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Magnetocapacitance probing of the many-particle states in InAs dots
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We use frequency-dependent capacitance-voltage spectroscopy to measure the tunneling probability
into self-assembled InAs quantum dots. Using an in-plane magnetic field of variable strength and
orientation, we are able to obtain information on the quasiparticle wave functions in momentum
space for one to two electrons per dot. For the lowest two energy states, we find a good agreement
with Gaussian functions for a harmonic potential. The high-energy orbitals exhibit signatures of
anisotropic confinement and correlation effects2@5 American Institute of Physics
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Tunneling spectroscopy is a well-known tool for the de-nance, tunneling of electrons back and forth between the
termination of quantized energies. Recently, it has also bereservoir and the dots occurs, leading to an increase in the
come possible to use this technique to directly study themeasured capacitance. At sufficiently high frequencies, the
wave function associated with an energy level. Using scanac modulation period will become shorter than the charging
ning tunneling microscopySTM), it has been possible to time, so that the capacitance maximum will be suppressed. It
observe the charge densities in structures such as the quaran be shown that the amplitude of the charging peak di-
tum corrall image standing-wave patterns with cross-rectly reflects the tunneling probability.
sectional STM or to map out the probability densities in For the wave function mapping, we follow the approach
freestanding InAs dotsA complementary technique, which of Patanéet al® and apply a magnetic fielB perpendicular
probes the probability density kspace, makes use of mag- to the tunneling directioz [see Fig. 1b)], at various angles
netotunneling spectroscopy. in the x-y plane.

Self-assembled quantum dot®Ds) have been thor- Due to the Lorentz force caused by the magnetic field,
oughly investigated in the last few years, using electronidunneling electrons from the back contact into the dots will
and optoelectronic metho8<. The high interest in these acquire an additional momentdi
nanoscopic systems stems from their potential application in
laser devices or for quantum computing due to their control- Ak = dl_eB_ (1)
lable and discrete spectrum of energy levels. h

Here we present a tech_nique to map out the quasiparticle Thus, the overlap of wave functions in the electron res-
wave function fqr mtgractmg electrqns in seIf-asseggbledervoir [opdk-AK)] and the dot§ ey (k)] can be altered by
QDs, embedded in a field-effect transis(SET) structure. changing the in-plane field. As the capacitive signal is

High-resolution maps of the wave functions are obtained us: ; . o o :
ing capacitance-voltagéCV) spectroscopy® in variable proportional to the tunneling probability, which in turn is
magnetic fields.

The samples contain InAs QDs embedded in a capacitor- @) J dots
like heterostructure between a Si-doped GaAs back contact back |¢—1,|i e e
and a surface gate. We have investigated two types of contact e LT Vg
samples, which differ slightly in the thickness of the tri-

angular tunneling barriefsee Fig. 1a)] that separates the

(b)
BX

= |(©)

dots from the back contact. The characteristic decay time of '§ i T
tunneling electrond depends roughly exponentially on the gl
thickness of the barrier, which is equal t§=40 nm for =
sample type A and;=42.5 nm for type B. For details of the gl Pipz  Psb4
layer structure and growth procedure, see, for example, Ref. % /o
9. 81 12kHz g

For theCV spectroscopy, we apply a dc gate bias with an o N
additional ac voltagé5 mV rmg of variable frequency and -1.25 -1.00 -0.76 -0.50 -0.25 0.00 025 0.50 0.75
measure the capacitive response signal. Figuiag dhows gate voltage [V]

th,e conduction band pI’O.fI|e.Of Our,hEter_OStrUCture f‘?r tWOFIG. 1. (@) Conduction band profile of the heterostructure for two different
dlﬁerent dc voltages. With Increasing bIaS,_ electronic dotyiases (b) Directions of the current and magnetic field, wheeg is the
states in the quantum well can be shifted with regard to th@ample plane(c) Low-temperature(T=4.2 K) CV traces for sample B

chemical pot.;-gntialubC in the back contact so that, in reso- (d;=42.5 nm taken at low and high frequencies. The curves show the in-
fluence of an in-plane magnetic field on thetates0, 3, 4, 5, and 8 T, top

to bottom) and on thep states[0 T (dashed, 2, 5, and 8 T(solid), top to
dE|ectronic mail: oliver.wibbelhoff@gmx.de bottom].
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given by the overlap of the wave functions, we are able to momentum [108m-1]
obtain information on the shape @f(k). 73 -55 37 -1.8 00 18 37 55 73 92
Using capacitance spectroscopy rather than measuring r T
the current through resonant tunneling diodeas a number -
of advantages. First, we are measuring a large number of L
dots simultaneously, which gives us information on charac-
teristic dot properties. In addition, the large number of dots
probed provides for a high signal-to-noise rdfio.
Furthermore, the ac frequendycan be adjusted to ac-
count for the fact that the tunneling current increases expo-
nentially with increasing energy. Therefore, we can fstd
optimize the wave function mapping. Finally, in our FET
structures, it is possible to control the number of electidns

peak height [arb. units]

in the dots by simply changing the dc gate voltage. Due to 12 9 6 3 0 3 6 9 12 15
the superimposed ac voltage, only the last electron tunnels in magnetic field [T]

and out of the dots. This way, we probe the quasiparticle

wave functiort® of the last electron added to the dot, which FIG. 2. Tunneling probabilities for the firgs;) and seconds,) electron in
gives information on interactions that govern tmﬁny- InAs QDs(sample A in k space, whers, is offset for clarity. Filled squares

. . indicate measured data fef and empty squares data fsy, the lines are
particle Stat,es in Self'assemb!ed dots. . Gaussian fits. The correspondii@V data was measured at 5.1 kHz. The

By varying the magnetic field amplitudes between 0 andnset shows the full rotational plots of the measured probability densities.
11 T and the field direction within the-y plane in 20 steps

of 18°, we obtain three-dimensional plots of the tunneling 1 i
probability ink space. than the s, state (FWHM: 5.5xX10° m™1). One possible

Figure 1c) shows a series o€V traces for sample B explanation could be the fact that tlsg state corresponds

with a tunneling barrier o, =42.5 nm at 4.2 K. The upper- to a filled el_ectron_ic she_ll and that—similar to atomic
most curves are typical low-frequency trate§=35 H2), physics—configurations with completely filled shells have

showing two distinct peakss,,s,), related to the filling of smaller electrpnic radji than sing!y occqpied orbitals. How-
the so-calleds shell of the QDS %% followed by four ever, calculations using parabolic confinement do not

peaks? of the p shell (p,p,psps), which are not resolved here reproduce this behavior, and a more detailed investigation is

but coalesce into a broad shoulder. The lo@&ttraces(off- needed to clarily its origin.

set for clarity are taken on the same sampld atl2 kHz for The charging peaks of thp states are not as clearly
. oo separated as those of tlsestates and can therefore not be
various magnetic fields.

At sufficiently high frequencies, all charging peaks Canmapped individually. We find, however, when a magnetic

. h o2 . field is applied, that thep; and p, peaks show a distinctly
be reduced in amplitude by application of a magnetic field, ifferent behavior from the, and p, peaks[cf. Fig. 1(c)].

with a full suppression to the background capacitance at 8 T, . .
. his reflects the fact that here, the electrons corresponding to
(lowest curve. Care has to be taken when choosing an ap- and p, (ps and py) are in the same orbital state pres eg-
ropriate modulation frequency. For each charging peak wgt P2 (Ps Pa » 1esP
prop quency ging p ively. We therefore evaluate the two lowgr;p,) and two
choose a frequgncy that is high enoygh to ensure that ﬂ}%ghe.r(p b, states jointly in the following 12
peak amplitude is given by the tunneling probabilitgther Figurse 43 shows maps of the respecti.ve tunneling prob-

than by the geometric paramefé’bsand at the same time low bilit | In both df
enough so that a good signal-to-noise ratio is obtained. WaPilities (sample B. In both cases, as expected for the

find that in this regime, the measur@wrmalized probabili- states in?<-y rep_re.sentat.ion, we observe a nonmqnotonic_be—
ties are frequency independent. havior with a minimum in the center and two maxima, which
To map out thes states, we have plotted in Fig. 2 tBd/
peak heights fois; ands, (sample A as a function of the
magnetic field. The top scale in the figure gives the corre- (a) ,0‘“\{\\ A
sponding momentum evaluated from E#). At the edges of /?’175‘22?:7;‘22%?‘\“\
the plots, the data agree quite well with the commonly used /%‘Z,%"Q"\\\\\\\
parabolic modef;"****however, we observe characteristic 5'2"7”"“&
deviations at the center of the wave functi@rows. For
small magnetic fields, tunneling can actually be increased,
resulting in a center dip in the probability densities.
A comparison between both states is of interest as it
directly shows the influence of the additional electron on the (b)

N

NN

1'3;3\\ /ll;‘%\\\
i

measured li i - /”"“\\\\\"\‘“
probability. Because of the repulsive electron //["m\\\\\‘\‘“\\\\
electron interaction, one would intuitively expect that the /III"Q“‘“\\\\\\}‘\Q\%\\\
wave function should occupy a larger volume in real space ;;%h’.‘.“‘\\\g\k‘\‘g\\\\{\\\
when a second electron is added to the dot. Similarly, due to AN

the higher energy for the doubly occupiegdstate, the cor-
responding wave function is expected to spread further into
the conflnlng potentlal. We observe, however, that the StatEIG. 3. (@ and (b) Surface plots of the quasiparticle wave function for

s, (full width at half maximum(FWHM): 7.6x 10° m™) is sample B probed at a frequency of 12 kHz for the low-endimy,) and

more extended ik space, and therefore smaller in real spacenhigh-energyp states(psp,). (c) and(d) Corresponding contour plots.
Downloaded 28 Feb 2005 to 134.91.160.94. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



092104-3 Wibbelhoff et al. Appl. Phys. Lett. 86, 092104 (2005)

are in orthogonal directions for the two different pairs. How- totunneling maps, which, so far, cannot be explained.

ever, unlike the single-particle states in the harmonic oscil- _
lator model, the minima in the center do not fall to zero but ~ 1he authors would like to thank Alexander Govorov, Pe-

still indicate finite tunneling probabilities fd8=0. ter Entel, Dietrich Wolf, Elisa Molinari, and Massimo Ron-

A comparison of the plots fop,p, and psp, shows, in  tani for valuable discussions and the latter also for making
analogy to thes states, a wave function that extends furtherthe data of Ref. 13 available to us. Financial support by the
in k space forN,=5-6 (completely filledp shel) than for ~Deutsche Forschungsgemeinschaft and Bundesministerium
Ne=3-4. fur Bildung und Forschung is gratefully acknowledged.
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