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Magneto-optical spectroscopy of single charge-tunable InAs/GaAs quantum dots
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We report on the optical properties of single InAs/GaAs quantum dots emitting near the telecommunication
O band, probed via Coulomb blockade and nonresonant photoluminescence spectroscopy, in the presence of
external electric and magnetic fields. We extract the physical properties of the electron and hole wave functions,
including the confinement energies, interaction energies, wave-function lengths, and g factors. For excitons, we
measure the permanent dipole moment, polarizability, diamagnetic coefficient, and Zeeman splitting. The carriers
are determined to be in the strong confinement regime. Large range electric field tunability, up to 7 meV, is demon-
strated for excitons. We observe a large reduction, up to one order of magnitude, in the diamagnetic coefficient
when rotating the magnetic field from Faraday to Voigt geometry due to the unique dot morphology. The complete
spectroscopic characterization of the fundamental properties of long-wavelength dot-in-a-well structures provides
insight for the applicability of quantum technologies based on quantum dots emitting at telecom wavelengths.
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I. INTRODUCTION

Single quantum dots grown by molecular beam epitaxy are
one of the most promising sources of nonclassical light due to
their stable and sharp emission lines and easy integration on a
chip via the mature III-V semiconductor fabrication technol-
ogy. In particular, InAs quantum dots emitting at wavelengths
around 950 nm have proved to be pure sources of single
indistinguishable photons [1,2] and entangled photons [3.4],
and a powerful platform for spin initialization and manipula-
tion, and spin-photon and remote spin entanglement [5]. To
encode information in single photons and transmit it over long
distances, sources of quantum light emitting at the so-called
telecommunication wavelengths are most desirable. Advances
in the development of superconducting detectors operating
at cryogenic temperatures [6] allow detection efficiencies
exceeding 90% [7], making single-photon experiments and
technologies eminently feasible. The growing interest in the
field of long-wavelength quantum dots is demonstrated by
recent achievements such as the demonstration of bright
sources of indistinguishable photons [8], interference of
photons emitted by dissimilar sources [9], entangled photon
pair generation [10], and exciton fine-structure splitting ma-
nipulation [11] in the telecom wavelength band.

However, the growth and fundamental characterization
of quantum dots emitting at telecom wavelengths is less
mature compared to emitters at wavelengths <1 um. The
longer emission wavelength can be achieved by growing
quantum dots in a quantum well (the so-called dot-in-a-well
or DWELL structures [12]), a technique that partially relaxes
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the strain accumulated during the Stranski-Krastanow growth,
resulting in larger quantum dot dimensions. The InGaAs
quantum well provides local strain relief and also preserves
the quantum dot composition and height during growth by
reducing the out-diffusion of In during capping of the dot
layer [13,14]. A larger physical confining potential implies
a reduced energy separation between the quantum dot
confined states and radiative electron-hole recombinations
for InAs/GaAs quantum dots can reach wavelengths around
1.3 pum both at room temperature—for example, for quantum
dot lasers [15]—and at low temperature for single quantum dot
applications [16]. Besides the technological interest associated
with lower transmission losses, telecom-wavelength quantum
dots present interesting fundamental properties due to very
different confinement of electron and hole wave functions and
potentially larger oscillator strengths compared to shorter-
wavelength quantum dots. In order to translate the more devel-
oped technology of 950-nm-band quantum dots towards longer
wavelengths, the fundamental properties of the emitters need
to be further understood. To this end, the application of external
electric and magnetic fields as well as Coulomb blockade is
a means to characterize the electron and hole wave functions
and the Coulomb interactions between carriers. Since quantum
dots emitting around 1300 nm are physically larger and have
a higher In composition than shorter-wavelength quantum
dots, the different composition and morphology can result in
a different wave function extension and electron-hole overlap,
impacting their fundamental response to applied fields. In this
direction, analysis of the emission properties of quantum dots
emitting at wavelengths > 1.2 pum in the presence of an external
magnetic field [17-19] and of 1300 nm quantum dots in the
presence of external strain [11] have been reported. However,
the full characterization of the fundamental properties of
quantum dots allowing direct comparison of emitters at 950
nm and at telecom wavelengths is still incomplete.

Here, we report on magneto-optical studies of the emission
properties of single telecom-wavelength quantum dots grown
within a charge-tunable structure. We extract the physical
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properties of the electron and hole wave functions, including
the confinement energies, interaction energies, wave-function
lengths, and g factors. For excitons, we measure the permanent
dipole moment, polarizability, diamagnetic coefficient, and
Zeeman splitting.

II. EXPERIMENTAL DETAILS

The sample investigated was grown by molecular beam
epitaxy. The DWELL layer was grown at 500 °C by initial
deposition of 1 nm Ing ;5Gag g, As, followed by a deposition of
nominally 1.8 monolayers (ML) of InAs to form the quantum
dots, at a growth rate of 0.016 ML s~!. Sample rotation was
stopped during growth of the quantum dot layer to provide
a variation in InAs coverage across the wafer, resulting in a
variation in quantum dot density across the wafer. The quantum
dot layer was subsequently capped by 6 nm Ing ;3Gag go As and
afurther 4 nm GaAs at 500 °C, before the substrate temperature
was raised to 580 °C for growth of the remaining structure. A
cross-section transmission electron microscopy (TEM) image
of a DWELL layer grown under similar conditions is shown
in Ref. [11]. Analysis of TEM images indicates the dots have
a base width of 20-30 nm and a relatively large capped height
of around 8-10 nm, preserved due to reduced out-diffusion
of In during capping by the InGaAs layer. A sketch of the
energy diagram of the field effect structure with a single layer
of DWELL quantum dots is shown in Fig. 1(a). By applying
a voltage between the semitransparent NiCr Schottky gate on
the sample surface and the doped (n*) GaAs layer (Ohmic
contact), discrete charging of the dots with single electrons can
be achieved [20]. The sample is placed in a cryostat at ~4 K
and, using a microscope in confocal geometry, a fiber-coupled
nonresonant (830-nm-wavelength) laser is used to excite the
emitters. A zirconia super-solid immersion lens is positioned
on the surface of the sample to reduce the excitation spot (and
therefore be able to excite single emitters in the relatively
high density sample) and increase the collection efficiency of
the photoluminescence signal [21]. The emission from single
quantum dots is then coupled to a single-mode fiber and sent
into a grating spectrometer equipped with an InGaAs array
detector for spectral characterization. An external magnetic
field can then be applied to the sample either parallel or
orthogonal to the growth axis.

III. ELECTRIC FIELD DEPENDENCE OF SINGLE
QUANTUM DOT CONFINED STATES

Examples of photoluminescence spectra acquired as a
function of applied voltage are shown in Fig. 1(b). Distinct
emission lines are visible and can be attributed to single
exciton (X°) and negatively charged exciton (X 1= and X?7)
recombinations. Discrete jumps in the emission wavelength,
visible when varying the applied voltage, are the signature
of the Coulomb blockade effect occurring when an extra
electron is added to the quantum dot bound states [20]. We
observe a partial coexistence of excitonic lines of different
charged states of the same quantum dot around the transition
voltages due to the comparable rates of electron tunneling
into the quantum dot from the Fermi sea and exciton
recombination [see Fig. 1(b)] [22]. By applying a perturbative
Coulomb blockade model [23] to single quantum dots, we can
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FIG. 1. (a) Schematic of the energy diagram of the charge-tunable
structure under study, including a single layer of telecom wavelength
quantum dots (QDs) grown in a quantum well. E; indicates the
Fermi energy level. (b), (c) Photoluminescence spectra collected as a
function of the applied gate voltage V under nonresonant excitation
(A =830 nm) at T =4 K. The external magnetic field B applied
along the quantum dot growth axis z is 0 T in (b) and 9 T in (c).
The emission lines corresponding to the different charge states of a
single quantum are labeled accordingly (X° = neutral exciton, X'~ =
negatively charged exciton, etc.).

extract important physical parameters including the electron-
electron (electron-hole) interaction energy, the electron (hole)
confinement energy, and the effective lengths of the electron
(hole) wave functions. These results are shown in Fig. 2. We
find that the Coulomb interaction energies are much smaller
than the confinement energies and they can, therefore, be
treated as perturbations. Thus, we consider the trapped carriers
to be in the so-called strong confinement regime. Compared to
typical 950 nm quantum dots [24,25], we derive wave-function
effective lengths and confinement energies about a factor 2
larger and carrier-carrier interaction energies about a factor
2 smaller. This is compatible with a larger quantum dot
physical size. It is worth noting that engineering of larger wave-
function lengths could lead to larger oscillator strengths for the
excitonic transitions, relevant for quantum electrodynamics
experiments with single quantum dots. The larger confinement
energies have important consequences in the tunability of the
transition energies of the quantum dot confined states. While
the transition energy of quantum dots emitting below 1 um
can be tuned by about 1 meV in typical field-effect transistor
devices [24], the telecom wavelength quantum dots under
study show a tunability up to 7 meV. This can be explained
by the larger electron and hole confinement energies which
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FIG. 2. The Coulomb blockade model (see main text) is applied
to extract the electron-electron and electron-hole interaction energies
(E;; and E7;, circles and triangles respectively), as well as the electron
and hole confinement energies (Ec and Ey, squares and triangles
respectively) and the electron and hole wavefunction extension (/,
and [, squares and triangles respectively). The wavelength on the
x-axis corresponds to the emission wavelength for the X line in the
middle of the emission tuning range.

enable larger electric fields to be applied before the charges
tunnel out of the confining potential. This larger wavelength
tunability is important for potential applications such as the
mutual tuning of the emission lines with respect to optical
cavities for quantum optics experiments, or cancellation of the
fine-structure splitting to create sources of entangled photon
pairs by applying an external electric field [26]. Measurements
of the fine-structure splitting of quantum dots, from the same
growth and within the same structure as the ones presented
in this work, were reported in Ref. [11]. Further, such large
confinement energies yield carriers more decoupled from the
electron reservoirs and have potential for reduced impact of
phonon-induced dephasing. When we apply an external bias
V, exciton transition energies (Ep;) experience a Stark shift,
following the relation Ep; = Eg — pF + BF 2 where the
electric field F = —(V, — Vp)/d is a function of the Schottky
barrier height Vj and the distance d between the back gate
and sample surface, p is the permanent dipole moment, and
is the polarizability. Given the structure of the sample under
study [see Fig. 1(a)], we use V, = 0.62 V and d = 400 nm,
and fit the exciton lines with quadratic functions, as shown
in Fig. 3(a), to extract the permanent dipole moment p and
the polarizability 5. We observe permanent dipole moments
with p/e values (where e is the electron charge) ranging from
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FIG. 3. (a) The energies of different charged states from a single
quantum dot as a function of the applied electric field. Here the
multiparticle Coulomb interaction energies have been subtracted.
The solid black line is a parabolic fit to the data. (b) Permanent dipole
moments p, measured from several single quantum dots, plotted as
a function of polarizability 8. The solid red line is a linear fit with
slope 3.2 & 0.2 nm/[meV /(kV/cm)?] and the error bars are obtained
from the errors in the fits.

—0.5 to —3.0 nm, values similar to those reported for quantum
dots emitting around 950 nm [24], indicating that the electron
and hole wave functions are centered within the quantum
dot. The observed polarizabilities [ranging between —0.5 and
—1.2 pneV/(kV/cm)?] are slightly smaller than the values
reported for shorter wavelength quantum dots [24], which can
be again explained by the stronger confinement of the carriers
in larger telecom wavelength quantum dots. The negative sign
of the polarizability implies that the hole is confined near
the base of the dot, while the electron wave function, given
its lighter effective mass, is delocalized over the quantum
dot. The polarizability and the permanent dipole moment, as
expected [24], are linearly related, as shown in Fig. 3(b).

IV. INVESTIGATION OF THE QUANTUM DOT
CONFINED STATES IN THE PRESENCE OF AN
EXTERNAL MAGNETIC FIELD

To further investigate the properties of the bound-state
wave functions of the telecom-wavelength quantum dots
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under study, we apply an external magnetic field B in the
Faraday (B parallel to the quantum dot growth direction)
and in the Voigt (B orthogonal to the quantum dot growth
direction) configurations. Examples of photoluminescence
spectra collected at a field of 9 T in the Faraday geometry, when
varying the electric field applied to the charge-tunable structure
are shown in Fig. 1(c). A clear splitting of each excitonic
transition is visible; this will be analyzed and discussed in
more detail in the following sections.

A. Diamagnetic coefficients of excitons in Faraday
and Voigt geometries

We first consider the Faraday geometry, where we apply
magnetic fields up to 9 T parallel to the quantum dot growth
axis and collect photoluminescence spectra as a function of
the voltage applied to the charge-tunable structure. Examples
of the spectra collected for the negatively charged exciton are
shown in Fig. 4(a): the energy of the emission lines experiences
the so-called diamagnetic shift in the presence of an external
magnetic field, following the expression E = o B?, where o
is the diamagnetic coefficient. The values of « obtained from
individual quantum dots are shown in Table I. The diamagnetic
coefficient is related to the exciton binding and confinement
energies, and therefore to the microscopic properties of each
specific quantum dot. For the telecom-wavelength quantum
dots under study, we generally observe a modest (about 10%)
increase of o between the neutral exciton and the charged
exciton (see Table I). In the weak confinement regime, due to
electron-electron interaction the addition of a second electron
to a neutral exciton can reduce ¢ by up to a factor 2 [27]. The
fact that we do not observe a reduction, but rather a modest
increase, in « further validates that the carriers are in the
strong confinement regime in the quantum dots under study,
asreported also in Ref. [19]. We observe significant differences
between the electron and hole wave function extents, as
expected due to the difference in confinement potentials and
effective masses.

By applying the external magnetic field orthogonal to the
quantum dot growth axis (Voigt configuration), the rotational
symmetry of the wave functions is broken. This results in the
mixing of the originally bright and dark neutral exciton states,
with the latter becoming visible in the photoluminescence
spectra [28,29]. If we consider quantum dots in the 950 nm
emission range, the difference between the diamagnetic
coefficients measured in Faraday and Voigt configuration
reaches values up to about a factor 3 [30]. Interestingly,
for the telecom wavelength quantum dots under study, the
diamagnetic coefficient is one order of magnitude smaller in
the Voigt configuration compared to the results obtained in
the Faraday configuration. As the diamagnetic coefficient is
a measure of the effect of confinement, this striking result
confirms the unique morphology of the DWELL quantum dots
compared to typical self-assembled quantum dots emitting
near 950 nm. As « is an order of magnitude larger for
applied fields in plane versus out of plane, we conclude that
the confinement in the growth direction is less for DWELL
quantum dots as expected.
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FIG. 4. (a) Faraday configuration: Normalized photolumines-
cence (PL) spectra (shifted for clarity) of a negatively charged
exciton state from a single quantum dot, collected under nonresonant
excitation at a temperature of 4 K, for applied magnetic fields
ranging from O to 9 T (with 0.5 T increments). The solid lines
are Lorentzian fits to the data. (b) Energy position of the peaks,
as found from the Lorentzian fits of panel (a), plotted as a function
of the applied magnetic field. The solid lines are quadratic fits. (c)
Voigt configuration: Energy position of the negatively charged exciton
peaks, as found from the Lorentzian fits of the spectra collected for
two orthogonal polarizations [horizontal (H) and vertical (V)], plotted
as a function of the applied magnetic field. The error bars (often within
the symbol size) in panels (b) and (c) are obtained from the Lorentzian
fits of the photoluminescence peaks.
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TABLE I. Diamagnetic coefficients «, g factors and electron and hole g factors (g, and g, respectively) extracted from single quantum
dot photoluminescence spectra collected under external magnetic field applied in the Faraday and Voigt configurations. Ay, corresponds to the
emission wavelength of the excitonic line in the middle of the emission tuning range.

Faraday configuration

Ax,(nm) Excitonic state gl a (ueV/T?)
1274 X0 0.73 £0.02 13.48 £ 0.09
X' 0.63 £0.01 14.83 £ 0.07
1281 X0 0.77 £0.01 17.01 £0.20
X'- 0.89 £0.01 18.20 £ 0.31
1282 X0 0.36 £0.02 14.25 £ 0.09
X'- 0.98 £0.01 14.72 £ 0.04
Voigt configuration
Ax,(nm) Excitonic state gn ge a (ueV/T?)
1290 X0 —0.17 £ 0.01 —0.77 £ 0.01 2.15+0.12
X'- —0.49 +0.06 —0.91+£0.07 5.30 £ 0.47
1292 X' —0.24 +0.01 —1.04 £ 0.01 2.50 £0.05
1300 X0 —0.21 £0.02 —0.87 £0.04 0.93 +0.30
X'- —0.36 +0.02 —0.80 +0.03 1.83 £0.26
1310 X'- —0.26 + 0.04 —0.89 + 0.04 1.82+0.19
1317 X'- —0.19 £ 0.05 —0.72 +£0.03 0.63+0.14

B. Zeeman splitting and g factors

Examples of the spectra collected for the negatively
charged exciton in the Faraday configuration are shown in
Fig. 4(a): the emission line in the presence of the magnetic field
is split by the so-called Zeeman splitting [see Fig. 4(b)] with a
magnitude AE given by AE = gugB, where 1 p is the Bohr
magneton and g is the Landé factor. The Zeeman splittings
that we measure range between about 10 and 40 ueV/T,
considerably smaller than for 950 nm quantum dots (that
were reported to be 120 &= 30 ueV/T [27]). This is consistent
with theoretical calculations showing that an increase in the
quantum dot size implies a reduction of the g factor [31].

By applying the external magnetic field orthogonal to the
quantum dot growth axis (Voigt configuration), the rotational
symmetry of the wave functions is broken. As shown in
Fig. 4(c), the single quantum dot negatively charged exciton
line splits into four separate contributions (E1, E, E3, Ey4), as
a result of the Zeeman splitting of the bright and dark states.
The s-shell electron and hole g factors can be determined
from the exciton energies: by fitting the energies of each
transition, one can determine g, ugB = E| — Ez = E, — E4
and gyugB =FE| — E, = E5 — E4 [32]. The values that
we extract from these measurements are plotted in Table I.
We attribute the variations in the values of the g factors for
different quantum dots to be due to the dependence of g on
the quantum dot shape [33,34].

The magnitudes of the g factors measured for the negatively
charged states are consistently higher than those measured for
the neutral exciton, in accordance with previous reports [32].
The electron g factors are two to four times larger than hole g
factors since the electron wave functions are less confined than
the hole ones and are therefore more sensitive to the external
magnetic field. From the measurements shown in Fig. 4(c), one
can also see that the four transitions are linearly polarized and,
as expected, two of the four transitions disappear when polar-
ization is resolved into horizontal and vertical components.

V. CONCLUSIONS

In summary, we have fully characterized the exciton and
carrier properties of single quantum dots emitting at telecom
wavelengths (near 1.3 um) under applied electric and magnetic
fields. Via the Coulomb-blockade model, we extract the
electron and hole wave-function lengths as well as multi-
particle Coulomb interaction and confinement energies. The
results are consistent with a strong-confinement picture.
The confinement energies of these quantum dots are found
to be a factor of 2 larger than 950 nm quantum dots. Due to
the larger confinement energies, the excitonic transitions can
be tuned over a larger range than 950-nm-band quantum dots
in comparable devices. Additionally, the deeper confinement
holds promise for better decoupled spins from Fermi or
phonon reservoirs. With applied external magnetic fields we
extract the Zeeman and diamagnetic coefficients as well as
electron and hole g factors. Compared to 950 nm quantum
dots, the Zeeman splittings are significantly smaller and the
diamagnetic coefficient shows a drastic shift when changing
from the Faraday to the Voigt configuration due to the
unique DWELL morphology. These results give insights into
the fundamental properties of telecom wavelength quantum
dots. Further investigations into the impact of the DWELL
morphology on the strain in the dot (and its effect, e.g., on
the heavy-hole/light-hole mixing in the valence band and the
electron and hole spin coupling to nuclear spins) are needed
to validate the promising potential of telecom-wavelength
quantum dots for future quantum information applications.
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