PHYSICAL REVIEW B, VOLUME 65, 165308

Probing the quantum states of self-assembled InAs dots by magnetotunneling spectroscopy
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We describe how magnetotunneling spectroscopy can be used to investigate the spatial form of the wave
function of confined electron states in self-assembled InAs quantum dots grof&6®nand (311B-oriented
GaAs substrates. For both orientations, the wave function is found to have a biaxial symmetry in the growth
plane, with axes parallel to the main crystallographic directions. We also present magnetotunneling spectros-
copy measurements in a multiple-terminal resonant-tunneling device, which incorporates a series of gate
electrodes. The gates allow us to address an individual dot electrostatically, and to identify and measure its
energy levels and associated wave functions. The limitations and possible future applications of the technique
are also discussed.
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[. INTRODUCTION nanometers below the surface. Two recent papers have re-
ported the imaging of wave functions associated with
During the last few years there has been continuous an@D’s.?223In the first experiment? a cross-sectional STM of
increasing interest in imaging the quantum environment otleaved InAs/GaAs self-assembled QD’s was used to probe
electrons and atoms. In particular, various scanning probthe profile of the electron density along the plane of vertical
techniques, such as scanning tunneling microso@yMv) confinement of the dofi.e., along the growth direction and
(Refs. 1-3 and scanning single-electron transistor one in-plane direction However, since the measured wave
microscopy'® have been used successfully to probe atoms opatterns probably arose from a superposition of the probabil-
electron charge distributions in a wide variety of systemsjty densities of the electron ground and excited states, the
including metals and superconducting materials. This raisegechnique did not allow the various confined states of the dot
the question of whether it is also possible to image the electo be distinguished clearly. In addition, this method is both
tron wave function in a quantum ddQD), an artificial invasive and destructive, as the QD is cleaved into two
nanometer-sized cluster, which confines the motion of amieces. In the second experiméhitye showed that magne-
electron in all three spatial dimensiotig® In a QD, elec- totunneling spectroscopyMTS) (Refs. 24—26 provides a
trons are confined to length scales fLl0 nm, and their nondestructive and noninvasive method of probing the elec-
behavior is characterized by quantum-mechanical effectdron wave function of a QD. The technique exploits the effect
such as the formation of an atomlike, discrete energy-levedf the classical Lorentz force on the motion of an electron
spectrum. tunneling into the QD, and can be regarded as the
In principle, it is possible to investigate the probability momentum+<k-) space analogue of STM imaging. In STM, a
density of electrons in a QD using a surface probe techniquenoving tip acts as a probe of the wave function in real space.
such as STM. This is a powerful tool for imaging the elec-In MTS, the applied magnetic fiel acts as a variable probe
tronic states of dots near a surf&@é? but a different ap- in k space: the images give the probability densitk ispace
proach is required for dots incorporated into real semiconef the electron wave function.
ductor devices, where the dots may be buried hundreds of In this work, we apply the MTS technique to probe the
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d Il. SAMPLES

Our devices were grown by molecular-beam epitaxy. We
FIG. 1. Schematic conducton band profile of consider two type_s of structure, which we Ia_bel types A ar_1d
GaAs/ALGa _,As resonant tunneling diode with InAs quantum B. For type A devices, a layer of InAs QD's is embedded in
dots(QD's) and a wetting layefWL ) incorporated in a GaAs quan- the center of an undoped 12-nm GaAs quantum WeWw),
tum well (QW) in the regime of(a) low- and (b) high-bias condi- which 1S sandwiched b_etw_een two 8.3-nmy4Ga 6AS tun-
tions (devices of type A Electrons tunnel from the emitter inta) nel barriers, as shown in Fig. 1. Undoped GaAs spacer layers
the QD states and intd) the WL, and confined subbands G\whd ~ Of width 50 nm separate the flGa, ¢As barriers from 2
QW2 of the QW. The inset shows a sketch of electrons tunnelingX 10t’cm™3 n-doped GaAs layers of width 50 nm. Finally,
from a “finger-like” distribution of occupied states in the emitter 3X 10¥cm™3 n-doped GaAs layers of width 0.am were
into the QD’s. used to form electrical contacts. Here we focus on two
type-A structures, one grown on a (3Btpriented GaAs
substrate(sample Al and the other on d100-oriented
GaAs substratésample A2. These structures were grown at
600 °C except for the InAs layer and the overgrown GaAs
arrier, which were grown at 480 °C. For comparison, we

electron-confined states of self-assembled InAs QD’s incor
porated in two-terminal tunnel devices grown on (341)
and (100-oriented GaAs substrates. We also show that th

MTS technique can be refined further by using devices tha Iso studied a series of control samples. Two samples were

incorporate an array of gate elect_rodes: the gat_e'tECh”‘_"ogé/rown with the same sequence of layers as that described
provides a means of electrostatically addressing an indizp,,ye except that one has only a thin InAs two-dimensional
vidual dot, and thus allows us to identify and measure 't%etting layer(i.e., containing no QD’s, sample Cand the
energy levels and wave functions. _ other has no InAs layer at alsample C2 The third control
The paper is organized as follows. In Sec. Il, we describ&ample is an AJ,Ga, As/GaAs/Ab Gay As tunneling diode
the growth conditions and compositional structure of ourin which the central plane of the quantum well was lightly
samples. Section Il describes the electrical characteristics gfoped with 4x10°cm 2 Si donors (sample C32% The
the devices. In Secs. IV and V we present the MTS data, angamples were processed into circular mesa structures of di-
describe how these provide detailed information about themeter between 10 and 2Q@m, with Ohmic contacts al-
shape and orientation of the electron wave function confinetbyed to the doped regions. For the type-B structure, a single
in dots grown on differently oriented GaAs substrates. AlsoJnAs QD layer was incorporated in the center of a 14-nm-
as a means of validating the MTS technique, we examine ththick Al ,Ga gAs tunneling barrier, as shown in Fig(a.
spatial symmetry of the electron wave function associatedJndoped GaAs spacer layers of width 3 nm separate the
with hydrogenic donor states. In Sec. VI, we describe how al o ,Ga gAs barrier fromn-doped GaAs layers in which the
array of gate electrodes provides us with a means of controdoping concentration increases in steps from 1
ling the electrostatic profile in a layer of QD’s. In combina- X 10 cm™3, close to the barrier, to:210'® cm™3. Growth
tion with magnetotunneling spectroscopy, this allows us tdemperatures for the InAs layer and the other layers were 520
identify and measure both the energy levels and wave funcand 550 °C, respectively. Sample B was grown on a
tions associated with the ground and excited state of an inf311)B-oriented GaAs substrate. It was processed into a
dividual dot. The paper concludes with a discussion of thesquare mesa of side length Qum. It incorporates four in-
limitations (Sec. VI and possible future applications of the dependent, lateral gates in addition to the source and drain
technique(Sec. VIII). contactdsee Fig. 2b)]. The source-drain voltag¥, and the
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gate voltageV,, were measured relative to the source sub-his paper, there are weaker features and a background cur-
strate contact. rent. We believe that these arise from tunneling through the
ensemble of dot states, most of which have larger tunneling
distances and correspondingly lower tunnel currents. This
implies that the strong peaks irfV) correspond to only a
small selection of dots out of the full QD distribution.

We first consider type-A structures, in which the dots are The average separatiod, between the edges of the elec-
embedded in the central plane of a GaAs@é4 _,As QW. tron distributions in the emitter and collectwee Fig. 1b)]
Recently, we showed that a thin pseudomorphic InAs layegan be determined by capacitance-volta@¢y), measure-
[wetting layer(WL)] incorporated in the central plane leads ments. We model the tunneling diode as a parallel-plate ca-
to a significant lowering of the energy of the quasi-two di- pacitor, and express the capacitancecagA/d, wherex is
mensional ground-state subband of the &\Wbove a criti-  the relative permittivity constant of GaAs € 12.8) andA is
cal WL thickness, QD’s are formed. This further modifies thethe area of our 10@sm-diameter mesa. Using a typical value
electronic states of the system: first, the dots give rise t®f the capacitanceG~16 pF) measured at low biag\(
discrete zero-dimensional bound states below the GaAk<0.1V),?” we find thatd~56 nm. In turn, this provides an
conduction-band edge and, second, they create a consid@stimate for the average tunneling distarce of the elec-
able amount of disorder, which influences the properties ofron from the emitter(collectop to the dot layer, which is
the continuum of the subband states and the electron tunnedqual tod/2~28 nm. Due to the likely presence of electron
ing dynamics’® “fingers” in the emitter, the effective tunneling distance for

Figures 1a) and 1b) show the conduction-band potential the more intense QD resonances lifV) is likely to be
profile for devices of type A, in two different regimes of bias. smaller than this estimate. However, the structure of the de-
At zero bias, equilibrium is established by electrons diffusingvice indicates that\s cannot be much less than20 nm,
from the doped GaAs layers into the dot states, which liesince the sum of the barrier width plus the half-width of the
below the GaAs conduction-band eddeThis negative GaAs well is 14 nm, and we also need to take into account
charge in the well produces two depletion layers in the rethe finite spread~10 nm of the electron wave function in
gions beyond the AGa _,As barriers. When a small volt- the emitter region adjacent to the,&a, _,As barrier.
ageV is applied[Fig. 1(a)], resonant tunneling through a  Figure 3a) shows thel (V) characteristic in reverse bias
particular QD state leads to a resonance (), whenever (positive biased substratéor sample Al in the low-bias re-
the energy of the QD state is resonant with an adjacent fillegime. Resonances in the current are observed in a voltage
state in the negatively biased electron emitter layer. For sufrange from 0 to—0.2 V, and are superimposed on a rising
ficiently high bias voltage§Fig. 1(b)], electrons can tunnel background. These resonances are not observed in the two
through the WL states and the confined subbands of the QV¢ontrol samples, which indicates that they are related directly
A detailed discussion of this high-bias regime was reportedo the presence of the dots, while the background current is
in Ref. 27. In the following we focus on the low-bias regime probably due to tunneling through the ensemble of dot states.
related to resonant tunneling into the dot states. We have carried out a detailed study of the temperature

Despite the large number of quantum dots in a typicaldependence of thHV) curve. This indicates that the peaks
sample(10°— 10’ for a 100um-diameter megawe observe in (V) are due to tunneling through individual QD’s. With
only a small number of strong resonant peaks in the low biaslecreasing temperature from 2 to 0.3 K, a thermally acti-
(]V|<0.2 V) I(V) curve. The observation of a small number vated current onset is observed for each resonant feature.
of resonant current peaks in mesas containing a large effhis is shown in the inset of Fig.(&), which plots thel (V)
semble of QD’s was also reported in earlier studies*This  characteristic on a lot) scale over a narrow range of volt-
result is surprising at first sight. We propose that this behavage. The observation of a thermally activated current onset
ior is partially related to the fact that only a limited number down to temperatures as low as 0.3 K suggests that each
of conducting channels can efficiently transmit electronscurrent feature is due to resonant tunneling through a discrete
from the doped layer to quantum dots at low bias. Note thastate of an individual dot. A current onset is observed when
the transport of electrons from the heavily doped contacthe energy level of the zero-dimensional state of the QD
layers through the more lightly doped regions into the tunnetoincides with the Fermi energy of electrons in the emitter.
barrier and QD layers is influenced by the local and randonAs we lower the temperature, we find that the threshold re-
distribution of donor impurities and/or residual strain and bygion for current increase becomes more sharply defined, and
charging of the QD's. In particular, we expect that in someis limited only by thekgT smearing of the emitter Fermi
areas of the device the electron “Fermi sea” extends outevel. Such a behavior reflects the characteristic property of
toward the dot layer, thus producing “finger-like” protru- an electron tunneling process from a thermalized Fermi dis-
sions of occupied electron states, as shown schematically inibution of emitter states into an individual and discrete
the inset of Fig. 1. Since the tunnel current depends expcaeero-dimensional stafé:>> We attribute the broad and com-
nentially on the tunneling distance, those dots that are closeyosite structure of each resonarisee the resonance in the
to one of the “fingers” are preferentially selected for tunnel- inset of Fig. 3a)] to mesoscopic fluctuations of the local
ing, and produce the strongest resonant features ih(¥e  density of electron states in the emitter: as the bias voltage is
characteristic. Also, closer inspection of th&/) curves re- varied, the QD level scans the energy range of the states
veal that, in addition to the strong peaks that we consider ifelow the Fermi energy in the emitt&r.

III. TUNNELING THROUGH SELF-ASSEMBLED
QUANTUM DOTS
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>
:) FIG. 4. (a) Gray-scale plot of the differential conductanGe
b =dl/dV for device Al atT=4.2 K with axes of voltage/ and
e magnetic fieldB. Lighter shades represent higher valuesGf
Dashed lines indicate three conductance resonances labeied
00 2‘0 4‘0 andiii . The right inset shows thB dependence of the amplitude of
l/kBT (meV'l) the conductance peaks associated wiih andiii. (b) Left: sketch

of the geometry of our magneto-tunneling experiments, andz

indicate, respectively, the direction & the direction of the in-
FIG. 3. (a) Low-temperature (V) characteristic of device Al at  plane wave vectok, acquired by the electron due to the action of

T=4.2 K. The inset shows the temperature dependence of the onsgie Lorentz force, and the direction of the current, respectively.

of a typical resonant current featui®) Derivative Right: overlap betweeg(k—kz) and ¢op(K), the Fourier trans-
1dIn(l)] forms associated with the electron wave function in the emitter and
9= gqv quantum dot, respectively, for a given magnetic field. As the tunnel

estimated at the onset of the resonant feature showa)jrvs the ~ CUrTent is given by the square of the overlap integral of the two
reciprocal of thermal enerdyT. The dashed line is a guide to the fUNctions, varyingd and hence allows us to determine the form
eye. The continuous line is a linear fit to the six highest temperatur@f ¢qo(K).
points of the plot with slope 1/ wheref is the electrostatic lever- IV. MAGNETOTUNNELING SPECTROSCOPY
age factor.

In this section, we focus on the magnetic field dependence

of the current resonances associated with the dots, and on
The temperature dependence of the current onset allows

; : . ow this provides detailed information on the form of the
us to determine the electrostatic leverage fa€tavhich re- P

. h f th wave function associated with an electron in a QD. Figure
lates the applied voltagé to the energy of the dot;, mea- 4(a) shows the gray-scale plot of the differential conduc-

sured relative to the Fermi energy in the emittek ( tance,G(B)=dI/dV, for sample Al af=4.2 K as a func-
~eVle). The tunneling current into a dot state of enesgg  +ion of applied voltage and magnetic fiel, The direction
proportional to expf e/kgT)~exp(—eVfkgT). This implies  of B is perpendicular to the current flow. Lighter shading
that a plot of In() versuseV should be described by a represents higher values & We use aG(B) plot rather
straight line with a gradieng, given by fkgT)"*. The le-  than ani (B) plot since the differential conductance allows us
verage factor can then be derived by the reciprocal of theo identify the onset of the resonance due to each QD, and to
slope of the measured values @fersus kgT) ! [see Fig. determine more clearly the magnetic field dependence of
3(b)]. For the higher temperaturgs-0.6 K), g follows a  each resonant feature. However, tBedependence of the
straight line from which we obtaifi=3.0=0.2. In contrast, measured values of the current or of the integrated current
at low bath temperatures<0.4 K), g departs from a linear over a particular featurefpe,d (V)dV, are quantitatively
dependence, probably due to a saturation of the temperatugimilar.

of the electrons in the emitter at0.4 K. A leverage factor of The figure shows clearly that the intensity of the conduc-
3 is also consistent with a simple electrostatic model of theance resonances depends stronglyBonThree resonances
device. are indicatedj, ii, andiii, corresponding to current features
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that show behavior typical of a large number of samples that 2

we have studied. Resonanicghows a maximum i(B) at lf"QD(k)! {000}
B=0T, followed by a steady decay to zero at around 6 T, ’
resonancei shows almost no conductanceB+=0 T, with
G(B) increasing to a broad maximum at T, followed by

a gradual decay towards zero; resonaiicehows two clear
maxima inG at B=0 and ~7 T, with G(B) falling to a
minimum value of almost zero between these maxima. The
amplitude of all peaks is quenched at high field.

We can understand qualitatively the magnetic field depen-
dence of the resonances in terms of the effecBoén a
tunneling electron. Let, 8, andzindicate the direction oB,
the direction normal td in the growth plangx,y), and the
direction normal to the tunnel barrier, respectivedge Fig.
4(b)]. When an electron tunnels from the emitter into the dot,
it acquires an additional in-plane momentum given Ky
=eBAs/#, where As is the effective distance tunneled
alongz from the emitter to a QD. We envisage the tunneling
into the QD as a ballistic process in which no scattering
occurs. This is a reasonable assumption as the density o
ionized impurities in the undoped emitter spacer layer, bar-
rier and quantum-well regions is very low<(L0"° cm3).

The effect of the magnetic field can be understood semiclas-
sically in terms of the increased momentum alghghat is o ) ) )
acquired by the tunneling electron due to the action of the F!G. 5. Variation of the differential conductand@;=dI/dV, in
Lorentz force. The applied voltage allows us to tune resotN® Piane ky.k,) for three representative stat{@0@, {010, and

nantly to the energy of a particular QD state. Then, by meaiOZO}_ of quantum dots grown on a _(3113)or|ented GaAs Sngtrate
suring the variation of the tunnel current wity we can (device AJ. This provides a spatial map d’fPQD(kX’kV)! , the

determine the size of the matrix element that governs th robability density ink space of the electron wave function of the

> ; -0D. The form of| pqp(ky . ky)|* along two distinct axek, andk, is
q“a”t“'.m transfuqn of an electron as it tunnels from a state Miso shown. On the right-hand side of the figure, continuous lines
the emitter layer into a QD.

. show the wave-function probability ik space for the three lowest
In order to analyze the results of our experiment, Wegnergy states of a harmonic oscillator with parameters determined
express the tunneling matrix eIemeMt!n terms of the Fou-  py 4 it to the| pqo(k,)|? data points(full circles).
rier transformsp; ¢ (k), of the conventional real-space wave
functions, according to the relation M=Jyei(K first excited, and second excited states of a simple harmonic
—kp)ei(K)dk, and express the tunnel current as potential.
| ~|M|2.2>2% Here the subscripts and f indicate the initial For the magnetic field range used in our experiment (0
(emitter E) and final (quantum dot QD) states of the tunnel <B<12 T), the in-plane magnetic field acts as only a weak
transition. Relative to the strong spatial confinement in theperturbation on the dot states due to their strong confinement
QD, the initial state in the emitter has only weak spatialalong z for B=12 T, the quantum magnetic lengtly
confinement. Hence, ik-spacep;(k—kgz) corresponds to a =(#/eB)¥?is equal to~8 nm, which is considerably larger
sharply peaked function with a finite value only closekto than the electron confinement length alondl,~2 nm).
=kg. In contrast, for the spatially confined QD statg(k) ~ Hence the magnetotunneling probe acts as only a minor per-
is spread over a wide range &f As the tunnel current is turbation of the electron wave function in the dot. Further
given by the square o (kg), the narrow spread df for  support for this conclusion is provided by the obsengd
pe(k—kp) allows us to determine the form @fgp(k) by  dependence of the voltage position of the resonant peaks in
varying B and hencek; [see Fig. 4b)]. In particular, if 1(V) (see Fig. 4 All features inI(V) show only a small
ee(k—kg) is approximated by & function, thenM (kg) is  quadratic shift - B?) to lower bias with increasing, which
equal topgp(kg). A more detailed account of our model of is approximately the same for all resonances, and is consis-
the tunneling process in given in the Appendix. tent with the expected diamagnetic shift of the energy of the
The model provides a simple explanation of the magneti@mitter states.
field dependence of the resonant current featijriésandiii .

Thel(B) or G(B) plot associated with these resonances de- V. PROBING THE ELECTRON WAVE EUNCTION

atk? BB

i
it
T

-03 0.0 03

k, [233] &, (nm‘.l)

scribes the form irk space of the wave function probability :
. . . . OF (311)B AND (100 QD’S
density | pop(kg)|?, associated with different types of dot (319 (100 Q
states, i.e., the groun(@) state and firstii) and secondiii) We use our magnetotunneling experiment to obtain two-

excited states. Note that these plots have very similar form tdimensional maps of the probability densities of the electron
the probability density itk space associated with the ground, states confined in the QD’s. By plottirtg(B) for a particular

165308-5



A. PATANE et al. PHYSICAL REVIEW B 65 165308

z is separable from the in-plane motion and that all the ob-

(@) (100) QD served peaks involve findlQD) states that share the same
type of quantum confinement along theaxis. This corre-
Ground state sponds to the lowest energy quantization state for motion

along z. This allows us to label the QD states using the
quantum numbers, andn, for the in-plane motion, and,
for motion along z and to assign quantum numbers
{n«.ny,n,}={000;, {010, and{02G} to the states shown in
Fig. 5.

The contour plots of pgp(Ky,ky)|? reveal that the elec-
tron wave function has a biaxial symmetry in the growth
plane, with axes corresponding within experimental uncer-

tainty to the main crystallographic directiof®11] and

[233] in the (311B plane. For the ground state, the prob-
ability density has a narrower distribution knspace along

the[233] direction than along011] [see Figs. 5 and(8)].
This indicates that the dot shape is anisotropic, with the wave

function probability density elongated along {#33] direc-
tion in real space.
o~ Formation of anisotropic dots has been reported for
Donors In,Ga _,As QD’s grown on (311B or (311)A GaAs
substrates®~3° Anisotropy effects are more pronounced on
FIG. 6. Distribution in the Ky ,k,) plane of the probability den- the (311)A samples, where the bare (3Rtpriented GaAs
sity, | (K ,ky)|2, of the electron wave function for quantum dots surface reconstructs by forming an array of dimer rows elon-
grown on a(a) (311)B- and(b) (100-oriented GaAs substrates and gated along thg233] direction?®! More recently, a similar
(¢) for Si donors. The arrows indicate two main crystallographic reconstruction was also observed on the (BLd)iented
_directic_)ns on the(100- and (311B-oriented GaA; pl_anes. The GaAs surfacd?*3 We suggest that the presence of dimer
insets illustrate the formzqf the electron wave function in real space,\wvs on the (311B-oriented GaAs surface may act as a
(d) Plots of|pqo(kx.k,)|* in the plane ky.ky) for the ground and template for the subsequent growth of the strained material
excited states of100) quantum dots. . . . . ’
and possibly generate a preferential direction for the dot

direction of B in the growth plangx,y), we can measure the nucleaugn. . . .

dependence dinD(k)|2 along thek direction perpendicular ans_,lstent with the an|sotrop|c shape of the dot, the char-
to B. Then, by making a series of measurement§ (B) for ~ acteristic lobes of the first010 and second020 excited
various directions oB in (x,y), we can obtain the full, two- States are aligned along the elongated base of theéseet
dimensional profile of] @QD(kx,ky)|2- This represents the Fig. 5), corresponding to the direction of lower quantization
k-space projection of the probability density of the electronicEN€rgy. The lobed structure of the first excited state re-
state confined in the QD. sembles g orbital in which the twofold degeneracy is lifted

Figure 5 shows the form dB(B)~|¢qn(Ky.k,)|? in the by the lowering of cylindrical symmetry induced by the an-

plane K, .k,) for the three representative QD states correJsotropic shape of the dot. o _
sponding to resonancds ii, andiii shown in Fig. 4 for Our tunnel current measurements provide information
sample AL. The contour plots pbop(Ky ,ky)|2 clearly reveal about the wave.—funcnon probability dep:sny Imspg_ce, _and
the characteristic form of the probability density distribution W& can determine the form of probab||2|ty densities in real
of a ground state orbital and the characteristic lobes of théPace if we approximate theqp(ky.k,)|* plots by simple
higher energy states of the QD. It is clear from Fig. 5 thatfunptlons, e.g., the S|mple2harm0n|c_functlons used to de-
leqp(ky)|? has approximately the same form for all three scribe the forzm of theB(k,)|* plots of Fig. 5.2For the ngOl_Jnd
states, wheredgp(k,) |2 corresponds to three lowest states State,| B(ky)|* can be expressed as expél?), wherel? is

of quantization alongy. This suggests that, to a reas- €qual to the expectation value gf (17=(y?) andk,/B
onable approximation, the probability density ik  =eAs/%. As discussed in Sec. Ill, the tunneling distadce
space, |oop(Ky.ky)|?, is separable, i.e.|¢op(Ky.k,)[? ~ may be different at different locations in the plane of the
=|a(kx)|2|[3(ky)|2y Although our measurements provide us barrier due to mesoscopic effects in the emitter. For the dots

O
<k,. [001]

.y f-’w\‘
(100)QD %%

< k, [001]

k. &

(b)

Excited state

[010]°

with detailed information about the symmetry of the QD that generate the strong resonances inl{hg plot, we es-
wave functions with respect to the in-plane coordinates, theyimate thatAs is in the range 20—-28 nm. This leads to a
give us no information about thedependence. However, in corresponding uncertainty in the value kf/B (=3—4
general, the dot height is much smaller than the dimensiona 10’ m~*T~1) and in the size of the electron wave func-
of the base. As the quantization energy of confinement alontjon, as estimated from the analysis of tl;ﬁky)|2 plots. We
zis much higher than that for in-plane motion, in interpretingfind that for the ground stat®00Q, 2|, = 16=2 nm, which is
the magnetotunneling data, we assume that the motion alorgiose to the typical in plane size of our (3BLgots (~18
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nm) as measured by atomic force microscisnd thaty?) approximately toroidal electron charge distribution for the
increases with the quantum numbegy. A similar analysis ~ first excited state, similar to that measured recently in
for the| a(k,) |2 plot allows us to determine the characteristic spherical-shaped colloidal dt3.
size of the electron wave function along 2l,, which is For comparison purposes and as a means of validating the
equal to 31 nm. MTS technique, we have also studied the form of the elec-
The angular frequency of the oscillatar, is related to the  tron wave function for hydrogenic-states associated with
lateral extentl of the wave function and to the electron ef- substitutional Si donors in a GaAs QWgample C3 We
fective massm according to the relatiomo=#A/ml%. This  used a A|Ga _,As/GaAsAlGa _,As resonant tunneling di-
indicates that the quantization enerfjw, for electron mo- ode in which the central plane of the quantum well was very
tion alongx, is significantly higher than thati(,) for mo-  lightly doped (~4x10° cm™?) with Si donors® In this
tion alongy (wx/wy=|§/|>2<~3)- The strong quantization of case, it was showffi that an additional resonant peak is ob-
motion along thex axis may explain why we do not observe served due to tunneling of electrons from the emitter into the
any resonant peak in(V) with a spatial form characteristic 1s ground states of the QW-confined donors. This peak oc-
of a {100 state. First, such states should occur at an energgurs at a bias close to the threshold for tunneling into_ the
of (3fiw,/2)+ (fiw,/2)~5hw,, which exceeds the energy lowest energy subband of the QW. TR¥B) plots associ-
values of the{000}, {010,, and {020 states, approximately ated with tunneling into the ground state of the donors reveal
2fiwy, 3ho,, and 4w, respectively. This means that the that the electron wave function has circular symmetry in the
{100 states should occur in the voltage rarige®.1 V) over ~ growth plane, as expected for @ ionor ground statgsee
which the current starts to increase rapidly due to tunnelindig- 6(c)]. This result provides strong supporting evidence
into the delocalized states of the wetting layer. This backthat the anisotropic wave functions of the diee Figs. &)
ground current may well mask the resonant features correand @b)] are associated with their anisotropic shape, and not
sponding to{100; states. Second, the stronger spatial local-With any anisotropy of the quantum tunneling coefficient, as
ization of the{100} state means that the resonant currentcaused, for example, by the anisotropy of the conduction
reaches a maximum value at a field-e8 T compared to-5  band structure of the AGa _,As tunnel barrieré!
T for the {010 state. As discussed in further detail in Sec. ~With the simple two-terminal device used in our experi-
VIl and in the Appendix, at these higher fields the tunnelment, it is not possible to tell whether a particular ground
current is suppressed due to the effecBadn the transmis- state or first excited state resonance corresponds to resonant
sion coefficient through the emitter barrier. tunneling through thesame QD or through two different
The in-plane anisotropy of the electron wave function isQD’s. In particular, resonancesii, andiii could correspond
less pronounced for InAs QD’s grown on(&00-oriented  to states of different dots, albeit dots with a similar, laterally-
GaAs substrate than for those grown on (R.1Figure Gb) confjning potential. In SEC.. V|, we describe a method. Of'
shows plots off @QD(kaky)lz in the plane ky,k,) for the s_olvmg the problem of assigning the resonances to an indi-
ground state 0f100) QD's (sample A2. The wave function Vidual dot.
has a biaxial symmetry in the growth plane, with axes cor-
responding quite closely to two main crystal_lographic axes, VI. TUNNELING DIODES WITH ELECTROSTATIC
andy ([010] and[001] axes. The wave function tends to be GATES
elongated along one crystallographic axis, but the anisotropic
effects are less pronounced than for the case of B11) We use a gating technolot{*®to probe an ensemble of
QD’s. STM measurements on our uncovered Q@igh no  InAs QD’s embedded within an fbGa& gAs tunnel barrier
GaAs cap layerindicate that the dots tend to have a rectan-(sample B. Our device is a square mesa of side @um,
gular or square shape in the growth plane, with sides alignedhich incorporates four independent, lateral gates in addition
along the[001] and[010] directions. Other groups also ob- to the source and drain conta¢tee Fig. 2b)]. Full details
served a similar alignment using STM, transmission electrorf the processing of tunneling diodes with electrostatic gates
microscopy, and atomic force microscopy techniof?é§.lt ~ were given in Ref. 49. The active area of the device is re-
has been proposed that ordering of dots along @] and  duced due to the finite extent of the Schottky depletion re-
[010] directions can be expected, as these directions corragions around the gates. This implies that for a dot density of
spond to the smallest stiffness constant of the cryStalso,  ~ 10 dots/cn?, there are fewer than 50 dots in the active
a small misorientation of the GaAs substrate may cause syntegion of the devicé Then, since the effect of the applied
metry breaking between the two directions and produceyate voltageV,, on an individual QD is to adjust its poten-
slightly anisotropic dot shapes, as suggested by our MT$al energy by an amount dependent on its proximity to the
images. For the excited state, the wave function exhibits gates, the gate electrodes provide an electrostatic means of
central node, i.e., it has a toroidal form, in contrast to theaddressing a particular dot within the ensemble.
axial lobes that are found for the excited states of the (B11)  Figure {a) shows a gray-scale plot of the differential con-
QD’s[see Fig. &d)]. The different forms of the excited states ductanceG for the gated device, taken at a temperature of
for the two substrate orientations may originate from the0.3 K and atB=0T. The axes of the plot are the source-
different shape of the two types of dots. The pronouncedirain voltage,V, and gate voltagey,. The gate voltage is
anisotropic shape of the (31B)dot leads to a preferential applied to two of the four gate electrodes. Lighter shading
electron distribution along the elongated axis of the dot. Irrepresents higher values @&. Resonances in the conduc-
contrast, the more isotropic shape of {i60) dot leads to an tance are observed in the source-drain voltage range 0-0.3V,
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(a) Two gates (b) E[::t] One gate 6T 12T
: -« a2
02 a2 k,
2
6 a kx
3
; L)
0 ! <« al = ol
: 0 8 16 0 8 16
i B(T) B(T)
i FIG. 8. (a) Gray-scale plots of the conductanés=dI/dV, at
: T=0.3 K, with axes of source-drain voltageand gate voltag¥/,
0 et ] Bt e for resonancesal anda2 atB=0, 6, and 12 T(device B. (b) B
04 00 +04 04 00 +04 dependence of the amplitude of the peak in conductance associated

V(V) VeV) with resonanceal anda2 (Vy=+0.4 V). This provides a plot of

_ _ |<pQD(k)|2, the wave-function probability density in Fourier space

FIG. 7. Gray-scale plots of the differential conductan@,  of the electron confined in the dot. Continuous lines are fits to the
=dl/dV, atT=0.3 K for device B. The axes are source-drain volt- measured(PQD(k”z using the probabmty density of the two lowest-
ageV and gate voltag®. Lighter shading represents higher val- energy states of a harmonic oscillator. The insets show two-
ues ofG. The negative gate voltage is applied@ntwo or (b) one  dimensional maps dfpqp(k)|? in the (k,k,) plane.k, andk, are
of the four gate electrodes. parallel to the main crystallographic directions of the (B pJane,

[011] and[233], respectively.

and are due to tunneling through the dots. The differential
conductance peaks allow us to identify the onset of the resgnaximum at~10 T, followed by a gradual decay to zero.
nance for each QD state, and to determine clearly the gatéNote that the magnetic field scale of the modulation of the
voltage dependence of each resonant feature. The values G{B) plots is higher than that observed in samples Al and
source-drain voltage, at which the resonant peaks occuA2. This is a result of the different design of sample B; the
move at different rates with varyind, . For those QD's that smaller tunneling distanceA&~ 10 nm) implies that higher
are closer to the two active gates, we can expect that themagnetic fields are required to probe the rangé afector
voltage position of the conductance resonances is more seassociated with a given dot state=eBAs/#).
sitive to V4 than for those that are remote from the gates. The differentB dependence of the amplitude of the reso-
When one of the two gates is switched off, some of thenant featureal anda2 suggests that they arise from differ-
resonances become independent/gf indicating that they ent types of dot states, namely, the grouad X and the first
arise from those dots further from the gate that is still active(a2) excited state. The form of the two-dimensional maps of
[see Fig. T)]. Here we focus on two conductance peaksthe electron probability densities also confirms this assign-
labeledal anda2. They exhibit an almost identical depen- ment. As can be seen in Fig(8, the contour plots of
dence onVy, and also on the combination of gates used|| goQD(kx,ky)|2 reveal the characteristic form of the probabil-
This strongly suggests thatl anda2 are due to tunneling ity density distribution of a ground-state orbital) and the
throughdifferentquantum states of theamedot. characteristic lobes of the higher-energy staa@)( of the

The nature of resonancesl anda2 can be probed in dot.
further detail by magnetotunneling spectroscopy. Figues 8 We now show that the measured probability density pro-
shows gray-scale plots & at T=0.3 KandB=0, 6, and 12 files are consistent with the measured energy spacitg,
T in the voltage range of the two resonances. The magnetioetween the dot states associated with resonaicesda?2.
field affects the voltage position @l anda2 in a similar AE is determined by rescaling the voltage spaciy
way, while it affects their amplitude differently: increasiBg ~114 mV between the two resonances by the electrostatic
to 6 T has the effect of increasing the intensity of resonancéeverage factorf, where AE=eAV/f. By using f=2.5
a2, whereas it decreases the intensitya@f Detailed analy- +0.5, estimated from a simple electrostatic model for the
sis of theG(B) plots[see Fig. 8)] shows that resonaneel. ~ device, we findAE=40-60 meV. On the other hand, if we
has a maximum inG(B) at B=0T followed by a steady fit the measured value d»toQD(k)|2 by the calculated prob-
decay to zero at around 10 T; resonaa@eshows almost no  ability density for the ground and first excited states of a
conductance aB=0T, with G(B) increasing to a broad harmonic oscillator potentigkee the continuous lines in Fig.
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which leads to &B-dependent suppression of the amplitude
of the tail of the electron wave function in the emitter and a
T corresponding decrease of the transmission coeffitiefith

II increasingB.>? This effect can be described by expressing the

Structure B

V=0.4 eV

tunneling current ad ~|MT|?, where T is the Bardeen
transfer-matrix element between the emitter and the quantum

s emitter dg=10m  OD dot states and=|T|? (see the Appendix In order to mea-
X0 sure the Fourier transforitM) of a quantum dot wave func-
) Structure A tion by measuring th® dependence df, it is necessary that
= i T tis a constant or depends only weakly BnUsing the WKB
: Al, Ga, As v approximation and the barrier parameters, we have estimated
N 7=0.6eV GaAs the B dependence df As shown in Fig. 9, the transmission
Gaks J coefficient and hence the current are reduced by a factor two
05eV X 7 - atB~6 T in the type-A devices. This dependence is weaker

S, OMitter  A4s=25nm 0D than that experimentally observed for resonainaed differs

§ 12 16 qualitatively from the observed non-monotondBsdepen-
B(T) dence of resonances and iii: note that resonanci (i)

o o actuallyincreasesn amplitude over the range of field O to 4

FIG. 9. Magnetic-field dependence of the transmission coeffl—l— (3—7 T) [see the right inset of Fig.(8]. This indicates that
cientt of the tunneling barrier between the occupied emitter state%e increase of effective barrier height dueBdas a rela-
and the QD layer for structures of typestottom and B(top). The ively small effect, and that the plots shown in Fig. 5 repre-
insets sketch the form of the tunneling barrier for the two types Oftsent images of th,e actual probability densit)kiﬂpac.e of an
structure.As and V describe, respectively, the tunneling distance electron state confined in the dot. sliahtly distorted by Bhe
and the height of the tunnel barrier B&=0 T. The transmission dependence of the transmission'cogﬁic{ent n orde¥ t0 re-

coefficient was calculated assuming a valueVoequal to 0.6 V o . . .
(dashed ling 0.55 V (continuous ling and 0.5 V(dotted ling for duce this distortion, it would be desirable to reduce Be

devices of type A, and equal to 0.4 (dashed ling 0.35 V (con- ~ dependence of relative to that ofM, for example, by re-
tinuous ling, and 0.3 V(dotted ling for devices of type B. ducing the value of the tunneling distands and/or by in-
creasing the height of the tunneling barrier. This is realized
8(b)], we find that the electron wave function in real spacein sample B, where the dots are embedded directly in a
extends over a characteristic lengthy2 14 nm, which is  Single AbG& ¢As barrier and the tunneling distance is re-
comparable with the typical in-plane size of our détslg ~ duced to a value of-10 nm, compared witths=25 nm for
nm).** Since the angular frequency of the oscillateg, is  the type-A structures. As can be seen in Fig. 9, for sample B,
related tol, and to the electron effective mass we can the transmission coefficient depends weaklyBand it is
obtain an independent estimate™E according to the rela- réduced only by a factor 1.3, even at the maximum field used
tion AE=7iwo=#2/mly2. Assuming that the strain modified for this type of structure. o
InAs effective mass is in the range (0.03—0:04) where Finally, as a further development of the MTS technique, it
m. is the free-electron ma8&°! we find that 4w, Would be desirable to reduce the uncertainty in the value of
—=39-52 meV, which is comparable with the measuredhe tunneling distancejs, the parameter that controls the
value of AE. scale ofk values k/B=eAs/#). This could be done by re-
designing the emitter contact, e.g., by using a prewell in the
emitter region. This would allows us to define more precisely
the location of the wave function in the emitter and hence the

Although the MTS technique allows us to observe cleavalue ofAs.
guantization effects in the dot, a direct correlation between
the measured values bfand/orG, and the probability den-
sity plots may be limited by a number of factors. When an
electron tunnels from the emitter into the QD, it can be scat- In recent years, several different approaches have been
tered by the local distribution of impurities. This has theused to calculate the eigenstates of QD’s. They include per-
effect of broadening the range &fvalues acquired by the turbation theory, effective mass calculatirsight-bandk - p
electron, thus limiting the “resolution” of the MTS tech- theory?*'"'8and empirical pseudopotential mod&lsPub-
nigue in probing the detailed form of the probability density lished work describing these calculations generally depicted
plots, such as the nodal features of the QD electron wavéhe wave functions in the form of plots of the probability
function. Note, for example, that the minimum of the seconddensity in real spacé;pQD(r)F. Since it is a straightforward
(iii ) excited state of the dot does not correspond to zero amsk to Fourier transform the calculated wave function into
expected for a wave function nodsee Fig. %. In addition, its k-space equivalent, a direct comparison could then be
the momentum gained by the electron in they) plane made with our measured probability densitieskinspace.
through the action of the Lorentz force also leads to a reducAlso, we believe that the form of the probability densities
tion in the energy associated with the motion alanghisis  may provide a useful means of assessing the confining po-
equivalent to an increase of the effective barrier heighttential of the dot. The shape and composition of the dots that

VII. LIMITATIONS OF THE MTS TECHNIQUE

VIIl. PROSPECTS AND CONCLUSIONS
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are currently studied by optical and electrical measurements
are not known precisely, so theoreticians deal with simple M =J J ®op(X,Y) @e(x,y)dx dy (A1)
and ideal dot morphologies, with correspondingly simplified
profiles for the dot potential. and

We believe that MTS studies of the type reported here can h? dxap(2) Ixe(z2)
now be extended to other material systems and interesting T= >m Xe(2) 97 ~ Xqo(2) 0z - (A2)
devices. In principle, by using appropriately designed de- %0
vices withp-type contact layers, the MTS technique could beHere we assume separability betweenxtpandz motions of
used to investigate the wave function of the holes. Also, thelectrons. In these equatior®,(x,y,z) = os(X,y) xs(2) is
quantum states associated with ring-shaped QBR&f. 16  the eigenstate oHs. T is evaluated ag,, a point in the
or with the many-body states of a QD could be parrier between the emitter and the quantum dot layer.

investigatecf.“_ ~ The electronic states in the quantum dot are given by
In conclusion, we have shown that magnetotunneling 1
spectroscopy provides a means of probing the electron wave HQD=ﬁ(p+ eA)’+ Uop(X,y) +Vap(2), (A3)

function of self-assembled InAs QD’s. We have identified

confined states in the dot showing the elliptical symmetry ofyhere Uop and Vp are the confining potentials in they

the ground state and the characteristic lobes of the excite@ane and along, respectively. Sinc8 is applied parallel to
states. We have also drawn a correlation between the spatigde x axis, A can be written as (8;Bz0) in the Landau
symmetry of the electron wave function and the morphologi-gauge. For a quantum dot whose confining potential along
cal properties of quantum dots grown on differently orientedis much stronger than both the confining potential in xie
GaAs substrates. Finally, we have shown that the MTS techplane and the magnetic confinement, the quantum dot wave

nique can be further refined by using tunnel devices thafunction W op(x,y,z) may be written as the variational form
incorporate gate electrodes. The gate technique was used as a

means of identifying and measuring the energy levels and \PQD(x,y,z)=e‘qy<pgD(x,y)X°QD(z), (A4)
corresponding wave function probability densities of an in- , . 0 ]
dividual dot. whereq is a variational parameter ano%D(x,y)XQD(z) is

the zero-field quantum dot state. The expectation value of
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APPENDIX
. 2
We use a tunneling Hamiltonian approximation to model W op(X,y,2) = €Y% Bl (X,y) xop(2) (A6)
the effect of an in-plane magnetic field on the tunneling cur- o 1. 2 o 5 o
rent through a quantum dot. This provides a simple theoret- Eqp=Eqp+ 2Mwg{xqnl (2~ Zqp) | xqp)- (A7)

|pal framework for the M'I.'S.teghnlque. The mo_del Calcula'These equations clearly show that the magnetic field intro-
tion reveals some of the limitations of the technique that we

have discussed in the main text. duces an additional phase factor fgp/I5)y] into the

We consider a resonant tunneling structure of the typé/vave function, and a diamagnetic shift of the electron en-

shown in Fig. 1. In the experiment, the tunneling current®’
along the growth directioffwhich is defined as the direc-

tion) was measured in the presence of a magnetic fld 1
applied perpendicular to theaxis. In the experimenB was He==—(p+eA)2+Vg(2)
applied along different directions in thg plane, but without 2m

For the three-dimensional states in the emitter, we have

loss of generality we can choose the directiorBoéis thex 2 2 _ 2
> e ) Px Pz (py—eB2

axis in the following discussion. =—+-——+————+Ve(2). (A8)
We divide the system into three subsystems: emif&r 2m  2m 2m

guantum dot(QD), and collector(C). Each subsystem can
then be described by an appropriate Hamiltortiey) where
S=E, QD, orC. For the case in which the tunneling current
| is limited by the emitter barrier is proportional to the
modulus squared of the product of the tunneling matrix ele-
mentM and the Bardeen transfer-matrix elem@&nbetween Inserting Eqg.(A9) into Eq. (A8), xe(2) is found to satisfy
the emitter and the quantum dot states, i.e.|MT|? where  the equation

Because bothp, and p, commute withHg, we can
choose the wave functiol ¢(x,y,z) as

\PE(Xiyvz):eikxxeikyyXE(z)- (Ag)
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pz 1 is proportional to square of the Fourier transform of the
2—+VE(Z)+ MwZ(z—2)%| xe(2) = exe(2), quantum dot wave function,
(A10) E_
2_|.0
whereZ=I§ky is the center coordinate of the magnetic con- loc|MT[*= GDQD( kx’_|2_>

finement. The electron motion alorgs determined by the

electrostatic confining potentidVg(z) plus the magnetic 1o eBAs)|[?

conﬁnementémwz(z Z)2. Note that the center coordinate =|®qo| ki~ A

of the magnetic confinement is related to the wave vector

anngythrouth—IBk where As=zop—2z¢ is the tunneling distance alorg The
Using the wave funct|ons of the quantum dot and the tunneling current is given by integrating this equation over

emitter states given in Eq$A6) and (A9), the tunneling k, according to the electron distribution in the emitter. Be-
matrix elementM, is written as causeB does not couple to the electron motion alonghe B

dependence dfis mainly determined by thk, dependence
. of the probability density ifk space of the quantum dot wave
:f f Pop(X.Y) ee(x,y)dx dy function. Although Eq. (A12) is derived for three-
dimensional emitter states, it can also be applied to weakly

T2,  (A12)

_ * ik x . 2 confined emitter states as long as the spatial confinement in

_f f ¢ao(x,y)e™ exrli(ky~zq/I5)y]dx dy xy plane in the emitter is much weaker than that in the quan-
0 5 tum dot.

= ¢qp(kx,Ky=Zqp/IB), (AL1) In order to measure the Fourier transform of a quantum

dot wave function using EqA12), it is necessary thak is a
Where(PQD(kx ,ky) is the two-dimensional Fourier transform constant or depends weakly & The magnetic confinement
of (,DQD(X y). We definezg as the coordinate of the edge of along thez direction reduces the tunneling probability by
the Fermi sea of the electrons in the emittsee Fig. L increasing the effective barrier height at finite magnetic fields
Electrons with orbits located at, i.e.,withkyszllé, will and thus reduces the tunneling curremt-(T|?). Within
make the dominant contribution to the tunneling currentthe Wentzel-Kramer-Brillouin (WKB) approximation,
since states W|tlk >zE/I2 (or Z>z;) are empty and states the transmission coefficient=|T|?> can be expressed
with k, <z /13 (or Z<zg) are located deep inside the emit- as ex;ﬁ (2/1)[5°V2mV(z)dz],  where V=V(2)
ter, and therefore have lower probability of tunneling into the+ : mw?(z—Z)?. Figure 9 shows th& dependence dfcal-
guantum dot. We therefore expect that the tunneling curremulated for the barrier parameters of structures A and B.
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