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Indium arsenide (InAs) quantum dots (QDs) grown by molecular beam epitaxy (EBM) on gallium arsenide
(GaAs) substrates have exhibited quantized charge-trapping characteristics. An electric charge can be
injected in a single QD by a gold-coated AFM nano-probe placed directly on it using a conductive-mode
atomic force microscope (C-AFM). The results revealed separate current—voltage (/-V) curves during
consecutive measurements, where the turn-on voltages measured at the subsequent voltage sweeps are
incrementally lower than that at the initial sweep. We demonstrate that the charge state of the QD can
change over a long enough time by measuring the /-V data on the same QD at different time intervals.
Discrete energy states (here, five states) have been observed due to the quantized charge leakage from

the QD into the surrounding materials. These quantum states with five energy levels have been verified
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Accepted 15th September 2023 using quantum theory analysis of the quantum-well with the help of a numerical simulation model,
which depends on the QD dimensions. The size of the quantum-well in the model is in good agreement

DOI: 10.1039/d3na006389 with the actual QD size, whose lateral dimension is confirmed using a scanning electron microscope. At
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1. Introduction

There is a growing interest in developing technologies for
devices with extremely small dimensions, for less energy
consumption and higher switching speed."® Nano-scale
semiconductor-based devices attracted lots of attention due to
their unconventional electrical and optical properties.** Several
approaches and materials are being intensively investigated to
develop small-scale devices, like carbon nanotubes, nanowires,
nanoparticles, and graphene-based devices.”** Understanding
the electronic structure at the nanoscale is crucial for applica-
tions in nano-electronic device design and fabrication, where
the electrical characteristics are significantly dominated by the
size of metal-semiconductor interfaces.'>**

Quantum dots have emerged as a viable technique for
semiconductor devices, notably in memory technology.*®'” To
mention some of the significant benefits, the size and shape of
quantum dots at nano-scale semiconductor crystals can be
precisely controlled.'®*® This enables exact adjustment of their
electrical characteristics, such as energy levels and bandgaps.
The homogeneity of quantum dots makes it possible to design
memory systems that are quite reliable and repeatable.”*** The
customizable characteristics of quantum dots are another
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the same time, the height is estimated from the atomic force microscope topography.

benefit. Since quantum dots have size-dependent optoelec-
tronic characteristics, their behavior can be modified by varying
their size.”»*® The number of energy states directly depends on
the dimensions of the quantum dot, increasing the dimensions
of the QD increases the number of quantum states, hence, the
number of energy levels. Moreover, changing the material of the
quantum dot will change the number of quantum states in the
quantum well, which is inversely proportional to the band gap
of the quantum dot. With this tunability, memory devices can
be created with the appropriate properties, including certain
energy levels, emission wavelengths, and charge-storage
capacities. Furthermore, their sturdy construction reduces
surface-related flaws and deterioration, allowing for sustained
device operation and data storage in memory technology.
Therefore, quantum dots offer unmatched benefits over other
nanomaterials like nanowires, and nanosheets for developing
high-performance and reliable memory devices, because of the
above-mentioned characteristics, and improved stability. Due to
the extremely small size of the quantum dots, where each QD is
a nanoscale unit memory cell with multilevel energy states, they
offer a potential memory platform with a memory density
higher than traditional CMOS technology. Additionally, they
provide a low power consumption platform capable of retaining
the data without refreshing. Therefore, the fast data access, low
power consumption, and high-density memory of QDs have the
potential to the semiconductor memory
technology.'®**

Here we investigate InAs QDs grown on a GaAs substrate for
promising applications in nano-devices, like memory devices.

revolutionize

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The electrical characteristics of individual nanoparticles (NPs)
and QDs can be measured by placing a metal-coated probe
directly on them, using conductive-mode atomic force micros-
copy (C-AFM), where the current-voltage curves on individual
NPs or QDs can be measured.**” Upon sweeping the voltage on
the sample between negative and positive values, we discovered
that some charges, or electrons, get trapped in the QD. This
results in a shift in the I-V curves.””

Herein, we demonstrate that after waiting for some time
intervals and repeating these I-V measurements, discrete I-V
curves can be obtained with different turn-on (threshold) volt-
ages, which can be attributed to the charge leakage from the QD
into the surrounding material. This happens because these
trapped electrons occupy specific energy levels in the QD, which
results in different Fermi-level pinning states at the surface, and
hence different forward bias turn-on voltages. The I-V results
indicate direct probing of the energy states of the electrons in
that particular QD. The size of the QD has been verified using
the atomic force microscope (AFM) topography and the field
emission scanning electron microscope (FESEM) images.
Numerical simulation has been performed based on the
quantum theory of electrons confined in a quantum-well. The
results agreed with the energy level states observed experi-
mentally for a QD with a size similar to that observed in the SEM
and AFM. We would like to indicate here that unlike other
work,*®?® where a large number of QDs are used collectively for
charge storage and detection in a relatively large-scale space-
charge region, here an individual QD is measured at a time
using a conductive nano-probe. This allows us to study the
energy states of electrons trapped in a single QD.

2. Experimental procedure, results
and discussion

Low-density distribution of well-separated indium arsenide
(InAs) quantum dots (QDs) were grown by using the molecular
beam epitaxy (MBE) technique. A thin layer of 2.4 A of InAs was
deposited on the GaAs surface. This amount has reached 2D-3D
transition after approximately 30 seconds of annealing time
under As flux, as observed with RHEED. The growth mechanism
of the substrate and the QDs on the surface was detailed in
a previous work.”” To protect the surface of the QDs from oxi-
dization, a thin amorphous Arsenic (As) cap was deposited on
the top of the structure. A conductive mode atomic force
microscope (C-AFM) was used to obtain a topographical image
of the surface of the sample. During the AFM topography, we
used a scan rate of 0.5 Hz, and the resonance frequency of the
tip used for scanning was 270 kHz. Then the C-AFM was used to
perform the electrical characterization on an individual QD
using a conductive gold-coated nano-probe. The AFM probe was
characterized in a scanning electron microscope (SEM) before
scanning and -V measurements, where a well-defined gold-
coated AFM probe was selected and used in the measurements.

The MBE-grown InAs-QDs were analyzed using a C-AFM and
SEM, as shown in Fig. 1. Fig. 1(a) shows the schematic diagram
of the electrical measurement setup carried out on an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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individual QD. In ASYLUM MFP3D AFM, the conducting tip is
always at the ground and a voltage bias is applied on the
sample. For better electrical contact, the back of the substrate is
scratched and attached with the gold-coated disc using
a conductive silver paint.

Fig. 1(b) depicts the atomic force microscope (AFM) topog-
raphy image of QDs, which are well separated and distributed
on the surface. The height profile along the line shown in
Fig. 1(b) and plotted in Fig. 1(c) indicates that the QDs' height is
around 2.5-3.0 nm, with lateral dimensions in the range of 35-
50 nm. It is well known in AFM topographical imaging process
that the AFM tip size rather dominates the lateral resolution. In
contrast, the vertical resolution depends directly on the object's
height, which is controlled by the AFM piezoelectric vertical
motion, as illustrated in the schematic in Fig. 1(d). Therefore,
the height of the QD can be estimated to reasonable proximity
from the profile in Fig. 1(c).

Therefore, the lateral size imaged in AFM is a combination of
the actual dot topography and the AFM probe radius. In fact, the
lateral scale of the QD is rather dependent on the AFM probe
apex size, as demonstrated in Fig. 1(d). However, to confirm the
lateral dimensions of the QDs, we analyzed the sample in SEM.
The SEM image in Fig. 1(e) depicts that these QDs are not
perfectly circular but nearly elliptical in shape with dimensions
between 16 nm to 27 nm, as indicated by perpendicular scale
bars around selected QDs. Some QDs showed scale bars of
around 18 nm x 26 nm, which is very close to what was pre-
dicted theoretically.”® Furthermore, it is observed that the
distance between QDs ranges from 70 to 200 nm, which means
that there will be no crosstalk between two nearby QDs, i.e., the
electrical probing on one QD will not affect the quantum states
in its adjacent QDs. Fig. 1(f) shows the SEM micrograph of the
gold-coated nano-probe with a diameter of ~25 nm. These InAs
QDs are conventional and self-assembled, and have a lens-
shape,® which can be inferred by comparing the lateral
dimension with the vertical height from the profile in Fig. 1(c)
and (d).

Fig. 2(a-d) shows the electrical measurement results on an
individual QD. After getting a clear topographic image in a scan
area of 600 nm x 600 nm, some QDs are randomly selected on
the surface of the sample, as shown in the insets of Fig. 2(a), (b)
and (d), to carry out the electrical measurements, The Au probe
of AFM is then placed directly in a physical contact with a pre-
selected QD, as shown in the schematic in Fig. 1(a). Before the
measurements, the AFM tip was connected to the ground and
a voltage bias was applied on the GaAs substrate. Subsequently,
the electrical current through the AFM probe/QD junction was
measured by sweeping the voltage bias from —3.0 V to +3.0 V.

A series of I-V measurements were performed on individual
QDs as shown in Fig. 2(a), (b) and (d). A typical Schottky junc-
tion characteristics was observed,®** where under a reverse bias
the measured current is minimum. Under a forward bias
(negative applied voltage), the measured current is turned on at
a voltage around ~—1.5 V, and increases rapidly until it reaches
the AFM amplifier saturation value of 5.0 nA at an applied
voltage around —2.5 V. From the experimental data, the initial
measured I-V curve (the 1st time voltage sweep) has a higher

Nanoscale Adv., 2023, 5, 5562-5569 | 5563
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(a) The schematic of the C-AFM setup. (b) The AFM topographic image of InAs QDs on the sample surface. (c) The height profile of QDs

along the line drawn along QDs in (b). (d) A schematic shows the effect of the tip apex diameter on the lateral dimensions of the QD. (e) A FESEM
image of QDs. (f) A FESEM image of the nanoprobe used in this experiment.

turn-on voltage compared with the successive immediate scans.
The latter has a lower turn-on voltage (~—1.0 V), compared to
the first one at (~—1.5 V), and reaches the saturation current at
a much lower voltage (~—1.5 V), compared to that at the 1st
scan at (~—2.5 V), as shown in Fig. 2(a), (b) and (d). For the
validation of these results, the I-V measurements were repeated
on more than 20 QDs, and a similar electrical behavior was
observed.

We have observed that repeating the I-V measurements
immediately and within time intervals of less than ~4 minutes
from the previous one, as the QD will be charged again during

5564 | Nanoscale Adv, 2023, 5, 5562-5569

each I-V sweep, always results in overlapping I-V curves, as
shown in Fig. 2(a). However, by increasing the wait time to ~5
minutes, the I-V curve in the forward bias, opens up and takes
a new path with a slightly higher turn-on voltage. This indicates
a lower potential at the QD due to charge leakage. Repeating
these measurements after additional five minutes results in
a new I-V curve with a clear shift from the previous one, in the
forward bias as shown in Fig. 2(b). After 5 measurements, each
time we wait additional 5 minutes, ie. in the last measurement
the wait-time was 25 minutes from the previous one, the I-V
curve overlap with the initial curve we started with. This

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) The time evolution of the quantum state after short time intervals. (b) The time evolution of the electrical characteristics at the location

of QD shows shifting in the turn-on voltages. (c) The magnified and exponentially fitted /-V curves from the highlighted region in Fig. 1(b). (d) The
electrical characteristics on the surface of another predefined QD. (e) The electrical characteristics directly on the surface of GaAs substrate

without a QD.

indicate a completely discharged QD. To calculate the time
evolution of turn-on or threshold voltages (Vi) of each I-V
sweep, the I-V curves in the highlighted region of Fig. 2(b) are
replotted in Fig. 2(c) after they are fitted with the exponential
curves. The calculated threshold voltages are, —1.00 V, —1.06 V,
—1.12 'V, —1.24 V, —1.38 V, and —1.50 V. For further confirma-
tion, the same measurements were repeated with similar
conditions, and the same results observed, as in Fig. 2(d). After
waiting for more than 25 minutes, the quantum dot will stay in
its empty state, thus any later -V measurement will be the same
as that for the initial state. We would like to indicate that the
charge trapping effect is not evident when the probe is placed
on GaAs surface in the absence of the QD, as shown here in
Fig. 2(e), and demonstrated in a previous work ref. 2.

For further investigation on the energy levels at the QD, in
a new experiment, we have applied voltage pulses at a selected
current value chosen from Fig. 2(b), which corresponds to
a current of 3.5 nA along the horizontal dashed line. This
current corresponds to forward (negative) voltage biases
—2.30 V, —1.50 V, —1.60 V, —1.70 V, —1.90 V, —2.10 V, and
—2.30 V. We have applied these voltage pulses after waiting
times 0, 5, 10, 15, 20, 25 minutes. The duration of each pulse is
one second. The measured current is quite similar to the
selected current from the I-V curves in Fig. 2(b), which can be
clearly shown in Fig. 3. This demonstrates that a set current can

© 2023 The Author(s). Published by the Royal Society of Chemistry

be read at a given voltage pulse, which would have potential
applications for memory devices.

3. Data analysis and simulation

The shift in the “turn-on” or “threshold” voltages between the
initial and the consecutive voltage sweeps is attributed to the
Fermi level pinning at different energy states of the QD, i.e. due
to the trapping of electrons in different quantum energy levels.
However, after waiting for a long enough time, some charges,
i.e. electrons, leak out into the surrounding material. This
results in lowering the QD's energy level, hence lowering the
Fermi level pinning in the bulk. Consequently, a higher turn-on
voltage will be required again to overcome the forward bias
barrier height. Fig. 4 schematically shows the energy band
diagram for a QD between the AFM Au-tip, the thin As layer, the
InAs-QD and the GaAs substrate (Al-doped and undoped
lattices). Fig. 4(a) shows the energy band diagram when the QD
is empty and before applying any voltage sweeps. The conduc-
tion band of GaAs is bent down until the Fermi level alignment
is achieved across the stack of all materials. Then at a forward
(negative) and a turn-on (a threshold) voltage V;_,, is required to
lift up the energy level of the conduction band to allow electrons
to drift over the conduction band to the QD and subsequently to
the tip, over As thin layer barrier edge. During this process,

Nanoscale Adv., 2023, 5, 5562-5569 | 5565
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Fig. 3
reading current (3.5 nA) is observed.

some electrons get trapped inside the quantum well. The trap-
ped electrons will accumulate in the potential-well between
GaAs and As layer until they reach to a level similar to the bulk
conduction band but lower than the barrier edge of As layer. The
GaAs bulk conduction band is bent down and Fermi level is now
pinned at the new electronic state of the QD, which is shifted up
by an amount AV, as shown in the schematic in Fig. 4(b).
Consequently, a less turn-on voltage (V,.,,) is required at the
consecutive voltage sweeps to drive electrons over the forward
bias barrier, as depicted in Fig. 4(b). Hence, the new turn-on
voltage V,.on, equals Vi on = Vion — AV.

However, after a waiting time of ~5 minutes some electrons
leak out from one of the quantum states, in the QD (or the
potential well), which results in a lower potential of the QD.
From the I-V data in Fig. 2 and pulse data in Fig. 3, at a current

5566 | Nanoscale Adv, 2023, 5, 5562-5569

Time (s)

(a)—(9) Investigation of energy levels in QDs at a set input voltage pulses, 2.3, 1.5,1.6, 1.7, 1.9, 2.1 and 2.3 V respectively, while a similar

value of 3.5 nA, we can readily infer that there is a discrete
potential shift of 0.06 to 0.14 V, depending on the energy states,
after a waiting time of additional 5 minutes from previous
measurements. This means that each time the QDs potential
energy drops by 0.06 to 0.14 eV, which affects the level of the
bulk Fermi pinning. We have observed 5 discrete quantum
states in addition to the empty state in the QD. Each energy level
can occupy two electrons, with spin up and spin down, and
hence 10 electrons can be trapped in the QD. This change in the
turn-on (threshold) voltage is equivalent to the leakage of two
electrons at a time, from each energy level, from the top to lower
levels, as shown in the schematic in Fig. 4(c) and (d), and in the
simulation model in Fig. 5. Fig. 4(c) shows the energy band
diagram after the leakage of two electrons, where the Fermi level
shift from that of the first sweep is AV;. A forward bias V' geon is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematics of the energy band diagram for a QD located between the nano-probe and a GaAs bulk. (a) Show the energy band diagram
and band-pending at the contact interface, before applying a bias voltage and after applying a threshold (turn-on) forward bias voltage, V1_on. (b)
When the QD is fully charged the bottom of the conduction band is shifted up by AV, and the new trun-on voltage is V.o, = V1-on — AV. () After
the leakage of electrons from the top energy level, after 5 minutes, the conduction band drop to AV; < AV, which results in a higher turn-on
voltage, V'soon. (d) The energy band diagram at a forward bias and after the QD is discharged with two more electrons, V", is higher than V'oon

by 0.06 V.

now higher than V,.,, by a value equal to AV — AV; = 0.06 V.
This sequence shift takes place in steps of 0.06 to 0.14 V,
depending on the energy state, as in Fig. 4(d), where the turn-on
voltage is V";.on, with a new shift in Fermi level AV,. This drop in
Fermi level will continue until the QD is fully discharged and
comes back to the initial stage as in Fig. 4(a).

We have also performed finite element simulation analysis
for calculating the energy states in a QD considering the band
diagram at a bias voltage of 1.5 V with electrons trapped inside
a QD in 3D, with dimensions 5 nm x 18 nm x 26 nm. The
Poisson equation is solved in z-direction as described by

V-[e(2)Ve(2)] = —p(2), 1)

where ¢(z) denotes the electrostatic potential, and p(z) is the
charge density. The simulation area in the z-direction includes
a conductive tip located on top of As thin layer followed by an
InAs QD with a height of 5 nm followed by a GaAs substrate. The
structure is similar to what is shown in Fig. 4. The confined
energy is calculated by solving the 3D Schrédinger equation in

© 2023 The Author(s). Published by the Royal Society of Chemistry

a square shape with Dirichlet boundary condition as described
by

{— % % + x(x)¢(X): = e.¢(x), (2a)
{ % aayz + Vy(y)fﬁ(y): =&0(»), (2b)
h 62 .
[ “oman T V;(z)d)(z)_ = &:¢4(2), (2¢)
and
E=¢ + & e [3)

The conduction band edge of the As thin layer at gamma
point is ~1.94 eV.*”” The band gap and valence band offset of
InAs/GaAs is around 0.417/1.519 eV and 1.39/1.346 eV, respec-
tively.”® The doping level in GaAs substrate is estimated to be
10'® em ™ with 15 nm undoped GaAs substrate on the top and
in contact with the QD. Fig. 5(a) shows the conduction band

Nanoscale Adv., 2023, 5, 5562-5569 | 5567
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energy state.

profile of the system at 1.5 V bias at the first scan (without
electrons trapped inside the QD before the scanning). Five
energy states are present inside the QD when GaAs substrate
edge is lifted above As layer's energy barrier by the applied bias
of ~1.5 V. Current starts increasing above this point, and energy
states are filled. As time goes by after the first scan, electrons
trapped inside QD leak out from state to state, from higher to
lower. Therefore, the 6 discrete threshold voltages are measured
in Fig. 2(c) corresponding to 0, 1, 2, 3, 4, 5 filled energy states,
including the empty state. As shown in Fig. 5(b), the energy
states occupation possibility of each energy state is calculated
by solving the equation,

FE) = 5 @)

ekT + 1

where 7' = 300k is the room temperature, E; is the Fermi level,
and E is the energy of calculated energy states.

4. Conclusion

A conductive nano-probe has been used to investigate the local
electrical characteristics of individual QD in an atomic force
microscope (AFM). After imaging QDs, the nano-probes is
placed directly on a selected QD and the (I-V) measurements
where performed. Discrete I-V curves were obtained immedi-
ately after sweeping the applied voltage and waiting 5 minutes
between consecutive sweeps. This change in I-V behavior is
attributed to the charge trap during the initial voltage sweep
and to the charge leakage after waiting for some time. The
discrete behavior in the I-V characteristic indicates discrete
energy levels of trapped electrons inside the quantum well of
the QD. Five quantum energy states have been found in a QD
with dimensions of 5 nm x 18 nm X 26 nm, in addition to the
empty state. These quantum states have also been verified using
a numerical simulation model and calculations of the quantum
state of a QD of similar dimensions. These results provide
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a physical approach for detecting the quantum states in a single
QD, which would utilize such QDs in multi-level based data-
storage nano-devices.
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