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ABSTRACT

Semiconductor quantum dots (QDs) are nanostructures that can enhance the performance of electronic devices due to their 3D quantization.
Typically, heterovalent impurities, or dopants, are added to semiconducting QDs to provide extra electrons and improve conductivity. Since
each QD is expected to contain a few dopants, the extra electrons and their parent dopants have been difficult to locate. In this work, we
investigate the spatial distribution of the extra electrons and their parent donors in epitaxial InAs/GaAs QDs using local-electrode atom-
probe tomography and self-consistent Schrodinger-Poisson simulations in the effective mass approximation. Although dopants are provided
in both layers, the ionized donors primarily reside outside of the QDs, providing extra electrons that are contained within the QDs. Indeed,
due to the quantum confinement-induced enhancement of the donor ionization energy within the QDs, a lower fraction of dopants within

the QDs are ionized. These findings suggest a pathway toward the development of 3D modulation-doped nanostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0244331

Semiconductor quantum dots (QDs)'” have been shown to
enhance the performance of optoelectronic devices, including solar
cells,” ® lasers,” '* and photodetectors.'”'” Heterovalent doping of
QDs has been used to improve carrier collection efficiencies” and
open-circuit voltages”' of solar cells and to enhance photoresponse,
sensitivity, and infrared absorption of photodetectors.”””’ However,
for optimum device performance, the precise control of the positions
of the parent dopant atoms and the free carriers they provide is
needed.”’”* In some cases, fully carrier-depleted QDs have been
reported and attributed to nanocrystal “self-purification” mecha-
nisms.”* *® Similarly, carrier depletion has been reported in semicon-
ductor nanowires, especially those with diameters less than the Bohr
radius.””** Recently, local-electrode atom-probe (LEAP) tomography
of silicon nanocrystals (NCs) has revealed dopant distributions that
are independent of NC size.”""*

For epitaxial semiconductor QDs, it has been suggested that dop-
ant incorporation at QD surfaces is energetically favored over incorpo-
ration into the QD core.” Furthermore, for Stranski-Krastanow (SK)
QD layers, which consist of arrays of 3D islands on top of a 2D alloy
layer, a locally reduced carrier concentration has been observed at the

3D islands in comparison with that of the surrounding 2D alloy
layers.” For capped SK-QD layers, depth-dependent carrier concen-
trations have been attributed to carrier trapping at strain-relaxation
induced interfacial dislocations.”””® Meanwhile, it has been suggested
that the dopant activation energy is significantly enhanced near the
GaAs surface.”” To date, the relative roles of dopant incorporation,
dopant activation, and free carrier trapping are not well understood.

Therefore, we consider the relationship between dopant distribu-
tions and their activation in the vicinity of QD layers, with and without
a GaAs capping layer. Using the local indium and gallium composi-
tions, as well as the silicon atomic concentrations from local-electrode
atom-probe (LEAP) tomography as input into self-consistent
Schrodinger—Poisson simulations based on the effective mass approxi-
mation, we compute the 3D confinement energies and the distribu-
tions of ionized dopants and free carriers. Although the parent
dopants are observed both within and outside of the QDs, the ionized
donors are primarily located outside of the QDs, providing extra elec-
trons that are contained within the QDs. These doped QD nanocom-
posites provide a pathway toward the development of 3D modulation-
doped nanostructures for a variety of applications.
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For these investigations, five periods of silicon-doped InAs/GaAs
QD superlattices, consisting of alternating layers of InAs (three MLs)
and 30 nm GaAs spacers, were deposited on Si-doped GaAs (001) sub-
strates by molecular-beam epitaxy (MBE) using solid Ga, In, and As,
sources. The parameters for the MBE growth are presented in the sup-
plementary material. Following growth, multiple conical-shaped LEAP
specimens (“tips”) were prepared using a lift-out process’”” and
loaded into a Cameca LEAP 4000XR, which was maintained at cryo-
genic temperatures (<25K) under ultra-high vacuum conditions
(3.0 x 10~ " Torr). LEAP experiments were performed in laser mode
with a detection rate of 0.005ion/pulse, wavelength of 355nm, pulse
rate of 200 kHz, and pulse energy of 1 pJ. To maintain near III-V stoi-
chiometry, a laser pulse energy of 1 p]J, with an estimated Fg~21.8 V/
nm, was utilized, consistent with earlier studies.”” ** The total region-
of-interest (ROI) volumes exceeded 30000 nm>. Three-dimensional
reconstructions of the datasets were produced and examined using
Cameca’s Integrated Visualization and Analysis (IVAS) software AP
Suite 6.3. Finally, using the nanostructure volumes and local xj, and fg;
from LEAP, probability densities, confined state energies, and carrier
concentrations were computed using 3D Schrodinger-Poisson simula-
tions in the effective mass approximation at 300 K using nextnano.

To visualize the InGaAs QDs and Si clusters within the QD
layers, we present x-z views of LEAP reconstructions [Fig. 1(a)]. The
corresponding spatial-averaged 1D profile of x;,,, reveals maximum x;,,
values of 0.16 for each layer, with x;, <0.001 within the GaAs spacer
regions. Meanwhile, in Fig. 1(b), a 2D contour plot, with local x;,, val-
ues averaged over a 2-nm-thick region-of-interest (ROI) vertically cen-
tered about the QD layer, reveals ~ 20 nm-sized In,Ga; _,As QDs atop
2D alloy layers, along with <4 nm-sized silicon clusters. For example,
for the SK-QD in Fig. 1(b), the local xj,, ranges from ~ 0.24 at the QD
edges to ~ 0.54 at the QD core. Meanwhile, clusters of Si, with diame-
ters of 1-4nm and Si atomic fraction (f5;) ~0.0075, are apparent
within the QD, 2D alloy layers, and spacer layers. As shown by the
arrows in Fig. 1(b), some regions of the SK-QD/matrix interface are
diffuse, suggesting the presence of chromatic aberrations in the LEAP
reconstruction.”’ Further analysis, including LEAP-informed compu-
tations that match physical properties, suggest a minimal impact of the
chromatic aberrations on the QD size and shape.

The process for developing nanostructural models for input into
the Schrodinger—Poisson simulations™ is illustrated by the x-z and
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FIG. 1. Local-electrode atom probe (LEAP) data for silicon-doped InGaAs/GaAs
multilayers consisting of arrays of Stranski—Krastanow quantum dots, along with
clusters of silicon dopants: (a) x—z view of LEAP reconstruction, with In, Ga, and Si
atoms are shown as purple, orange, and blue, respectively, and corresponding spa-
tially averaged 1D profile of the In composition, x;,. The signals for In and Si are
enhanced by 10 and 100 in the 3D x-z view of LEAP reconstruction in (a). (b) 2D
contour plot of the In composition, x,,, and Si atomic composition, fs;.
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FIG. 2. LEAP isosurfaces for In,Ga;_,As/GaAs SK-QD layers: (a) the entire conical
specimen with xj, > 0.24 (purple) and fg; > 0.0075 (blue); for an example SK-QD
layer, corresponding x-z views are shown for (b) x,, >0.24, (c) xj, > 0.30,
(d) x,, >0.36, () x,, >0.42, and (f) fs; > 0.0075.

x-y isosurfaces, which show regions with composition above the
threshold value in Figs. 2(a)-2(f). In Fig. 2(a), the x-z isosurface reveals
four SK-QD layers with wetting layers of fixed composition and thick-
ness, as well as clusters of Si distributed both within and between the
QD layers. For the first SK-QD layer in Fig. 2(a), x-y and x-z isosurfa-
ces with x;, > 0.24, 0.30, 0.36, and 0.42 are shown in Figs. 2(b)-2(e).
The corresponding x-y and x-z isosurfaces with fg >0.0075 are
shown in Fig. 2(f). Together, these isosurfaces reveal = 20nm
In,Ga;_x As QDs (x> 0.24) with higher composition “cores” (up to
x~ 0.54); meanwhile, 1-4nm diameter silicon clusters are apparent
throughout the layer.

As shown in Fig. 3(a), the QD is modeled a series of non-
concentric semi-ellipsoids with the x;,, gradient increasing toward the

(a)

Quantum Dot

width

GaAs or air 0 0

GaAs substrate
FIG. 3. 2D contour plot of x;, and Si clusters used as the models for nextnano simu-
lations. The blue dotted lines in the x-y view images (top) indicate the positions of
the x-z view images (bottom). In the simulation, we assume that the Si atoms sub-
stitute for Ga atoms, yielding n-type doping. In addition, these blue dotted lines indi-

cate the positions of the CBEs and VBEs plotted along the x- and z-directions in
Fig. 4.
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QD core, in increments of xz,=0.06, from x;, = 0.24 to xp, = 0.54,
consistent with the iso-surfaces in Fig. 2. In the simulation, substitu-
tional incorporation of Si at group III sites is assumed in the nextnano
simulations. The Si clusters are modeled as 1-4 nm diameter spheres
with constant xg; of 0.015 substituting the group III sites, shown in
Fig. 3(b). For the GaAs layers, 2D contour plots if Si clusters are shown
in the supplementary material. The QDs and Si clusters are input as
ellipsoids and spheres, respectively. For the capped QDs, the layer on
top of the QD is GaAs; for the uncapped QDs, the layer is “air.” The
nextnano approximation to a grid spacing of 0.8nm leads to the
apparent pixelated appearance of Fig. 3. The lattice parameters, effec-
tive masses, band edges, and deformation potentials used in the next-
nano simulations are available in the supplementary material.

For the capped and uncapped QD layers, the conduction-band
edge (CBE, red), valence band edge (VBE, blue), and ground states for
electrons and holes, computed along the blue dotted lines intersecting
the QD in Fig. 3(a), are shown in Figs. 4(a) and 4(c) and 4(b) and 4(d),
respectively. For each of the x-, y-, and z-directions, if the electron
(hole) level is below (above) the edge of the conduction (valence)
band, the carrier is considered to be confined. For the capped QD
layers, the computed CBE and VBE reveal that E,; (Ey;) lies 47 meV
(90 meV) below (above) the CBE (VBE) of the surrounding 2D alloy
layers (x7,=0.08) in the x-direction, and 114 meV (167 meV) below
(above) the CBE (VBE) of the 2D alloy layers in the z-direction.

GaAs Capped Uncapped
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FIG. 4. Computed spatial-dependence of the conduction-band edge (CBE, red),
valence band edge (VBE, blue), and corresponding confined electron ground and
first excited (E¢q and Eg) and confined hole ground (Ejp) states for the (a) and (c)
capped and (b) and (d) uncapped QD layers. Plots (a) and (b) [(c) and (d)] illustrate
the x-dependence (z-dependence) of the band edges computed along the blue dot-
ted lines intersecting the QD in Fig. 3(a).
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Therefore, for the capped QD layers, 3D confinement of electrons and
holes is confirmed. The first electron excited state (E.,) lies 12 meV
above CBE of the 2D alloy layers in the x-direction and 60 meV below
CBE of the 2D alloy layers in the z-direction. Since the E,, is above the
CBE in x-direction, only the ground state is confined in the QD. For
the uncapped QD layers, the computed CBE and VBE reveal that E,;
(Epm) lies 52 meV (123 meV) below (above) the CBE (VBE) of the sur-
rounding 2D alloy layers (xz, = 0.08) in the x-direction, and 86 meV
(148 meV) below (above) the CBE (VBE) of the 2D alloy layers in the
z-direction. Thus, 3D confinement of electrons and holes for the
uncapped QD layer is also confirmed. The first electron excited state
(Eep) lies 27 meV above CBE of the 2D alloy layers in the x-direction
and 16 meV below CBE of the 2D alloy layers in the z-direction. Since
the E,; is above the CBE in x-direction, only the ground state is con-
fined in the QD. For the uncapped QD layer, the higher energy barrier
(>7eV) at z=3.3 nm is due to the “air” at the free surface.

We now consider the spatial distribution of ionized donors and free
carriers in the capped and uncapped QD layers (Fig. 5). For the capped
QD layers, Fig. 5(a) reveals clusters of ionized donors in the x-y (top)
and x-z (bottom) views, with the lowest fraction of ionized donors
located inside the white dashed ellipses that correspond to the positions
of the QDs. Similarly, for the uncapped QD layers, Fig. 5(b) reveals clus-
ters of ionized donors in the x-y (top) and x-z (bottom) views, with the
lowest fraction of ionized donors located inside the QDs. For the GaAs
layers, dopant ionization is shown in the supplementary material. The
lower fraction of dopant ionization inside the QDs is due to quantum
confinement that enhances the donor ionization energy.'” On the con-
trary, the free carriers are highly concentrated inside the QDs, as shown
in Figs. 5(c) and 5(d). Since the free carriers are concentrated inside the

GaAs Capped Uncapped

lonized

donor

density
(10 cm3)

Free
electron
density
(108 cm3)

g & | e |

FIG. 5. Computed densities of ionized donors and free electrons for (a) and (c)
capped and (b) and (d) uncapped QD layers. The white dashed ellipse indicates the
position of the QDs, and the maximum value of the color scales for the ionized
donor and free electron densities are shown in the upper right corer. For the ion-
ized donors in (a) and (b), the highest densities are outside the QDs. Meanwhile,
for the free electrons in (c) and (d), the highest densities are within the QDs. The
lower fraction of dopant ionization inside the QDs is due to quantum confinement
that enhances the donor ionization energy.
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QDs, but the ionized donors are primarily located outside the QDs, these
QD layers act as modulation-doped nanostructures with dopants from
the 2D alloy layers providing free carriers.

Finally, we compare the free carrier densities for the capped
[Fig. 5(c)] and uncapped [Fig. 5(d)] QD layers. The higher free carrier
density for the uncapped QD layers is presumably due to the higher
energy barrier (>7eV) at z=3.3nm [Fig. 4(d)], which does not allow
the tunneling of the electrons. To determine the number of electrons
inside the QD, we integrated the ground state electron density inside
the QD, yielding 2.7 and 1.7 electrons inside the capped and uncapped
SK-QDs, respectively. The capped QDs have more electrons because
the n-type GaAs:Si capping layer provides additional electrons. In con-
trast, lateral gradients in carrier concentration were reported for
uncapped QDs,™* with full carrier depletion reported for sufficiently
large capped QDs.” Therefore, future simulations need to include con-
tributions from surface and/or interface electronic states.

In summary, we have examined the relationship between dopant
distributions and their activation in the vicinity of InAs/GaAs QD
layers. We used local xj, compositions and fs; compositions from
LEAP tomography as input into self-consistent Schrodinger—Poisson
simulations based on the effective mass approximation to compute 3D
confinement energies and distributions of ionized dopants and free
carriers. Although Si dopants are located within the QDs and sur-
rounding 2D alloy layers, dopant ionization is lowest inside the QDs.
Interestingly, the free electron concentration is highest within the QD
but is reduced in the presence of a GaAs capping layer due to the
tunneling of electrons from the QD to the GaAs capping layer. This
study provides insight into the relative roles of dopant incorporation,
dopant activation, and free carrier trapping in the vicinity of nano-
structures, offering a pathway toward the development of 3D
modulation-doped nanocomposites.

See the supplementary material for details on molecular-beam
epitaxy, selection of LEAP parameters, LEAP chromatic aberrations,
1D composition profiles across QDs and Si clusters, nextnano input
parameters, and computed ionized donors in GaAs spacer layers.
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