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Observation of cyclotron resonance in an InAsÕGaAs wetting layer with shallowly formed
quantum dots
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A thin InAs/GaAs wetting layer with shallowly formed InAs quantum dots~QD’s! is investigated by means
of optically detected microwave resonance spectroscopy. The absorption ofW-band~95 GHz! 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 0.053m0. Further 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

Semiconductor quantum dot~QD! structures have bee
shown to form ideal realizations of zero-dimensional qu
tum confined systems and have led to the observation
large number of novel physical phenomena.1 Moreover, they
are promising for applications in the near future, includi
QD-based detectors,2 lasers,3 and charge storage devices.4 In
spite of the intensive research performed on InAs/GaAs s
assembled QD’s, a detailed characterization of their str
tural and electronic properties is only recently coming in
reach, applying optical spectroscopy, electron microsco
and scanning probe microscopy. A highly sensitive appro
to examine the magnetic manifolds in low-dimensional se
conductor structures is double-resonance techniques
which microwave resonance transitions are optically
tected. Optically detected magnetic resonance~ODMR!
spectroscopy has been advantageously applied in studie
recombination centers in semiconductors5 and of excitonic
states in quantum wells,6 superlattices,7 and core-shell quan
tum dots.8 Optically detected cyclotron resonance~ODCR!
of charge carriers has been reported in bulk materials9 as
well as in low-dimensional structures such as quantum w
~see, e.g., Refs. 10 and 11!.

We report here on the optical detection of cyclotron a
magnetic resonance transitions in a structure compose
weakly defined or shallow QD’s formed as thickness a
concentration fluctuations of a narrow InAs containing lay
embedded in a GaAs matrix. From the observation
phonon-assisted photoluminescence~PL! measurements on
the investigated structure,12 it was deduced that in the lowes
exciton state, the electron and hole are localized in differ
regions of the shallow dots: the hole is more confined ins
0163-1829/2003/68~4!/045329~6!/$20.00 68 0453
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the dot and more compact than the electron. Furthermore
shown by polarization-dependent PL measurements, the
duced dipole is directed antiparallel to the growth directio
while the holes are localized at the apex of the dots,
electrons are at the level of the wetting layer. A similar d
pole orientation was reported in Ref. 13. The separation
electron and hole partly explains the relatively long radiat
lifetimes, up to 10 ns at 80 K, observed for this sample14

Optically detected microwave resonance is detected for
first time in semiconductor QD’s grown by epitaxial met
ods, which is made possible by the exceptionally long ex
ton lifetimes, combined with the application of high micro
wave frequencies ('95 GHz, in theW band! which further
relaxes the lifetime requirements.

II. SAMPLE SPECIFICATIONS

The investigated sample was grown by molecular be
epitaxy of InAs in an amount equivalent to 2.0 monolaye
~ML ! on a (001)-oriented GaAs substrate as described
detail in Ref. 12. The growth process was monitoredin situ
by means of reflection high-energy electron diffracti
~RHEED!, which revealed the formation of quantum do
Due to the relatively high growth temperatureT>500 °C of
the GaAs capping layer, the InAs material is expected to
partly diffused into this capping layer. This was confirmed
high-resolution transmission electron microscopy~TEM!
measurements in a sample prepared for cross-section
surements. Instead of a sharp wetting layer with well-defin
dots, an In-rich region was observed of 6–7 ML —with
total width of '2 nm— on top of the GaAs substrate.15

Although the TEM measurements do not reveal the prese
of QD’s in this structure, formation of InAs QD’s is demon
©2003 The American Physical Society29-1
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strated by the RHEED measurements during the growth
optical study of the exciton-phonon coupling in th
sample,16 and the magnetic resonance results presented h

III. EXPERIMENTAL DETAILS

Photoluminescence measurement were carried out
liquid-helium-cooled optical cryostat, while illuminating th
sample with a few milliwatts of 632.8-nm He-Ne laser ligh

PL-intensity-detected ODMR spectroscopy was p
formed at theW-band microwave frequency of'95 GHz
using a custom-built Fabry-Perot cavity,17 in conjunction
with a split-coil 6-T superconducting magnet~Oxford Instru-
ments!. The magnet was placed on a homebuilt rotating b
for easy angular variations. A sample in the Fabry-Perot c
ity can be rotated around a horizontal axis, which, toget
with the static magnetic field rotation around the vertic
axis, permits a complete angular study. Excitation of
sample was performed through a cryostat window with
647.1-nm light of a continuous-wave Kr1 ion laser at typical
incident power densities below 0.06 W/cm2. The emitted
light is collected via a quartz light guide and direct
through a 950-nm cutoff filter, onto an avalanche Si pho
diode. The microwave-induced changes in the total PL int
sity were synchronously detected with the'3 kHz on-off
modulation of the applied microwaves. Experiments w
performed at a temperature of 1.87 K, using an CryoV
immersion cryostat~Troisdorf, Germany!. All spectra re-
ported here were obtained with microwaves at a frequenc
93.496 GHz, with an on-off modulation of the microwav
power at 2.986 kHz.

Similar spectra were obtained with the Fabry-Perot cav
for measurements performed atT54.5 K, using an Oxford
Instruments helium-flow cryostat.18 Furthermore, experi-
ments were performed at the same temperature in a com
cial cylindrical cavity~Bruker! using a special fiber bundl
arrangement.19

IV. RESULTS

The PL spectrum consists of a broad peak centere
1.31 eV with a full width at half maximum~FWHM! of 40
meV ~see the inset of Fig. 1!. This relatively high transition
energy, compared to a typical transition energy of'1.1 eV
for the lowest exciton in InAs quantum dots,20 points to the
small effective size of these shallow dots. The edge of
wetting layer in this sample was determined to be arou
1.345 eV as revealed by both PL-excitation measurem
and by a high-energy shoulder on the luminescence b
when exciting the sample at higher densities.16

The optically detected microwave resonance spectr
when the static magnetic field is applied parallel to t
growth or z axis of the sample (Bi@001#), is presented in
Fig. 1. Two features of opposite signs are observed:
0.178 T there is a negative signal, i.e., a microwave-indu
decrease in the PL intensity. The width of this relative
sharp peak is 0.13 T. The broader, positive band around
T, with a width of approximately 0.6 T, corresponds to
microwave-induced increase in the PL intensity. Both sign
04532
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are highly anisotropic. Upon rotation of the sample or t
static magnetic field direction away from theBi@001# posi-
tion, the low-field line broadens while moving toward
higher fields~see Fig. 2!. After rotation over 30° away from
this parallel direction, the peak maximum is shifted to 0.25
and is broadened to a width of 0.2 T. The high-field lin
however, is observed only close to the parallel direction a
vanishes upon a rotation over less than 25°. Another ani

FIG. 1. Microwave spectrum measured as a modulation of
PL of the shallow InAs/GaAs QD’s, shown in the inset. The sta
magnetic field was applied parallel to the growth axis of the sam
B//@001#.

FIG. 2. Dependence of the low-field ODMR signal on the an
between the static magnetic field and the growth axis of the sam
For each angle of the tilted magnetic field, the calculated field
sitions are given: The circles represent the predicted field posit
for the cyclotron resonance of an electron with an effective mas
0.053m0 in an ideal 2D layer. The calculated values for an electr
in a parabolic quantum well in a tilted magnetic field are display
by the squares.
9-2
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OBSERVATION OF CYCLOTRON RESONANCE IN AN . . . PHYSICAL REVIEW B68, 045329 ~2003!
ropy is observed when the external static magnetic field
rotated in the QD plane (B'@001#) from the@110# direction

towards the@ 1̄10# direction, as is shown in Fig. 3. WhenB is
applied parallel to the@110# direction, two broad bands ap
pear in the ODMR spectrum. At 0.24 T a negative signa
observed~width 0.29 T!, and around 1.96 T there is a
asymmetric—probably composite—positive signal with
peak width of 0.8 T. The low-field signal at 0.24 T decreas
in intensity and is no longer observable after a rotation o
60° towards the@ 1̄10# direction. Also the high-field signal a
1.96 T decreases in intensity upon rotation of the magn
field. Furthermore, the latter narrows asymmetrically, and
ter a rotation over 30°, the peak position is shifted towa
1.7 T. WhenBi@ 1̄10# no clear spectral features are observ
in spite of the crystallographic equivalence with@110#. The
transition of the ODMR features, from a spectrum obtain
with the magnetic field direction parallel to the growth dire
tion of the sample, towards the spectra for a field in the pl
of the InAs layer, is shown in Figs. 4 and 5 for rotation fro
Bi@001# to @110# and to@ 1̄10#, respectively.

In order to confirm the attribution of the microwave res
nances to the electronic states of the shallow QD’s, meas
ments were performed using a cutoff filter of 950 nm
eliminate all optical signals at higher energy. Optically d
tected magnetic resonance spectroscopy was also perfo
on a sample grown under nearly the same conditions
without the formation of quantum dots: in this case a lo
growth temperature (,450 °C) was used for deposition o
the 2.0-ML InAs layer and the GaAs capping layers. At su
low growth temperatures, migration of InAs on the surface
inhibited, resulting in a relatively smooth layer. This samp
shows intense PL only in the region of the fundamen
GaAs transition. No microwave-induced PL spectra could
detected. This is a second test demonstrating that the
served microwave resonances are directly related to the s

FIG. 3. Dependence of the resonance spectrum on the ang
the static magnetic field when rotating in the quantum dot pl
(B'@001#).
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low QD’s, and not to spurious signals from the substrate
capping layers.

V. DISCUSSION

The investigated dots have a small effective size with
transition energy close to that of the wetting layer. Accordi
to previous studies,12 the holes are localized at the apex
these InAs QD’s, while the electrons are close to the wett
layer. This points to a configuration where the hole is tigh
confined inside the QD and the electron is not or only wea

of
e

FIG. 4. Dependence of the resonance spectrum on the ang
the static magnetic field. Rotation fromB//@001# towards
B//@110#.

FIG. 5. Dependence of the resonance spectrum on the ang
the static magnetic field. Rotation fromB//@001# towards

B//@ 1̄10#. Angular variation was obtained by rotation of the samp
in the cavity around its axis. A rescaling of the intensity was appl
as, in this optical geometry, the excitation intensity increases w

the rotation of the sample towards the@ 1̄10# direction.
9-3
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FIG. 6. The extension of the wave function o
an electron with effective massm* 50.053m0 in
a harmonic oscillator with confinement frequenc
w05130 GHz~Gaussian wave function! and that
of an electron in a square well with a depth
109 meV and a width of 2 nm~exponential wave
function!.
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bound to it and is spread out into the two-dimensional~2D!
wetting layer. Various authors have reported on cyclot
resonances~CR’s! of 2D-confined electrons in quantum
wells and in superlattices~see, e.g., Refs. 10, 11, and 21!.
The low-field peak at 0.178 T~for Bi@001#) is attributed to
CRs of the electron confined in the InAs-rich layer. Th
yields a value for the effective electron mass of 0.053m0,
which lies between the electron effective mass in bulk In
(0.023m0) and that in GaAs (0.063m0).22 In quantum-
confined structures, changes of the effective masses du
strain can be expected. Calculations of the effective ma
in InAs/GaAs quantum dots predict an electron effect
mass of 0.040m0 ~Ref. 23! or even 0.055m0 ~Ref. 24!. An
enhancement of the electron mass has been reported for
quantum wells and superlattices~see, e.g., Refs. 25, 11, an
26!: a value of 0.050m0 was found for the electron mass in
InAs/GaSb quantum well.25

It is worth mentioning here that we have also perform
experiments on a series of well-formed InAs/GaAs Q
structures,27 but all with negative results. The exciton life
time is known to be short in these systems (<1 ns! in con-
trast with the investigated sample, which has been show
possess a charge-separated exciton state12 and a much longer
radiative lifetime.14

The angular dependence of the peak shows the con
ment of the electron within the InAs-rich layer. In an ide
2D system, only the magnetic field component which is p
pendicular to the 2D plane induces cyclotron orbits. T
yields a 1/cosu dependence for the peak position on the an
u between the static magnetic field and the normal on the
plane. Withm* the effective mass andvc/2p the cyclotron
frequency corresponding to the transition energy of 93.4
GHz, this dependence of the static magnetic field positio
given by B5(m* vc)/(e.cosu). In Fig. 2, for each angleu
between the static magnetic fieldB and the@001# growth
direction, the calculated field positions are plotted~circles! of
an electron with an effective mass of 0.053m0. In our case,
the electron is not confined within an ideal 2D system, a
thus a variation from this 1/cosu dependence can be ex
pected. A similar deviation from this 1/cosu dependence wa
04532
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observed for cyclotron resonance in a GaAs/GaAl
superlattice.10

To take into account the finite width of the 2D wettin
layer, the results from a parabolic quantum well in a tilt
magnetic field are examined.29 The dependence of the mag
netic field position on the angleu of the static magnetic field
can then be found from

vmw[F1

2
~vc

21v0
2!2

1

2
@vc

41v0
422vc

2v0
2cos~2u!#1/2G1/2

.

~1!

In this equationvmw/2p corresponds to the microwave fre
quency of 93.486 GHz,vc can be found from the electro
effective mass, andv0/2p is the confinement frequency o
the parabolic quantum well. In Fig. 2, for each angle of t
tilted magnetic field, the calculated field positions~squares!
are plotted of an electron, with an effective mass of 0.053m0,
in a parabolic quantum well with a confinement frequen
v0/2p5130 GHz. This simple theoretical model alread
demonstrates the influence of the finite width of the wett
layer on the field position. To examine the physical mean
of a confinement frequency of 130 GHz, a comparison w
made between the extension of the wave function of an e
tron with effective massm* 50.053m0 in a harmonic oscil-
lator with this confinement frequency of 130 GHz and that
an electron in a square well, representing the tw
dimensional wetting layer. This is shown in Fig. 6. A wid
of 2 nm was used for the width of this square well, whi
corresponds to the width of the wetting layer as determin
by TEM. The conduction-band offset of the InAs wettin
layer is represented by the depth of the well. An offset
109 meV was extrapolated for an In15Ga85As quantum
well.30 Taking into account the diffusion of the indium int
the GaAs capping layer, an effective In concentration of o
15% was assumed. The same In concentration and a com
rable InAs layer thickness were found in similar InAs/GaA
samples.31 The overlap between the two wave functions
Fig. 6 is not perfect, but one can reasonably expect the
currence of effects like band bending, which would furth
9-4
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decrease the conduction band offset and would result in
increasing similarity between the two types of wave fun
tions. Although this is only a simple theoretical model,
supports the attribution of the observed ODMR signal
cyclotron resonance of the electron confined in the ‘‘wett
layer.’’

Whereas in regular cyclotron resonance experiments t
is an interaction with an oscillating electric field, in our e
periment the sample is placed in the center of the ca
where the electric field component of the microwaves is
pected to vanish and the magnetic field component is do
nant. Small transverse electric fields can, however, be
pected to be present in the center of the Fabry-Perot ca
Attempts to increase the electric field by moving the sam
away from the center of the cavity result in a configurati
where the cavityQ factor is too low to perform reliable
measurements.

The difference in linewidth, the different dependence
the magnetic field direction, and the opposite sign of
high-field signal in our spectrum forBi@001# points to a
different character of this transition. As the electron is
sumed to be confined outside the dot, this highly anisotro
signal is assumed to be related with a hole-spin transition
the hole in the shallow QD. The holeg value gh , corre-
sponding to the magnetic field position of 1.58 T, isugh,iu
54.2.32 The accuracy of this value is limited by the line
width of 0.6 T of the peak, which is attributed to the inh
mogeneous distribution of properties of the QD’s. The dis
pearance of the high-field signal, after rotating away from
Bi@001# direction, could be explained by the fast broaden
due to these inhomogeneities. The electronic structure of
holes in these shallow InAs QD’s is not established; ho
ever, it is known that quantum confinement causes str
modifications of theirg factors.33,34
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The InAs quantum dots are expected to have a pyram

or disklike shape for which the@110# and @ 1̄10# directions
are equivalent. The change of the ODMR spectrum wh
varying the direction of the static magnetic field in this pla
(B'@001#), however, points to an inhomogeneity in th
plane, either in the shape of or in the strain on the shal
quantum dots. The origin of the resonance peaks, obse
when the static magnetic field is applied parallel to the@110#
direction, is not yet clarified and further examination will b
necessary. The well-pronounced positive band at 1.96
when the static magnetic field is applied parallel to the@110#
direction, corresponds to ag factor of ugh,'u53.3.32

In conclusion we have reported on the observation of
crowave resonance transitions in a thin InAs/GaAs layer w
shallowly formed quantum dots. The presence of shall
quantum dots in which electrons and holes are spatially se
rated was previously demonstrated by phonon-assisted
experiments and is consistent with our optically detec
magnetic resonance measurements. Indeed, the cyclo
motion in the 2-nm InAs-rich layer is detected and describ
in a model of partial 2D confinement. Additional features
the spectra are attributed to magnetic resonances of the h
localized in the shallow QD’s.
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