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Excitation of three-dimensional quantum dots
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Arrays of field-effect-confined quantum dots with diameters down to 100 nm have been prepared
from Al,Ga;_,As-GaAs heterostructures. In far-infrared spectroscopy, transitions are induced be-
tween the 2-3-meV separated quantum levels of the lateral confinement. In tilted magnetic fields we
observe a resonant coupling to states arising from the confinement in the growth direction. The level
spacing in this z direction is found to be only a few meV in our samples and thus comparable to the
lateral confinement. We observe in tilted magnetic fields that the excitation spectrum is determined
by the total magnetic field B. Thus the quantum dots are essentially three-dimensional objects.

Low-dimensional quantum-confined electronic systems
in semiconductors have recently attracted much inter-
est. The ultimate limit is a quantum dot, an artifi-
cial atom, where few electrons are confined in all three
dimensions.'~7 Quantum dots have to date been real-
ized by lateral structuring of two-dimensional (2D) elec-
tronic systems. In these systems the lateral confinement
of the electrons in the z-y plane is usually assumed to be
much smaller than the one in the growth direction z. We
will refer to quantum dots in this limit as “quantum-dot
disks.”

Here we will report on field-effect-confined quantum-
dot arrays in GaAs, where both the confinement energy
in the z direction and the lateral confinement energy are
typically several meV. This leads to interesting coupling
effects between states confined in the z direction and the
quantum-dot states confined in the lateral directions. In
far-infrared (FIR) spectroscopy with perpendicular mag-
netic fields B, transitions between the quantum levels of
the lateral confinement are excited. In tilted magnetic
fields, we observe a resonant coupling with states in the
growth direction. The resonance frequencies correspond
well to those of a three-dimensional harmonic atom, as
calculated by Li et al.® For magnetic fields above the cou-
pling regime the resonance frequencies are determined by
the total magnetic field, indicating that the excitation of
the quantum dots is three dimensional.

The quantum-dot structures are prepared starting
with Alg 32Gag egsAs-GaAs heterostructures grown by
molecular-beam epitaxy with 2D densities of Ny = 2 x
10'! cm~2 and mobilities of p = 900000 cm?/V's (at 4.2
K). A Si 4-doped layer in the GaAs, deposited at a dis-
tance of 330 nm from the Al.Ga;_,As-GaAs interface,
acts as a back contact to charge the dots. The doping
density of 2 x 102 cm~2 was optimized to have enough
conductivity for charging the dots but still be semitrans-
parent to FIR radiation. On top of the heterostructure
we prepared a periodic photoresist dot array by holo-
graphic lithography, with periods a ranging from 500 nm
to 200 nm and with photoresist dot sizes of about half the
period. An 8-nm-thick semitransparent NiCr gate of 4
mm diameter was evaporated onto the photoresist struc-
ture. Outside the gate area the electron gas was removed
by etching the Al,Ga;_,As. Contacts were alloyed to the
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d-doped back contact, so that with a negative gate volt-
age we could confine the electrons under the photoresist
dots and vary the number of electrons.»?*7 Qur back
gated structures have another important advantage for
the results we obtained. The band bending at the po-
sition of the back gate influences the z-confinement po-
tential at the interface and leads to less steep potential
curvatures than are usually found in heterostructures.
This allows us to create systems with small energy sepa-
rations in the z direction. FIR transmission spectroscopy
was carried out with a Fourier transform spectrometer.
With our sample holder the surface normal of the sample
could be tilted in situ with respect to the magnetic field
B. We recorded the normalized transmission of unpo-
larized radiation, T'(V,) /T (V;), where V; is the threshold
voltage at which the dots are totally depleted. All exper-
iments were carried out at a fixed temperature, T= 2.2
K.

Figure 1 shows experimental FIR transmission spectra
for a sample with period of a = 200 nm (labeled no. 1 in
the following) at fixed magnetic field B = 9 T and differ-
ent tilt angles ¢ between 0° and 36°. The gate voltage
V, is chosen such that isolated dots with three electrons
per dot are formed. The number of electrons is stabi-
lized by a high Coulomb energy of about 15 meV, which
we could estimate from the gate voltage interval of the
stepwise increasing absorption strength.” For B = 9 T
there is resonant absorption at w, ~ 125 cm~! with an
amplitude of about 3% (for ¢ = 0°). For increasing tilt
angle ¢ the resonance shifts slightly to higher frequencies
and broadens; the integrated absorption strength does
not vary with ¢. It is surprising that the resonance fre-
quency remains nearly constant. For strong z confine-
ment, the quantum-dot disk limit, we would expect that
the resonance frequency should decrease because of the
smaller in-plane magnetic field. The expected cosine law,
indicated by triangles in Fig. 1, does not describe the ex-
periment at all.

Let us first discuss the magnetic field dependence of
the resonance frequencies at different tilt angles. We
present data of two samples, sample no. 1 from above
and a sample with a period a = 500 nm, labeled no. 2
in the following. The experimental dispersions at ¢ = 0°
is shown as dashed lines in Fig. 2(a). Such a dispersion
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FIG. 1. Experimental FIR transmission spectra (symbols)
and fits (solid lines) of quantum-dot sample no. 1 (period a
= 200 nm) at B = 9 T and different tilt angles ¢ from 0° to
36°. The gate voltage Vj is held fixed at a value where isolated
dots with three electrons per dot are formed. The inset shows
the integrated absorption strength in units of the number of
electrons per dot as a function of the angle ¢. The integrated
absorption strength remains constant within the experimental
error. The triangles mark the expected frequency of the reso-
nance with increasing ¢ for a a quantum-dot disk with strong
z confinement (the value of ¢ = 36° results in an w, = 100
cm™'). The spectral resolution is set to 0.25 cm™" and the
temperature is 7=2.2 K.

has been observed previously.1:®%7 At B = 0 there is a
single resonance, w, (with w, = 11 cm~! for no. 1 and
w, = 25 cm™! for no. 2) which splits for B > 0 into
two resonances; one increases with increasing B and ap-
proaches the cyclotron frequency w., = eB/m* and the
other decreases with B. This B dispersion can be under-
stood as a one-particle excitation in a two-dimensional
parabolic confinement in a magnetic field® since the FIR
radiation couples only to the rigid center-of-mass motion
of all electrons. With regard to the selection rules’'? the
excitation frequencies are

wE(B) = 2we/2 + /(we/2? + 2. (1)

The result within the parabolic model describes well the
dispersion at ¢ = 0°. The splitting at small magnetic
fields in the few electron system is caused by deviations
of the external lateral confinement potential from the
parabolic shape.!!

If we now follow the FIR resonances at a fixed value
of ¢ = 18° in their dependence on magnetic field B, we
find the dispersion marked by e in Fig. 2(a). In com-
parison, Fig. 2(b) shows the result of sample no. 2 with
70 electrons in the quantum dots. For both samples we
observe a splitting in the dispersion at final tilt angle,
which is clearly resolved in the experimental spectra in
Fig. 2(c) for sample no. 2. The splitting is caused by
a resonant interaction with states confined in the z di-
rection. It increases with increasing ¢ and resembles
the resonant subband-Landau-level coupling previously
observed in tilted-field cyclotron resonance (CR) experi-
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FIG. 2. (a) Magnetic field dispersion of the resonance fre-
quencies (symbols) for sample no. 1 at fixed tilting angle ¢ =
18°. The solid lines are fits in the model of a harmonic atom
with the indicated confinement frequencies w, = 11 cm™?! in
the z-y plane and w, = 34 cm™! in the z direction. The
dashed lines are the theoretical and experimental results at
¢ = 0°. (Note that for the w™ branch the solid and dashed
lines are identical within the linewidth.) (b) In comparison,
the results of sample no. 2 with a period of a = 500 nm and
70 electrons in the quantum dots are shown. For this sample
the lateral confinement energy is w, = 25 cm ™! and the best
fits we obtained with an w, = 100 cm™ for the confinement
in the z direction. (c) Experimental transmission spectra of
sample no. 2 in the anticrossing regime. The interaction with
the states in the z direction leads to a splitting of the reso-
nance around B = 7 T.
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ments on 2D systems.!? A similar coupling has been ob-
served in 1D systems!® and in wide parabolic quantum
wells,'* where the collective character of the resonances
is more important, as is also the case in our quantum-dot
structures.

To explain the experimentally observed behavior of our
quantum dots we need a model which takes into account
J
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the confinement in all three directions. A model of a
three-dimensional quantum-dot atom, i.e., with parabolic
confinement in all three direction, has been proposed by
Li et al.® They calculate the resonance frequencies in the
form of a cubic equation in w?. If we assume that the
shape of potential in the z-y plane has a circular symme-

try, this equation reads

w® — (w2 + 202 + w?) + Ww? (W sin? p + w? cos? p) + w2 (w? + w?)] — wiw? =0, (2)

where w, is the resonance frequency of the lateral confine-
ment, w, is the resonance frequency of the confinement
in the z direction, and ¢ is the tilt angle. We have solved
this equation numerically and have choosen w, to best
fit the data. The resonance frequency w, and ¢ = 18°
are taken from the experiments. The solid lines in Figs.
2(a) and 2(b) mark the results of the fits. For sample
no. 1 with w, = 11 cm™! we find a resonance frequency
in the z direction of w, = 34 cm™! and for sample no. 2
with w, = 25 cm™! a resonance frequency of w, = 100
cm™!. Qualitatively, the model of the parabolic atom
describes well the observed frequency dispersions of the
quantum dots in tilted magnetic fields. In particular it
shows that the resonance frequencies at large fields are
governed by the total rather than the perpendicular mag-
netic field component. Below the anticrossing regime,
theory and experiment show that the resonance frequen-
cies follow approximately the cosine-law behavior of a
quantum-dot disk. While the lateral confinement is in-
deed nearly parabolic,'® this assumption is not very well
fulfilled for the z direction in our heterostructure sam-
ples. In a good approximation it has a triangular shape.
Therefore Eq. (2) cannot determine quantitatively the
magnitude Aw of the splitting at the resonance position
with the states in the z direction. The structure in Fig.
2(b) at about w = 150 cm ™! is most probably caused by
a resonant interaction with the next higher state in the
z direction. Such an interaction does not occur for the
special case of parabolic potentials in all three directions
as assumed in Eq. (2). Nevertheless, in general the ap-
plied model explains well all important features of the
experiments. From this we conclude that the excitation
of our quantum dots is indeed three dimensional. The
quantum dots undergo a transition from quantum-dot
disks to three-dimensional quantum dots at the anticross-
ing regime. Transitions to a three-dimensional behavior
have been investigated theoretically'® and found in tun-
neling experiments on wide parabolic quantum wells,'?
in CR experiments on inversion layers in InSb,'® and in
luminescence studies on 1D systems.!®

Let us now discuss an additional feature observed in

[
Fig. 1. The resonance linewidth broadens with increas-

ing ¢. We believe that this is another intrinsic feature
of the system which is not expected at first sight. CR
resonance studies on 2D-electron systems show that the
CR linewidth is smaller at ¢ = 90°.2° If, as in our experi-
ments, a three-dimensional motion of electrons is possible
then the resonance frequency depends on the center coor-
dinate of the cyclotronlike motion in the quantum dots.
In 2D systems this was extensively studied and leads to
two possible excitations in the tilted field experiments,
a “three-dimensional” CR for electrons that are repelled
by the Lorentz force from the interface and diamagnet-
ically shifted intersubband resonances for electrons that
execute skipping orbits at the interface.?! For a quan-
tum dot with confinement in all three dimensions this
should result, depending on the shape of the z potential,
in a number of resonance frequencies that appear as a
broadening in the experiments.

In summary we have presented FIR transmission ex-
periments on quantum dots in tilted magnetic fields. The
quantum-dot systems show a resonant interaction with
states confined in the growth direction from which we
can determine the level spacing in the z direction and
which turns out to be comparable with the one in the
lateral direction. Thus we can excite three-dimensional
motion in the quantum dots which is manifested in the
observation that the dispersion of the resonance frequen-
cies at large magnetic fields depend on the total rather
than on the perpendicular component of the magnetic

field.

We wish to acknowledge most useful discussions with
Daniela Pfannkuche, R. R. Gerhardts, V. Fal’ko, and U.
Merkt. We thank R. No6tzel, A. Fischer, and M. Hauser
for the molecular-beam-epitaxy growth of our samples,
H. Lage and C. Lange for expert help with the prepara-
tion of the dots, and Y. Guldner for a critical reading of
the manuscript. We acknowledge financial support from
the Bundesministerium fiir Forschung und Technologie
and one of us (B.M.) from the European Community.

* Present address: Laboratoire de Physique de la Matiere
Condensée, Ecole Normale Supérieure, 24 rue Lhomond,
F-75231 Paris Cedex 05, France.

t Present address: Institut fiir Angewandte Physik, Univer-
sitat Hamburg, Jungiusstr. 11, 20355 Hamburg, Germany.

 Present address: Paul-Drude-Institut fiir Festkorperelek-
tronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany.

! Ch. Sikorski and U. Merkt, Phys. Rev. Lett. 62, 2164
(1989).

2 W. Hansen, T. P. Smith III, K. Y. Lee, J. A. Brum, C. M.



48 EXCITATION OF THREE-DIMENSIONAL QUANTUM DOTS

Knoedler, J. M. Hong, and D. P. Kern, Phys. Rev. Lett.
62, 2168 (1989).

3 T. Demel, D. Heitmann, P. Grambow, and K. Ploog, Phys.
Rev. Lett. 64, 788 (1990).

* A. Lorke, J. P. Kotthaus, and K. Ploog, Phys. Rev. Lett.
64, 2559 (1990).

5P. L. McEuen, E. B. Foxman, U. Meirav, M. A. Kastner,
Yigal Meir, and Ned S. Wingreen, Phys. Rev. Lett. 66,
1926 (1991).

S R. C. Ashoori, H. L. Stormer, J. S. Weiner, L. N. Pfeiffer,
S. J. Pearton, K. W. Baldwin, and K. W. West, Phys. Rev.
Lett. 68, 3088 (1992).

7 B. Meurer, D. Heitmann, and K. Ploog, Phys. Rev. Lett.
68, 1371 (1992).

8 Q. P. Li, K. Karrai, S. K. Yip, S. Das Sarma, and H. D.
Drew, Phys. Rev. B 43, 5151 (1991).

® V. Fock, Z. Phys. 47, 446 (1928).

10 U. Merkt, Ch. Sikorski, and J. Alsmeier, in Spectroscopy
of Semiconductor Microstructures, edited by G. Fasol, A.
Fasolino, and P. Lugli (Plenum, New York, 1989), p. 89.

1 Daniela Pfannkuche and R. R. Gerhardts, Phys. Rev. B
44, 5887 (1991).

2 7. Schlesinger, J. C. M. Hwang, and S. J. Allen, Phys. Rev.

RAPID COMMUNICATIONS

11 491

Lett. 50, 2098 (1983).

13 K. Kern, D. Heitmann, R. R. Gerhardts, P. Grambow, Y.
H. Zhang, and K. Ploog, Phys. Rev. B 44, 1139 (1991).

14 K. Karrai, X. Ying, H. D. Drew, and M. Shayegan, Phys.
Rev. B 40, 12020 (1989); A. Wixforth, M. Sundaram, K.
Ensslin, J. H. English, and A. C. Gossard, ibid. 43, 10 000
(1991).

!5 A. Kumar, S. E. Laux, and F. Stern, Phys. Rev. B 42, 5166
(1990).

18 V. I. Fal’ko, Solid State Commun. 78, 925 (1991).

7 C. Kutter, V. Chitta, J. C. Maan, V. L Fal’ko, M. L. Lead-
beater, M. Henini, and L. Eaves, Phys. Rev. B 45, 8749
(1992).

8 J. H. Crasemann and U. Merkt, Solid State Commun. 47,
917 (1983); S. Oelting, A. D. Wieck, E. Batke, and U.
Merkt, Surf. Sci. 196, 273 (1988).

191. V. Kukushkin, V. I. Fal’ko, K. von Klitzing, K. Ploog,
and D. Heitmann, Pis’'ma Zh. Eksp. Teor. Fiz. 53, 321
(1991) [JETP Lett. 53, 335 (1991)].

20 U. Merkt, Phys. Rev. B 32, 6699 (1985).

21 8. Oelting, U. Merkt, and J. P. Kotthaus, Surf. Sci. 170,
402 (1986).



