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Microphotoluminescence studies of single quantum dots. Il. Magnetic-field experiments
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We perform microphotoluminescence measurements on a series of single G&#es/AlAs quantum dots
of various lateral confinement in magnetic fields up to 5 T. A diamagnetic shift and a Zeemann spin splitting
of the luminescence lines depending on the size of the structure is observed. The characteristic diamagnetic
shift demonstrates the excitonic origin of the luminescence. The spin splitting increases with the exciton
energy.[S0163-18207)06807-0

In recent years, there has been a lot of work on the interquantum-dot series. The Am dot essentially behaves like a
band optical properties of low-dimensional semiconductobidimensional system. The lateral confinement is very weak,
systems in magnetic fief}! The application of a magnetic and there is only a single luminescence line which exhibits
field to a quantum dot leads to a diamagnetic shift and ao significant shift with respect to the PL of the as-grown
Zeemann spin splitting of the energy levels. The excitonicquantum well. Application of a constant magnetic field along
states are characterized by three energy scales: the latethe growth direction leads to a blueshift of the PL line as
size quantization energyw,, the exciton effective Rydberg presented in Fig. 2. At a maximum field & T the lumines-
energy ue*/(€4?), and the magnetic confinement energy cence line is shifted by about 1.1 meV. As we will see now,
fhw.. When the lateral quantization and the Coulomb attracthe electron-hole Coulomb interaction has to be considered
tion are increased by decreasing the lateral dot size, the matp explain this small value.
netic confinement becomes less important, leading to a de- The wave function for the lateral relative coordinate
creasing diamagnetic shift. On the other hand, when thé=r_ —r, of the quantum-dot exciton is described by the
magnetic field dominates, we approach the limit of two-two-dimensional effective-mass Hamiltonian
dimensional magneto-excitons.

In this paper we present magnetic-field studies on a series -y )
of quantum dots which was produced by laser-induced ther- g P 1 w222
mal interdiffusion of a GaAs/AlGa; _,As quantum well-? e 2H er’
This method allows us to vary the lateral structure size sys-
tematically. Using a microphotol_uminescenqe—IPL) setup. with the reduced masg=m}m}/(m} +my), wo.=eB/2u,
we perform spectroscopy on a single quantum dot at a timeyng = \/EZOJF_wg w, defines the strength of the parabolic
In contrast to measurements on dot arrays, inhomogeneoygara| confinement. Assuming the samg for the electron
line broadening is avoided. _ ~_and hole, the relative and the center-of-mass motions are

The experimental setup s shown schematically in Fig. 1gecoupled, and the whole magnetic-field dependence of the
The PL is excited by an At laser bean{514 nm whichis  5rpiem is contained in the Hamiltonia,.,.&° Discarding
focused by a microscope objective into the cryostat to & spQlycitonic effects by neglecting the last term on the right side

size of about 1.5um at the sample surface. The sample isqt g (1), for the magnetic-field dependence of the ground-
mounted in a specially designed continuous flow cryostat;,ie energy we obtain

(Oxford Instruments which contains a superconducting
magnet, and provides magnetic fields up to 5 T. The sample
is at a temperature of 4 K. With axXiy Ztranslation stage we Eo=fiw=1 \/‘USJr wg- )
move the laser spot relative to the sample, which allows us to
address the desired single quantum dot. The PL signal iBor very weak lateral confinement, we can neglegtand
analyzed by a triple Raman spectrometer with multichannebbtain a linear magnetic-field dependerteg=7% w. which
detection. The detection ardabout 2um in diameter is  corresponds to a slope of about 1.4 meV/T in GaAs with
defined by a pinhole which is placed at an image plane. We.=0.042n,. At B=5 T we thus obtain a shift of 6.9 meV
detect the circular polarization of the luminescence with awhich is much higher than the experimental result. We can,
guarter-wave plate in front of the spectrometer. however, describe the experimental findings if we take the
In the following we present experimental results of electron-hole Coulomb interaction into account. In a regime
guantum-dot structures with a lateral geometrical gizef 1 ~ where the Coulomb interaction is much stronger than the
um, 500 nm, 450 nm, and 400 nm. The appropriate measurateral confinement one can use the wave functions of the
of the strength of the lateral confinement is the line splittingtwo-dimensional hydrogenic problent, with «=0) and
in the u-PL spectrum, and not simply the sime The maxi- treat the lateral potential to first order of perturbation theory.
mum line splitting of about 10 meV is observed for an inter- This approach is well justified for the Am structure, where
mediate value ofv=450 nm. See Sec. |l of part(pbrevious the lateral confinement is very small compared to the exciton
papel®) and Ref. 12 for a description of the investigated binding energy. For the ground state energy, we obtain
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FIG. 1. Schematic view of the experiment.
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In the present perturbation treatment, the resulting quadrati

diamagnetic shiftA of the ground-state energy is indepen-
dent of the confinement parameteg.
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FIG. 2. Dependence of the peak energy of theri-sample on
the magnetic field. The lower limit of the detection window is ob-
servable at 1693 meV.
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FIG. 3. Dependence of the diamagnetic shift on the lateral dot
sizew.

For the heavy hole exciton in GaAs/@mey,=13), we obtain
A=1.3 meV atB=5 T. The exciton binding energy given
by the first term on the right of Eq3) is 13.5 meV. The shift
of 1.1 meV observed on the Am dot fits quite well with the
estimated value oA. To explain the small measured shifts
without excitonic effects, we would have to set the lateral
confinement parametet w, to unreasonably high values
above 20 meV. We can therefore conclude that atlPL
spectra are of excitonic origin.

Figure 3 shows the measured magnetic-field shift of the
ground-state energy as a function of the geometrical dot size
w. There is a systematic decrease of the shift with decreasing
w. With increasing lateral confinement the magnetic field
becomes less important, leading to a weaker shift of the lu-
minescence line. Reducing below about 450 nm in our
structures, we do not observe a further increase, but a reduc-
tion of the lateral confinement accompanied by an increasing
blue-shift of the whole spectruf.Supported by model cal-
culations of the local laser-induced intermixing, this indi-
cates the beginning of sizable alloying close to the dot cen-
ter. The corresponding higher effective mass of the exciton
state should result in an increase of the binding energy. The
magnetic confinement therefore becomes less important
compared to the exciton binding which results in a reduced
diamagnetic shift. This effect might explain why we do not
observe a stronger magnetic-field dependence on the 400-nm
dot than on the 450-nm dot, although the lateral confinement,
deduced from theu-PL line splitting, is smaller for
w=400 nm.

Figure 4 shows a series of spectra of the 450-nm dot at O
and 5 T for various excitation intensities. The strong lumi-
nescence from the higher-energy levels has been attributed to
a slowing down of energy relaxation induced by the com-
plete spatial quantizatiolf. We see that with increasing ex-
citation power the luminescence from the second peak grows
relative to the ground state. This change indicates an addi-
tional reduction of the relaxation induced by a filling of the
ground state. It gives further support to one central result of
the time-resolved measurements, namely, that in the
guantum-dot structures the exciton seems to obey the Pauli
exclusion principle®1*

It was theoretically predicted that a magnetic field leads to
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FIG. 4. PL spectra of th&=450 nm quantum dot foB=0 ENERGY (meV)
and 5T at various excitation powers.
FIG. 6. PL spectra of the 450-nm structure wiiti and o~
an enhanced exciton relaxation within the dot, and that thé&ircularly polarized detection. Excitation is provided without circu-
excited-state luminescence should be reduced accordinglyar polarization.
Figure 5 shows numerical computations on the intensities of ) ) ] ]
the lowest three radiative transitions for a parabolic quanturivhile without circularly polarized detection we only see a
dot at zero temperature. Details of the rate-equation analysilightly broadened linésee Fig. 4. Figure 7 shows that the
are given in Ref. 15. From this calculation we indeed expecgPlitting increases with increasing peak energy. In the fol-
the intensity ratio of the lowest 2 peaks to change by about $Wing we briefly discuss the possible origin of this energy
factor of two when the magnetic field, is applied. Experimen-dépendence. _
tally, the PL intensity of the whole spectrum increases with N @ magnetic field the electron and hole states split up
magnetic field, but a systematic change in the relative imenaccordlng_ to spin. Only transitions between electron_and hole
sities is not observed. This result holds down to very wealétates which change the spin by a valuedt are optically
excitation intensities where we estimate less than one excitodllowed. For the heavy-hole exciton emission this means that
in the dot on the time averagsee part I, Sec. VB The there are two PL lines with opposite C|r_cular.polar|zat!ons.
discrepancy indicates that the actual confinement potentidin® energy difference between the spin-split states is de-
deviates from the parabolic shape used in the calculatiorsCribed by AE.=ggugB for the electron andAE,
The calculations also predict a different magnetic-field de=gr #gB for the heavy holeug=eh/(2mp) is the Bohr
pendence for the individual lines of thre=450 nm dot(see  magnetonm is the free-electron mass, agd andg}, are
Ref. 9, Fig. § which is not observed either. the effectiveg factors of the electron and hole. It was ex-
At B=5 T, we measure a Zeemann spin splitting with aperimentally observed that in quantum wells the elecgon

quarter-wave plate in front of the spectrometer. This way wefactor g; depends on the well width, and even a reversal of
can resolve a splitting of about 0.5 meV, as shown in Fig. 6the sign ofg¥ was found at a well width of about 5 ntA.

The electrong factor for bulk GaAs isg; =—0.44. In the

10— L case of ALGa; _,As, g3 increases withx, becomes positive
> 6 meV 6 meV atx=0.12, and reacheg; =0.5 for the Aly3:Gag gsAs bar-
g 0.8 B=0 1 B=5T - rier of our as-grown quantum-well structureln a rough
b | y picture the increase af} with the well width can thus be
E o
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FIG. 5. Calculated PL intensities from the ground state and the B=5T
first and second excited radiative excitons of #ve 450 nm struc- oor . . . . . . 1%
ture (solid, dashed and dotted lines, respectiyély B=0 and 5T. 1700 1705 1710 1716 1720 1725 1730
A rate equation based on calculated radiative lifetimes and LA- PEAK ENERGY (meV)
phonon-scattering times of the lowest exciton states is solved nu-
merically. A single phenomenolgical loss rdeis assumed for all FIG. 7. Dependence of the Zeemann spin splittiied) and the

states to describe nonradiative recombination. State-filling effectexciton g factor (right) on the energy of the PL line for several
are not included. FoB=5 T the dotted line is very close to zero. single dot structures.
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attributed to the increasing leakage of the wave function intaheoretical work on the spin splitting of quantum-dot exci-

the barrier. The quantitative theoretical description given byons.

lvchenko and Kizele/ emphasizes the importance of the In summary, we have reported on microphotolumines-
electron energy and band nonparabolicity. Comparision of€Nnce experiments on single artificial quantum dots in mag-

measured electron and excitgrfactors leads to the conclu- Netic fields. We have observed a diamagnetic shift which
depends systematically on the lateral confinement. We have

sion, that the spin-splitting of an exciton line, described by . . : :

. o ox % : not seen enhanced exciton relaxation predicted theoretically
the excitong factorg* =g + gy, , is dominated by the Zee- ¢4 o antum-dot excitons in magnetic field. The size of the
mann splitting in the valence bafich strong increase of the  measured Zeemann spin splitting increases with the energy
g factor g* with decreasing well width has been observedof the corresponding PL line, which in turn is a function of
for quantum-well exciton§® The reduction of the well the dot size.

width corresponds to an increasing quantization energy. We thank K. Brunner. G. B and G. Weimann for
Therefore an increase gf* with the PL energy might also ,iding the samples, and M. Bichler for his contributions
be expected for quantum dots. Our experimental resulty, the cryostat design. The work was supported financially
presented in Fig. 7, shows such a dependence. To our knowdy the Deutsche Forschungsgemeinsct@iB 348 and the
edge there exists neither a theory for the well-widthBundesministerium fuBildung und Forschunglll-V Nano-
dependence of the excitog* in quantum wells, nor any elektronik Verbundprojekt
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