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A thin InAs/GaAs wetting layer with shallowly formed InAs quantum d@@D’s) is investigated by means
of optically detected microwave resonance spectroscopy. The absorptibfband (95 GH2 microwaves is
observed via the detection of changes in the total photoluminescence intensity of the InAs QD’s. A strong and
anisotropic signal at low fields is ascribed to cyclotron resonance of the electron in the two-dimensional
wetting layer, corresponding to an effective mass of On@b3Further microwave-induced signals at higher
fields are tentatively attributed to magnetic resonance transitions between spin states of the holes confined in
the shallow dots.
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I. INTRODUCTION the dot and more compact than the electron. Furthermore, as
shown by polarization-dependent PL measurements, the in-
Semiconductor quantum d@@QD) structures have been duced dipole is directed antiparallel to the growth direction:
shown to form ideal realizations of zero-dimensional quanwhile the holes are localized at the apex of the dots, the
tum confined systems and have led to the observation of @lectrons are at the level of the wetting layer. A similar di-
large number of novel physical phenoméndoreover, they  pole orientation was reported in Ref. 13. The separation of
are promising for applications in the near future, includingelectron and hole partly explains the relatively long radiative
QD-based detectofdasers® and charge storage devickl  lifetimes, up to 10 ns at 80 K, observed for this sanifle.
spite of the intensive research performed on InAs/GaAs selfOptically detected microwave resonance is detected for the
assembled QD’s, a detailed characterization of their strucfirst time in semiconductor QD’s grown by epitaxial meth-
tural and electronic properties is only recently coming intoods, which is made possible by the exceptionally long exci-
reach, applying optical spectroscopy, electron microscopyion lifetimes, combined with the application of high micro-
and scanning probe microscopy. A highly sensitive approackave frequencies<95 GHz, in theW band which further
to examine the magnetic manifolds in low-dimensional semirelaxes the lifetime requirements.
conductor structures is double-resonance techniques in
which micrqwave resonance transi.tions are optically de- Il. SAMPLE SPECIFICATIONS
tected. Optically detected magnetic resona@DMR)
spectroscopy has been advantageously applied in studies of The investigated sample was grown by molecular beam
recombination centers in semiconductoasmd of excitonic  epitaxy of InAs in an amount equivalent to 2.0 monolayers
states in quantum welfssuperlatticed,and core-shell quan- (ML) on a (001)-oriented GaAs substrate as described in
tum dots® Optically detected cyclotron resonant@DCR) detail in Ref. 12. The growth process was monitoireditu
of charge carriers has been reported in bulk matériats by means of reflection high-energy electron diffraction
well as in low-dimensional structures such as quantum well$RHEED), which revealed the formation of quantum dots.
(see, e.g., Refs. 10 and)11 Due to the relatively high growth temperature=500 °C of
We report here on the optical detection of cyclotron andthe GaAs capping layer, the InAs material is expected to be
magnetic resonance transitions in a structure composed @fartly diffused into this capping layer. This was confirmed by
weakly defined or shallow QD’s formed as thickness anchigh-resolution transmission electron microscopyEM)
concentration fluctuations of a narrow InAs containing layermeasurements in a sample prepared for cross-section mea-
embedded in a GaAs matrix. From the observation ofsurements. Instead of a sharp wetting layer with well-defined
phonon-assisted photoluminescen&.) measurements on dots, an In-rich region was observed of 6—-7 ML —with a
the investigated structuré jt was deduced that in the lowest total width of ~2 nm— on top of the GaAs substrdfe.
exciton state, the electron and hole are localized in differenf\ithough the TEM measurements do not reveal the presence
regions of the shallow dots: the hole is more confined insidef QD's in this structure, formation of InAs QD’s is demon-
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strated by the RHEED measurements during the growth, ar
optical study of the exciton-phonon coupling in this
samplet® and the magnetic resonance results presented here

Ill. EXPERIMENTAL DETAILS

rb. units)

Photoluminescence measurement were carried out in s
liquid-helium-cooled optical cryostat, while illuminating the =
sample with a few milliwatts of 632.8-nm He-Ne laser light. .

PL-intensity-detected ODMR spectroscopy was per- .
formed at theW-band microwave frequency 695 GHz
using a custom-built Fabry-Perot cavlty,in conjunction
with a split-coil 6-T superconducting magr@xford Instru-

luminescence
spectrum
InAs/GaAs QDs
T=95K

sign

=
o
o

PL intensity (arb. units)

ments. The magnet was placed on a homebuilt rotating base 12 13 14

for easy angular variations. A sample in the Fabry-Perot cav- ' ' ey

ity can be rotated around a horizontal axis, which, together 0 ] 5 3 4
with the static magnetic field rotation around the vertical Magnetic Field (T)

axis, permits a complete angular study. Excitation of the

sample was performed through a cryostat window with the FIG. 1. Microwave spectrum measured as a modulation of the
647.1-nm light of a continuous-wave Kion laser at typical ~ PL of the shallow InAs/GaAs QD’s, shown in the inset. The static
incident power densities below 0.06 W/&mThe emitted magnetic field was applied parallel to the growth axis of the sample,
light is collected via a quartz light guide and directed B//[001].

through a 950-nm cutoff filter, onto an avalanche Si photo-

djode. The microwave-induced chang_es in the total PL inteng o highly anisotropic. Upon rotation of the sample or the
sity were synchronously detected with the3 kHz on-off  giatic magnetic field direction away from tB4[001] posi-
modulation of the applied microwaves. Experiments Wergion the low-field line broadens while moving towards
performed at a temperature of 1.87 K, using an CryoVagigher fields(see Fig. 2 After rotation over 30° away from
immersion cryostat(Troisdorf, Germany All spectra re- g parallel direction, the peak maximum is shifted to 0.25 T
ported here were obtained with microwaves at a frequency Aing s broadened to a width of 0.2 T. The high-field line,
93.496 GHz, with an on-off modulation of the microwave ,\ever, is observed only close to the parallel direction and

power _at 2.986 kHz. ) ) _ vanishes upon a rotation over less than 25°. Another anisot-
Similar spectra were obtained with the Fabry-Perot cavity

for measurements performed B&4.5 K, using an Oxford

Instruments helium-flow cryostaf. Furthermore, experi- B//[001], 0°

ments were performed at the same temperature in a comme 5

cial cylindrical cavity (Bruken using a special fiber bundle 15

arrangement? 22°

26°
IV. RESULTS 2> 30°
2 | W
The PL spectrum consists of a broad peak centered aé " ‘.\‘%

1.31 eV with a full width at half maximunFWHM) of 40 = "‘,\‘;“

meV (see the inset of Fig.)1This relatively high transition g }:.\ ‘

energy, compared to a typical transition energy=df.1 eV O L -

for the lowest exciton in InAs quantum ddfSpoints to the ‘ 2

small effective size of these shallow dots. The edge of the \

wetting layer in this sample was determined to be around o

1.345 eV as revealed by both PL-excitation measurement: ®

and by a high-energy shoulder on the luminescence bant s o1 @ oz o8 @ oz @ os  os 0%

when exciting the sample at higher densifi®s.

The optically detected microwave resonance spectrum,
when the Stat_ic magnetic field is appligd parallel to_ the FIG. 2. Dependence of the low-field ODMR signal on the angle
growth orz axis of the sample §|[001]), is presented in  pepyeen the static magnetic field and the growth axis of the sample.
Fig. 1. Two features of opposite signs are observed: afor each angle of the tilted magnetic field, the calculated field po-
0.178 T there is a negative signal, i.e., a microwave-induceditions are given: The circles represent the predicted field positions
decrease in the PL intensity. The width of this relatively for the cyclotron resonance of an electron with an effective mass of
sharp peak is 0.13 T. The broader, positive band around 1.58053n, in an ideal 2D layer. The calculated values for an electron
T, with a width of approximately 0.6 T, corresponds to ain a parabolic quantum well in a tilted magnetic field are displayed
microwave-induced increase in the PL intensity. Both signalsy the squares.

Magnetic Field (T)
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FIG. 3. Dependence of the resonance spectrum on the angle of FIG. 4. Dependence of the resonance spectrum on the angle of
the static magnetic field when rotating in the quantum dot planghe static magnetic field. Rotation fronB//[001] towards
(BL[OO1]). B//[110].

iéow QD’s, and not to spurious signals from the substrate or

ropy is observed when the external static magnetic field :
capping layers.

rotated in the QD planeB1[001]) from the[ 110Q] direction

towards thg 110] direction, as is shown in Fig. 3. Whéhis

applied parallel to th¢110] direction, two broad bands ap- V- DISCUSSION

pear in the ODMR spectrum. At 0.24 T a negative signal is The investigated dots have a small effective size with a
observed(width 0.29 Tj, and around 1.96 T there is an transition energy close to that of the wetting layer. According
asymmetric—probably composite—positive signal with ato previous studie¥’ the holes are localized at the apex of

peak width of 0.8 T. The low-field signal at 0.24 T decreaseghese InAs QD’s, while the electrons are close to the wetting
in intensity and is no longer observable after a rotation ovetayer. This points to a configuration where the hole is tightly
60° towards thé¢ 110] direction. Also the high-field signal at confined inside the QD and the electron is not or only weakly
1.96 T decreases in intensity upon rotation of the magnetic
field. Furthermore, the latter narrows asymmetrically, and af-
ter a rotation over 30°, the peak position is shifted towards

1.7 T. WhenB|[110] no clear spectral features are observed

in spite of the crystallographic equivalence withl0]. The

transition of the ODMR features, from a spectrum obtained ey ——

with the magnetic field direction parallel to the growth direc- - \\ .
B//[-110], 90° 30°

tion of the sample, towards the spectra for a field in the planeg
of the InAs layer, is shown in Figs. 4 and 5 for rotation from =

B||[001] to [110] and to[110], respectively.

In order to confirm the attribution of the microwave reso-
nances to the electronic states of the shallow QD’s, measure
ments were performed using a cutoff filter of 950 nm to 60°
eliminate all optical signals at higher energy. Optically de-
tected magnetic resonance spectroscopy was also performe
on a sample grown under nearly the same conditions bu
without the formation of quantum dots: in this case a low
growth temperature<450 °C) was used for deposition of
the 2.0-ML InAs layer and the GaAs capping layers. At such
low growth temperatures, migration of InAs on the surface is FIG. 5. Dependence of the resonance spectrum on the angle of
inhibited, resulting in a relatively smooth layer. This samplethe static magnetic field. Rotation fronB//[001] towards
shows intense PL only in the region of the fundamentalB//[110]. Angular variation was obtained by rotation of the sample
GaAs transition. No microwave-induced PL spectra could ben the cavity around its axis. A rescaling of the intensity was applied
detected. This is a second test demonstrating that the olas, in this optical geometry, the excitation intensity increases with
served microwave resonances are directly related to the shahe rotation of the sample towards th&10] direction.

B//[001], 0°

nsity

ODMR In

T L T ¥ T r T
0 i 2 3 4
Magnetic Field (T)
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FIG. 6. The extension of the wave function of
an electron with effective mass* =0.053n; in
a harmonic oscillator with confinement frequency
Wy =130 GHz(Gaussian wave functigrand that
of an electron in a square well with a depth of
109 meV and a width of 2 nrfexponential wave
function).

Wave function

5x1072 1x1077 1.5%x1077 2x1077

Distance from Center of the well (m)

bound to it and is spread out into the two-dimensiaf2ab) observed for cyclotron resonance in a GaAs/GaAlAs
wetting layer. Various authors have reported on cyclotrorsuperlattice'
resonances(CR’s) of 2D-confined electrons in quantum  To take into account the finite width of the 2D wetting
wells and in superlatticetsee, e.g., Refs. 10, 11, and)21 layer, the results from a parabolic quantum well in a tilted
The low-field peak at 0.178 Tfor B||[001]) is attributed to magnetic field are examinéd.The dependence of the mag-
CRs of the electron confined in the InAs-rich layer. This netic field position on the angle of the static magnetic field
yields a value for the effective electron mass of 0/©853 can then be found from
which lies between the electron effectivezzmass in bulk InAs
(0.023ny) and that in GaAs (0.068,).““ In quantum- 1 1
confined structures, changes of the effective masses due t&uw= §(w§+w3)— §[w§+ 0o~ 2wiw5c0g26)]
strain can be expected. Calculations of the effective masses (1)
in InAs/GaAs quantum dots predict an electron effective
mass of 0.0401, (Ref. 23 or even 0.0561, (Ref. 24. An  In this equationw ,,,/27 corresponds to the microwave fre-
enhancement of the electron mass has been reported for InAgiency of 93.486 GHz. can be found from the electron
quantum wells and superlatticésee, e.g., Refs. 25, 11, and effective mass, and/27 is the confinement frequency of
26): a value of 0.050 was found for the electron mass in a the parabolic quantum well. In Fig. 2, for each angle of the
InAs/GaSb quantum weff tited magnetic field, the calculated field positiofsgjuares
It is worth mentioning here that we have also performedare plotted of an electron, with an effective mass of 09§53
experiments on a series of well-formed InAs/GaAs QDin a parabolic quantum well with a confinement frequency
structures,” but all with negative results. The exciton life- ,/27=130 GHz. This simple theoretical model already
time is known to be short in these systenss1( ng in con-  demonstrates the influence of the finite width of the wetting
trast with the investigated sample, which has been shown tfayer on the field position. To examine the physical meaning
possess a charge-separated exciton’$tatel a much longer  of a confinement frequency of 130 GHz, a comparison was
radiative lifetimel* made between the extension of the wave function of an elec-
The angular dependence of the peak shows the confingron with effective massn* =0.053n, in a harmonic oscil-
ment of the electron within the InAs-rich layer. In an ideal |ator with this confinement frequency of 130 GHz and that of
2D system, only the magnetic field component which is peran electron in a square well, representing the two-
pendicular to the 2D plane induces cyclotron orbits. Thisdimensional wetting layer. This is shown in Fig. 6. A width
yields a 1/cos dependence for the peak position on the angleof 2 nm was used for the width of this square well, which
0 between the static magnetic field and the normal on the ORorresponds to the width of the wetting layer as determined
plane. Withm* the effective mass and /27 the cyclotron by TEM. The conduction-band offset of the InAs wetting
frequency corresponding to the transition energy of 93.48Gayer is represented by the depth of the well. An offset of
GHz, this dependence of the static magnetic field position i909 meV was extrapolated for an ,iGasAs quantum
given by B=(m* w.)/(e.cos). In Fig. 2, for each angl#  well.*° Taking into account the diffusion of the indium into
between the static magnetic fieBl and the[001] growth  the GaAs capping layer, an effective In concentration of only
direction, the calculated field positions are plotteticles of ~ 15% was assumed. The same In concentration and a compa-
an electron with an effective mass of 0.0&3 In our case, rable InAs layer thickness were found in similar INAs/GaAs
the electron is not confined within an ideal 2D system, andsamples’ The overlap between the two wave functions in
thus a variation from this 1/césdependence can be ex- Fig. 6 is not perfect, but one can reasonably expect the oc-
pected. A similar deviation from this 1/c@éslependence was currence of effects like band bending, which would further

12
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decrease the conduction band offset and would result in an The InAs quantum dots are expected to have a pyramidal

increasing similarity between the two types of wave func-or gisklike shape for which thg110] and[110] directions
tions. Although tr_ns is only a simple theoretical mpdel, it gre equivalent. The change of the ODMR spectrum when
supports the attribution of the observed ODMR signal toy5rving the direction of the static magnetic field in this plane
cyclotron resonance of the electron confined in the “wettlng(BL[om]) however, points to an inhomogeneity in the

layer. Iplane, either in the shape of or in the strain on the shallow

Whereas in regular cyclotron resonance experiments the &uantum dots. The origin of the resonance peaks, observed

is an interaction with an oscillating electric field, in our ex- . S :
periment the sample is placed in the center of the cavit;}"’hen the static magnetic field is applied parallel to[th&0]

where the electric field component of the microwaves is exdirection, is not yet clarified and further examination will be

pected to vanish and the magnetic field component is domiiecessary. The well-pronounced positive band at 1.96 T,

nant. Small transverse electric fields can, however, be exVhen the static magnetic field is applied parallel to[th&0]
pected to be present in the center of the Fabry-Perot cavitglirection, corresponds to@factor of|gy, , |=3.3.%
Attempts to increase the electric field by moving the sample In conclusion we have reported on the observation of mi-
away from the center of the cavity result in a configurationCrowave resonance transitions in a thin InAs/GaAs layer with
where the cavityQ factor is too low to perform reliable shallowly formed quantum dots. The presence of shallow
measurements. quantum dots in which electrons and holes are spatially sepa-
The difference in linewidth, the different dependence onrated was previously demonstrated by phonon-assisted PL
the magnetic field direction, and the opposite sign of theexperiments and is consistent with our optically detected
high-field signal in our spectrum foB|[[001] points to a magnetic resonance measurements. Indeed, the cyclotron
different character of this transition. As the electron is as-motion in the 2-nm InAs-rich layer is detected and described
sumed to be confined outside the dot, this highly anisotropi¢n a model of partial 2D confinement. Additional features in
signal is assumed to be related with a hole-spin transition ofhe spectra are attributed to magnetic resonances of the holes
the hole in the shallow QD. The holg value g,, corre-  |ocalized in the shallow QD’s.
sponding to the magnetic field position of 1.58 T,|ds, ||
=4.232 The accuracy of this value is limited by the line-
width of 0.6 T of the peak, which is attributed to the inho-
mogeneous distribution of properties of the QD’s. The disap-
pearance of the high-field signal, after rotating away from the This work was supported by the National Fund for Scien-
BJ|[001] direction, could be explained by the fast broadeningtific Research (FWO-Flanders, group research projects
due to these inhomogeneities. The electronic structure of th€.0110.96 and G.0409.02The TEM measurements were
holes in these shallow InAs QD’s is not established; how-performed in the framework of an Inter University Attraction
ever, it is known that quantum confinement causes stron§ole project(IAP-V). One of us(B.V.D.) thanks the FWO
modifications of theirg factors®33* for support.
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