—light-hole splitting is about 70 meV,
give a direct insight into the energy-level structure of quan-which is larger than the region of interest for all lateral quan-
tum dots. Despite a large number of theoreticaltization effects in our experiments. Therefore heavy-hole
investigation$,*® only a few magneto-optical studies on character can be attributed to the topmost valence-band
guantum-dot arrays have been reported up to now, both istates. Figure 1 shows a scanning electron micrograph of a
far-infrared and photoluminescence experiméfité’ These  dot pattern containing dots of a single size. From this micro-
studies have focused on GaAs-based quantum dots of graph the dot diameter can be estimated to be 38 nm with an
single average size. Here we have investigated InP-basextcuracy of£3 nm. The dots are to a good approximation
quantum dots of different diameters. The d§Ga, ,As/InNP  cylindrical in shape, and were fabricated in>880-um? ar-
material system has a low surface recombination velocityrays. Within an array the average dot size was kept constant.
Therefore it permits the fabrication of etched quantum-wireThe dot diameters were varied between about 30 and 50 nm.
and -dot structures with dimensions down to the 10-nm The samples were immersed in liquid heliin=1.8 K)
range?! in an optical split coil magnetocryosté@8<10.5 T). A cw

We have performed detailed luminescence studies ofr™ laser(\=514.5 nm was used for optical excitation with
Ing 55Ga 4AS/INP quantum dots in magnetic fields up to 10.5power densities of up to 5 kW cfi. The laser spot was
T. The magnetic field was aligned parallel to the symmetryfocused to a diameter of about ¢bn, slightly larger than
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FIG. 1. Scanning electron micrograph of a pattern of cylindrical
Ing 54Gay 4/AS/INP quantum dots with an average diameter of E [
(38=3) nm. %0950 [ .
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the size of the dot patterns, in order to obtain a homogeneous
excitation density. The emitted light was dispersed by a ]
0.32-m single-grating monochromator, and detected by a S
liquid-nitrogen-cooled Ge detector. I np = +1
Figure 2 displays a series of high excitation spectra [
(power density 2.5 kW cif) of 38-nm-diameter dots at dif-
ferent magnetic fields. At zero field a main line at 0.93 eV
and a pronounced shoulder at 0.95 eV can be seen. The main
line shifts continuously to higher energies with increasing
magnetic field. Simultaneously the shoulder first broadens at
low magnetic fields and then is seen to splitBz4 T. As . .
indicated by the arrows in Fig. 2, the lower line which arises 0 2
from this splitting shifts steadily to smaller energies, while
the upper line moves to higher energies. The splitting be-
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FIG. 3. Positions in energy of the interlevel transitions observed
on 29-, 38-, and 47-nm dots as functions of the magnetic field. The
T T symbols give the experimental data, the lines the results of the
calculations.

38 nm DOTS tween these two lines increases from about 10 mey Rto

more than 20 meV at 10 T.

The energies of the observed electron-hole transitions for
the 38-nm dots are displayed in FigbBfor different mag-
netic fields. In Figs. @) and 3c) data obtained for 29- and
47-nm dots are shown. For all structures the ground state and
the first excited transitions are observed at all value8 of
including B=0. The splitting between these transitions in-
creases with decreasing dot diameter due to the enhanced
lateral quantization. In all cases the first excited transition is
found to be split by the magnetic field, and the splitting
increases continuously with increasiBg

We have performed detailed numerical calculations to un-
derstand the single-particle electron and hole states in these
structures in nonzero magnetic field. Exciton effects are not
expected at the high optical excitation used in the experi-
ments, and they are therefore not included in the calcula-
oy tions. The full geometric confining potentials are taken into
0.92 0.94 096 0.98 1.00 account? Schralinger’s equation is in general not separable

energy [eV] in this geometry. It therefore was discretized and solved by
using the matrix diagonalization technique described in Ref.

FIG. 2. High excitation spectra of 38-nm dots at different mag-23- The fully quantized levels of the cylindrical dots are
netic fields. The excitation power density was 2.5 kwémFor  characterized by three spatial quantum numipgrsn, , and
clarity the spectra are shifted vertically with respect to each otherll,, corresponding to motions in vertical, radial, and azi-
The arrows indicate the splitting of the first excited transition. Themuthal directions*?® The quantum number,, corresponds
dotted line indicates the position in energy of the ground-state tranto the orbital angular momentum around the symmetry axis
sition atB=0. of the dots, and is equivalent to the magnetic quantum num-

intensity [arb. units]
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FIG. 4. Real part of the in-plane wave function of the electron  FIG. 5. Energy splitting between the transitions involving states
state described by the radial quantum numbge#0, and by the  of angular momenta-1 and —1. The data for three different dot
azimuthal quantum number,==*1 atB=0. diameters—29, 38, and 47 nm—are shown.

ber in atomic physics. The two lowest dot state®at0 are  der this condition the dot diameter is the determining length
described by the ground-state values of the vertical and rdn this quantization energy. With increasing magnetic field
dial quantum numbers for structures with diameters belowhe cyclotron radius becomes comparable to the dot diam-
50 nm. The ground state has an angular momentym0.  eter, and then the magnetic contribution to the total confine-
The first excited states have angular momentaand+1,  ment of the carriers becomes more and more important. At
and are degenerate Bt=0. very high fields, finally, the magnetic length becomes less
The wave function of the carriers in the quantum dotthan the dot diameter, and the magnetic-field energy deter-
plane—in a separable approximation—can be written as thgines the quantization enerdy .
product of angular momentum eigenstates and of the radial The regimes of low § w.<E,) and high magnetic fields
wave functionR(r), (hw>E)), in which either the geometric or magnetic quan-
tization energy dominatek,, are therefore defined by the
_ L ineny rglation between the cyclotron energy and the lateral geomet-
Yr.e)= N enefrieIR(r). (D ric quantization energy. The cyclotron energy can be tuned
by the magnetic field from zero up to about 22 meV for the
In Fig. 4 we show the real part of the wave function(Re highest fields available in the present experiments. The tran-
associated with angular momenturp=1. States with equal sition between the regimes takes place when the two energies
positive and negative angular momenta have the same relabcome comparable. Consequently the confinement energy
parts. Thes-like ground state Re) has no angular depen- changes from a weaB2-dependent shift at low fields to a
dence. The real part of the-like states withn ,=+1 shows strong, linear dependence @at high fields. In the latter
a modulation ing in the plane of the quantum disks, as case the geometric confinement energy is relatively small,
shown in Fig. 1. The absolute value of the angular momenand the states are effectively transformed into Landau levels.
tum corresponds to the number of nodal planes normal to the The Zeeman-like term expresses the interaction of the
disk. With increasing angular momentum, the carriers argnagnetic moment associated with the angular momentum of
pushed out of the center of the dot in radial direction becausthe carriers with the magnetic field, and lifts the degeneracy
of the centrifugal potential—nir‘2 in Schralinger's equa- of levels with the same absolute value of angular momentum
tion. at nonzero fields. This Zeeman-like shift depends linearly on
For an axially symmetric Hamiltonian the energies corre-the magnetic field and is independent of the dot diameter, in
sponding to motion in the plane can be written as a sum of agontrast to the confinement energy.
energy which describes the lateral geometric and magnetic The results of our calculations for the electron-hole tran-
confinement, and which we will call the confinement energysition energies of the dots of 29-, 38-, and 47-nm diameter
E, in the following, plus a Zeeman-like interaction energy of are also shown in Fig. 3 as solid lines. Good overall agree-
the form ment with the data is seen there. From E2). the splitting
AE between the transitions arising from states with angular

E=3fiwcn,, (2 momenta+1 and—1 is given by

wheref w.=#(eB)/m is the cyclotron energy of the carrier. AEg=E(n,=+1)—E(n,=—1)=AE.+AE,, (3)

The confinement energy expresseBat0 the influence of

the lateral geometric confinement potential, which is en- eB

hanced by the magnetic potential for nonz&oThis con- AEg=tiw.=h —, (4)
finement energy depends only on the magnitude pfind K

not on its sign. At low magnetic fields the cyclotron radiuswhereu is the reduced effective mass of electrons and holes.
\.=%%(eB)%®is much larger than the dot diameters. Un- As discussed above, the splitting is therefore expected to
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e T magnetic confinement energies depend on the relative size of
o T 18 the cyclotron energy and the geometric confinement energy.
E=bE(n,=—1)+05ho, o E=AE(n,=+1)~0.5hw, If one takesAE as a measure of the geometrical quantiza-
ol _" v e~ tion energy, a comparison with the available cyclotron ener-
E1 0 4 om oo AT e o oo J T2 gies shows that the electronic properties of the largest, 47-
W [ ® 38 nmDOTS ’ 38 nm DOTS * oy nm-wide dots can be investigated both in the low- and high-
’ : y : 9 : 9
2 re=m= 7 1,8 field regimes. As can be shown, all states with=0 and
g / ‘ 2 with negative values of the angular momentagconverge
o / /e . g . H m
- o fo £ at high fields, with the ground statg,=0 in the lowest Lan-
£,] o I e S 125 dau level.
= S o £ In contrast, for the smaller structures the high-field limit
g / L/ 7 ’ g . . g
o R S P S s cannot be reached in the present experimenB<at0.5 T:
- b o2 ey A - = bl A 4 . . . .
Ope-a<t3-td-Losw R ° For the 38-nm dots an intermediate-field regime can be ob-
tained, in which the changeover from geometric to magnetic

70 guantization occurs, whereas the 29-nm dots always show
low-field behavior, sincAAEg is always smaller thadE.
This can be also seen from the almost linear dependence of
FIG. 6. Increase of the confinement energy by the magnetic fieldhe —1 and +1 transition energies on the magnetic field.
determined from the-1 (a) and +1 (b) transitions by subtracting Furthermore the almost Symmetric Sp||tt|ng of thg:il
the Zeeman-like energy. The data for the quantum dots with aVelstates relative to the observed transition energyBatO
age diameters of 29, 38, and 47 nm are shown. The lines are guide$,qyws that the magnetic field affects the energies of the car-
to the eye. riers only via the Zeeman-like energy.

Because the influence of the Zeeman-like energy is well
increase linearly with magnetic field. It is also expected to be&known, the confinement energy can be obtained from the
independent of the dot diameter. The experimentally measbserved transition energies by subtracting the Zeeman-like
sured difference in energ&Eg is shown in Fig. 5 for the energy for the dots of different diameters. In this way we
three patterns with dot diameters of 29, 38, and 47 nm. Botlobtain the confinement enerdyy as a function of the mag-
the linear dependence of the energy splittingBoas well as  netic field. The results for 29-, 38-, and 47-nm-wide dots are
the independence dfEg on the dot size are confirmed by shown in Figs. 69 and Gb). The data were determined both
our experiments. From the experimentally determindg,  for the —1 transition[Fig. 4(a)] and for the+1 transition
we extract a reduced mass of 0.051, which is within thgFig. 4(b)]. For the smallest, 29-nm-wide dots only a weak
experimental error, in good agreement with the reduced masacrease of the localization energy by the magnetic field is
determined from the Landau-level splitting of a quasi-two-seen at magnetic field above 8 T. The data taken from the
dimensional reference sample under similar high excitatiodargest dots, in contrast, show, above 5 T, a strong linear
conditions. dependence oB, indicating the high-field regime. At low

From Fig. 3 it is also seen that the splitting between themagnetic field<, is only slightly increased, and the data are
ground-state transition and the first excited transifidf. at  consistent with aB? dependence. A relatively weak field
B=0 increases strongly with decreasing dot diameter. Thiglependence is observed for the dots of 38-nm diameter up to
splitting arises from the lateral quantization enefgyand is  B<7 T. At higher fields there are indications of a beginning
independent of the sign of the angular momentum. It is entransition to the high-field regime.
hanced by the magnetic confinement potential. As already In order to characterize the dependence of the transforma-
described, the relative contributions of the geometric andion between low- and high-field behaviors on the dot diam-

8
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eter, we have defined a transition magnetic fiBld B is  dots, the wires show the proportionality Bf- to the inverse
the magnetic field at which the transition from predominantsquare of their lateral sizes. The valuesBaf for dots are

geometric to predominant magnetic quantizations oc&#s. significantly higher than those for wires, due to the confine-

is defined as the field strengBy at which the localization ment in an additional direction, i.e., to the reduced dimen-
energyE, is increased by 2 meV. This definition is similar to sjonality of dots in comparison to wires.

that l2165ed by us earlier for dBGa s/As/INP quantum In conclusion, we have studied the splitting between
wires: Fo_r the smalles_t dots we determine a valueBerby INg 565 4AS/INP quantum-dot states of angular momenta
extrapolating the low-field data. +1 and —1 by the magnetic field in luminescence experi-

The results foBy are shown in Fig. @ as a function of  \ents and have compared our results with detailed numeri-
the dot diameterB; increases strongly with decreasing dot 5 c41cyjations. We observe a linear dependence of the split-

dS|.ameE[ir, tWh'Ch[. car: Ee ur|1derstohod 'tr;] the follog{vmg W?y:ting on the magnetic field. Studies of dots with varying sizes
>Ince the transition takes place when the magnetic quantizag, ,, it the zeeman-like splitting is independent of the dot
tion potential exceeds the geometric oBg, should depend

inversely on the square of the dot radius: size. The chara_lcterlsnc field for the transition _from pred9m|-
nantly geometrically to predominantly magnetically confined
eBr 1 states is found to be inversely proportional to the diameter of
hwe=h ——=~AE:~ 7. (5 the dots.

As shown by Fig. 7), the experimentally determined We gratefully acknowledge the finan_cial support of this
values forBy can be described well by such a functional work by the Deutsche Forschungsgemeinschaft, the ESPRIT

dependence. In Fig(B) the transition magnetic field3, for Basic Research Program, the U.S. Office of Naval Research,

Iny 545 4As/INP quantum wires and quantum dots are com-2nd the Office of International Studies of Christopher New-
pared for structures of different lateral widths. Similar to thePOrt University.
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