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Abstract

Increasing quantum confinement in semiconductor quantum dot systems is essential to
perform robust simulations of many-body physics. By combining molecular beam epitaxy
and lithographic techniques, we developed an approach consisting of a twofold selective area
growth to build quantum dot chains. Starting from 15 nm-thick and 65 nm-wide in-plane

Ing 53Gap.47As nanowires on InP substrates, linear arrays of Ing s3Gao47As quantum dots were
grown on top, with tunable lengths and separations. Kelvin probe force microscopy
performed at room temperature revealed a change of quantum confinement in chains with
decreasing quantum dot sizes, which was further emphasized by the spectral shift of quantum
levels resolved in the conduction band with low temperature scanning tunneling
spectroscopy. This approach, which allows the controlled formation of 25 nm-thick quantum
dots with a minimum length and separation of 30 nm and 22 nm respectively, is suitable for

the construction of scalable fermionic quantum lattices.

Keywords: Selective area epitaxy, semiconductor nanowire, quantum dot chain

1. Introduction

Electron localization in a lattice is essential for the
ongoing development of quantum systems, which aim at
solving interacting fermionic problems. It can be achieved
with semiconductor quantum dots (QDs) in which the
restriction of the electron motion leads to a discrete atom-like
electronic structure [1]. The most popular route to create
QDs consists in electrically tuning the potential landscape of
a two-dimensional (2D) electron gas [2,3]. Using remote gate
voltages, linear and two-dimensional arrays of QDs have
been defined in GaAs/AlGaAs or Si/SiGe heterostructures
with an electrostatic disorder small enough to explore
quantum coherence or perform quantum simulation and
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information processing [4,5,6]. Although the typical energies
of the interdot coupling and the charging energy are weak, in
the range of 100 peV and 1 meV respectively, and would
deserve to be increased for improved temperature
accessibility, questions remain about the scalability of these
systems with a limited number of control lines [7].
Alternatives to electrostatically designed arrays of QDs
exist. For example, arrays of QDs can be obtained by the
morphological instability of strained epi-layers. Using
molecular beam epitaxy (MBE), an in-plane self-assembly of
QD chains was demonstrated for increasing numbers of
stacked InGaAs/GaAs multilayers [8,9]. More recently, 2D
arrays of QDs were created with lithographic techniques by
nanoperforating an Ing s3Gag47As semiconductor quantum
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Figure 1. Experimental scheme for the fabrication of InGaAs QD chains based on multiple selective area molecular beam epitaxy
(SAMBE) with corresponding SEM illustrations obtained after each step. (a-b) Selective area molecular beam epitaxy of an InGaAs NW in
the opening of a SiO2 dielectric mask deposited on an InP (100) substrate. (c-d) Fabrication of HSQ nanoribbons defined by e-beam
lithography across the InGaAs NW. (e-f) Selective area molecular beam epitaxy of InGaAs QDs on the InGaAs NW. (g-h) Removal of the
HSQ and SiO2 dielectric mask to recover a clean surface for the subsequent characterization of the InGaAs QD chain with scanning probe

microscopy. Scale bars: 50 nm (left), 200 nm (right).

well lattice matched to InP [10,11]. In both cases, the QD
height is smaller than 10 nm and the circular base showed a
diameter of about 35 nm. Such a geometry leads to a stronger
quantum confinement with respect to the gate-defined QDs,
somewhat relaxing the temperature constraint of the transport
experiments. However, the QDs suffer from small
fluctuations in size, which induces localization of the
electrons in the biggest QDs, preventing the study of many-
body physics.

Here, we aim at taking advantage of selective area growth,
that relies on the combined use of MBE and lithographic
techniques, to obtain an improved control over the QD size
in linear arrays. Our scheme is based on the selective area
epitaxy of in-plane semiconductor nanowires (NWs). While
the NWs are created into a pattern transferred from a
dielectric mask, the inhibition of the growth on the dielectric
mask enables the fabrication of scalable and complex planar
interconnected structures suitable for the transfer of quantum
information [12,13,14,15,16]. By repeating the selective arca
epitaxy process on the NWs, we show the fabrication of
Ings3Gaga7As QD chains on InP, where the vertical
confinement is defined by the growth and, the lateral one by
the dimensions of the patterned mask. As finding nanometer
scale chains with scanning probe microscopies (SPM) is a
tedious task, we designed a device layout for the navigation
of the SPM probes. The variation of quantum confinement in
the chains was then examined with kelvin probe force
microscopy (KPFM) at room temperature and scanning

tunneling spectroscopy at 77 K. The study of chains, for
which the length of the QDs steadily decreases, reveals an
increase of the quantum confinement, clearly discernible for
the conduction band.

2. Selective area epitaxy of quantum dot chains

In-plane InGaAs QD chains, lattice-matched to InP, were
fabricated using a two-step selective area molecular beam
epitaxy (SAMBE) as described in figure 1. For the first step,
a SiO; dielectric mask consisting of elongated openings or
more complex opening networks was prepared on a Zn-
doped InP(100) substrate by means of plasma-enhanced
chemical vapour deposition (PECVD), e-beam lithography
and reactive ion etching [17]. After a final hydrofluoric acid
dip that fully opened the mask, the elongated openings
exhibited a width of about 65 nm and lengths ranging from
300 nm to 3 um. The sample was then outgassed for one
hour at 180°C under ultra-high vacuum (UHV) before being
transferred to the MBE system. The surface in the openings
was deoxidized by a soft thermal annealing, below 500°C,
under As; flux combined with a short exposure to an atomic
hydrogen flux produced by a RF plasma cell during the
temperature rise. A thin layer of InGaAs was then deposited
in the openings with a nominal thickness of 10 nm at a
temperature of 490°C and a growth rate of 0.2 monolayer per
second (ML/s) with an As/In flux ratio of 5 (figure 1(a)). To
ensure a good selectivity with respect to the oxide mask, the
growth took place under an atomic hydrogen flux, resulting
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Figure 2. (a-c) SEM images with increasing magnification of the
area surrounding the QD chains for an efficient navigation of the
probe. One of the four markers, funnel shapes and the region of
interest are labelled M, FS and ROI respectively. Three specific
areas in the ROI, highlighted in (c), corresponds to (d) a SEM
image and (e) an AFM image of a QD chain with QD lengths
decreasing towards the centre of the ROI, (f) a STM image of two
QD chains with QDs of similar sizes. The AFM and STM images
were respectively obtained in ambient conditions and in UHV at 77
K. Feedback parameters for the STM image: Vs = +2.2 V, I = 564
PA. (g) and (h) Height profiles acquired along the dashed segments
indicated in (e) and (f) respectively.

in the formation of Ings3Gag47As nanowires, lattice-matched
to InP [18], without any visible clusters on the dielectric
mask, as shown in figure 1(b).

Localized overgrowth on the in-plane InGaAs nanowires
was then performed using a hydrogenosilsesquioxane (HSQ)
mask [19]. HSQ was spin coated with a thickness of 80 nm
and then exposed to electrons. The unexposed areas were
dissolved with TetraMethylAmmonium Hydroxide (TMAH)
to leave a periodic array of HSQ ribbons across the InGaAs
nanowires, as seen in figures 1(c) and (d). In these examples,
the width of the ribbons varied between 30 and 40 nm. After
outgassing the sample at 200°C in UHV, the surface of the
InGaAs nanowires was deoxidized in the MBE growth
chamber and a nominal thickness of 10 nm was deposited
again with the same growth conditions as the ones used for
the nanowire (figure 1(e)). As a result, InGaAs pyramidal

shapes are obtained on top of the InGaAs nanowires in the
spacing between the HSQ ribbons, as observed in figure 1(f).
This image shows a good selectivity during the growth, since
the number of parasitic clusters seen on the mask is small.
After the growth, the HSQ ribbons and the SiO, dielectric
mask were removed with a hydrofluoric-based chemical
etching to leave chains of InGaAs QDs protruding out of the
clean InP (100) surface (figure 1(g-h)).

Investigation of the QD chains with SPM requires to pre-
pattern markers that guide the positioning of the probe over
the region of interest (ROI) containing the chains. The ROI
has a limited square size of 8 um in width. To be able to
locate it, it was designed in the centre of a 340 um-wide
square, defined at its corner by four square cavities, 100 pm
in size. The four cavities, etched in InP with a depth of 200
nm, are readily observed with an optical camera and help to
position the probe in the 140 pm-wide central region.
Because this area is larger than the maximum scanning area
of atomic force microscopy (AFM) and scanning tunneling
microscopy (STM), an additional structure was designed
around the ROI to guide the navigation of the probe more
precisely. As seen in figure 2(a), it consists of four funnel
shapes, all pointing towards the ROI. They were patterned
and opened in the SiO, dielectric mask concomitantly with
the NWs and QD chains, so that SAMBE also occurred in
the funnel shapes. They encompassed small and periodic
SiO, regions which defined segments, figures and letters
used as landmarks for the navigation of the probes (figures
2(b) and (c)). To make the navigation easier, the letters and
figures were rotated by 90° from a funnel shape to the next
one. The position of the segments with respect to the letters
(either on the left or on the right of the letters) indicates the
direction to take to reach the ROI. The removal of the SiO»
layer after the second growth left a bare InP surface in the
ROI between the QD chains, around the InGaAs funnel
shapes and in the segments, figures and letters of the funnel
shapes. This difference of material composition is directly
captured by the SEM images of figure 2, where the InP
surface, 20 nm deeper than the InGaAs surface, appears
bright.

For the analysis of the samples with SPM, a few samples
were left in air to be characterized with a D3100 atomic force
microscope and a NS4 controller (Bruker) in ambient
conditions. Otherwise, they were loaded back to the MBE
system to be cleaned and fully deoxidized with an atomic
hydrogen flux exposure and a 400°C annealing under Ass
flux. They were subsequently exposed, at a temperature of
10°C, to an arsenic flux for 10 minutes. Capping the samples
with such an amorphous arsenic layer efficiently protects
their surface from air exposure and allows their transfer to a
UHV system hosting a low-temperature scanning tunneling
microscope (Omicron). Prior to the STM characterization,
the As capping layer was removed by annealing the samples
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Figure 3. Room temperature (a) AFM and (b) KPFM images
acquired simultaneously on a QD chain with QD lengths decreasing
towards the centre of the ROI. The observed distortion from a
straight chain is an experimental artefact caused by the drift of the
scanner. The dashed lines indicate the position of the (c) height and
(d) potential profiles. (¢) AFM and (f) KPFM images acquired
simultaneously on a QD chain with a missing QD. (g) Energy band
diagram where the work function @ of the Pt-Ir probe, the affinities
% and the band gaps Egap of bulk InP and InGaAs are indicated. The
change of the band position and bending with quantum
confinement, and the resulting difference in contact potential (CPD)
are highlighted with dotted lines.

2
)
¥ 250 nm
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at 350 °C, while monitoring the As desorption with mass
spectroscopy [20].

Using an optical camera and operating the AFM tip in the
tapping mode, the ROI was located within a few minutes.
The AFM image in figure 2(e) shows the end of the tilted
QD chain visible in the SEM image of figure 2(d) and
another horizontal QD chain, both structures being separated
by a 4x4 grid. While a height difference of 20 £ 4 nm is
typically measured between the funnel shapes and the ROI,
consistent with the nominal thickness of the InGaAs layer,
the height profile of the QD chain indicates that the dots have
a height higher than the nominal thickness, some of them
reaching more than 30 nm (figure 2(g)). A similar increase of
the height with respect to the total nominal thickness of
InGaAs is also found for other QD chains located at the right
bottom side of the ROI and imaged with STM (figure 2(f)
and (h)). We attribute this deviation to the faceting of the
QDs, which leads to a three-dimensional growth. We note
that the width of the QD chains measured in the SEM
images, 66 £ 1 nm, matches the width of the initial opening
in the SiO, dielectric mask, indicating that the growth
develops vertically and does not extend laterally. In contrast
to the almost constant separation between the QDs seen in
figure 1, tuning the width of the HSQ ribbons allowed to
vary the QD separation. For the long QD chains visible in

figures 2(d) and (e), where the width of sets of HSQ ribbons
(triplet, quadruplet and even quintuplet) were steadily varied
from 100 down to 20 nm by step of 10 nm, the minimum
separation between two adjacent QDs was 25 = 1 nm.
Beyond this lowest limit, the growth is often impeded
because of the partial development of the HSQ resist.
Similarly, the length of the QDs was tuned between 90 nm
and 30 nm. As a result, the smallest QDs had a minimum
length of 30 nm, corresponding to the intended patterned
length, while the minimum height was 22 £ 1 nm.

3. Quantum confinement in the quantum dot chains

To assess any change of confinement between the QDs,
the QD chains were studied with KPFM in amplitude
modulation lift mode at room temperature. This technique
measures the contact potential difference (CPD) between a
sample and a conductive AFM probe. When quantum size
effects occur in a semiconductor QD, the number of charge
carriers transferred into the QD from the substrate varies
with the confinement. As a result, the surface potential
measured on the QDs changes and can be mapped out by the
measurement of the CPD [21]. Figure 3(a) shows an AFM
image of a whole QD chain. Although the apostrophe shape
of each QD is a probe artefact and the slight bending of the
chain is caused by the drift of the instrument, this
measurement provides series of reproducible QD heights
along the chain. Three sets of QDs are observed from the left
to the right with respective heights of 25 nm, 27 nm and 32
nm (figure 3(c)). The simultaneously acquired KPFM image
(figure 3(b)) shows a clear contrast variation between the
smallest QDs and the biggest ones. We rule out the origin of
this variation to the topography because a missing dot,
corresponding to a depression in the AFM image of figure
3(e), has a KPFM contrast brighter than the one observed on
the adjacent QDs (figure 3(f)). Instead we attribute a higher
CPD to residual charges at the position of the depression
[22].

To further ensure that the change of CPD is meaningful,
the difference of surface potential between the InP surface
and the biggest QDs having the weakest quantum
confinement is first analysed. The CPD is equal to the
difference between the work function of the AFM probe and
the work function of the sample divided by the elementary
charge. The affinity of InP has been well established, 4.40
eV [23]. For p-type InP substrates covered with a native
oxide layer, the Fermi level at the surface is known to be
pinned 0.50-0.60 eV below the conduction band [24,25],
yielding a work function of 4.95 + 0.05 eV. The affinity of
Ino.53Gag47As, obtained from a Vegard’s law interpolation
between the affinities of GaAs and InAs, is 4.51 eV.
Therefore, a positive CPD increase by 65 mV indicates a
slightly lower work function for Ings3Gag47As, with a Fermi
level pinned below midgap at the InGaAs surface (figure
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3(g)). This pinning is consistent with the position of the
Fermi level determined with tunneling spectroscopy for
reconstructed and oxidized Ings3Gaos7As (001) surfaces
[26,27,28]. Hence, the KFPM measurement is relevant for
the assesment of a change of quantum confinement along the
QD chain. We note that discrepancies exist in the literature
depending on the chemistry of the surface and the techniques
used to characterize the position of the Fermi level at the
surface [26,29]. However, in comparison with a flat (001)
surface, the QD are faceted, as seen in figure 2d, involving a
higher density of surface states in the band gap which
implies a stronger pinning of the Fermi level midgap.

Focusing on the variation of the CPD along the QD chain,
a stronger quantum confinement with smaller QDs implies a
larger band gap, delineated by the dotted bands in figure
3(g). As the energy separation between the quantized states
in the valence and conduction bands also increases with the
quantum confinement, the net charge in the QDs changes.
Balancing the positive holes on the remaining quantized
states at the top of the valence band, which are transferred
from the p-type doped InP substrate across the depletion
layer, modifies the surface potential. This effect leads to a
reduction of the CPD contrast while the QDs get smaller, as
seen in the KPFM image of figure 3(b). When plotted as a
profile in figure 3(d), the CPD drops by 20 mV for the QDs
with an intermediate height. This reduction reaches 26 mV
for the smallest QDs. It arises from the decrease of the
downward band bending, as illustrated in figure 3(g) when
not only the band gap is compared between the QD and the
InGaAs bulk but also the curvature of the bands.

To further estimate the change of confinement, the
electronic structure of the QD chain was investigated with
tunneling spectroscopy at 77 K. Figure 4 shows tunneling
spectra measured on a big QD, a smaller QD and at the
position of a bridge between two adjacent QDs. These
structures are respectively labeled QD1, QD2 and BRI.
Based on the height profiles of figure 4(c), they have lengths
of 95 £ 1 nm, 78 £ 1 nm and 55 = 1 nm, while their
respective heights are 28 + 1 nm, 25 + 1 nm and 14 £ | nm.
In the tunneling spectra, the valence and conduction band
states are probed at negative and positive bias respectively.
For the states of the InGaAs structures which are not in
resonance with the states of the InP substrate, their access is
made possible thanks to the tunnelling of holes from the p-
type doped InP substrate at negative bias and the efficient
electron-hole recombination at positive bias, as depicted in
the inset of Fig. 4(a) [28].

The valence and conduction bands are separated by an
apparent band gap defined as the bias range where the
tunneling current reaches the experimental noise. We note
that the apparent band gap may be larger than the true band
gap of the different structures, consistent with previous study
[18,28]. Due to the absence of doping in the InGaAs QD
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Figure 4. (a) dI/dV spectra acquired at 77 K on the QD1, QD2 and
the bridge (BR1) indicated by the white arrows in the STM image
shown in (b). The lowest conduction band state for each element is
labelled Ee. Inset: band diagram of the tunneling junction where an
electron is transferred at positive bias from the tip Fermi level Er to
Ee, and subsequently recombines with a hole supplied by the
valence band of the InP substrate. Feedback parameters: (QD1) Vs =
-0.9V, I; = 210 pA; (QD2) Vs = +0.9V, I; = 202 pA; (BR1) Vs =
+1.0V, It = 828 pA. (c) STM height profile measured along the
chain at the position indicated by the black arrows in (b).

chain and the existence of a depleted region at the
InGaAs/InP interface, the potential does not fully drops
across the vacuum junction, but also at the interface with the
p-type doped InP substrate and to a lesser extend along the
thickness of the InGaAs layer. This system resembles a
capacitive model, where the InGaAs structure is weakly
coupled to the two leads, the STM tip and the InP substrate
respectively. Hence, the potential distribution is
characterized by a lever arm, corresponding to the ratio
between the capacitance of the depleted region and the sum
of the capacitances of the depleted region and the vacuum
junction.’® Because the lever arm can be smaller than one,
the apparent band gap is usually larger than the single
particle band gap. Although the lever arm is not known, it is
reasonable to assume a similar lever arm for each InGaAs
structure with, at their top surface, an identical Fermi level
pinning measured at zero bias. As a result, the spectral
position of the conduction band states can be compared
between the three InGaAs structures.

The measurement of the lowest peak in the conduction
band for QD1 and QD2 yields a separation of 50 mV
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between Ecqpi and Ecgp2 consistent with a smaller QD2 and
thus a stronger confinement. The quantum confinement
further increases in BRI, as a difference of 90 mV is
measured between Ecpri and Eegpi. It is predominantly
caused by the height difference between BR1 and QD1. Such
a stronger confinement in the bridge is highlighted by the
three additional peaks that are clearly observed at higher
bias. As the bridge corresponds to the initial NW, these
peaks are associated with delocalized states along the chain.
Hence, they should also exist in the QDs, which stand on the
NW. But their spatial depth makes the transmission
probability between the tip states and the QD states much
weaker, preventing their detection in the spectra.

4. Conclusion

In conclusion, we have shown that Ing s3Gao47As quantum
dot chains can be obtained with a twofold selective area
growth. By developing a device layout compatible with
scanning probe microscopies, individual chains were
characterized and exhibited a change of quantum
confinement with the dot size. As our approach can be
further improved by reducing the NW dimensions and by
integrating low effective mass semiconductor materials (InAs
or InSb), QD lattices with stronger quantum confinement
effects are achievable. Moreover, the flexibility and precision
ensured by multiple fold selective area molecular beam
epitaxy opens the door to the creation of more complex QD
architectures such as the linear Su-Schrieffer-Heeger chains
with staggering patterns, and the two-dimensional Lieb or
honeycomb lattices.
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