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~3-nm ZnO Nanoislands Deposition 
and Application in Charge Trapping 
Memory Grown by Single ALD Step
Nazek El-Atab1, Farsad Chowdhury1, Turkan Gamze Ulusoy2,3, Amir Ghobadi3,4, 
Amin Nazirzadeh3,4, Ali K. Okyay2,3,4 & Ammar Nayfeh1

Low-dimensional semiconductor nanostructures are of great interest in high performance 
electronic and photonic devices. ZnO is considered to be a multifunctional material due to its unique 
properties with potential in various applications. In this work, 3-nm ZnO nanoislands are deposited 
by Atomic Layer Deposition (ALD) and the electronic properties are characterized by UV-Vis-NIR 
Spectrophotometer and X-ray Photoelectron Spectroscopy. The results show that the nanostructures 
show quantum confinement effects in 1D. Moreover, Metal-Oxide-Semiconductor Capacitor (MOSCAP) 
charge trapping memory devices with ZnO nanoislands charge storage layer are fabricated by a single 
ALD step and their performances are analyzed. The devices showed a large memory window at low 
operating voltages with excellent retention and endurance characteristics due to the additional oxygen 
vacancies in the nanoislands and the deep barrier for the trapped holes due to the reduction in ZnO 
electron affinity. The results show that the ZnO nanoislands are promising in future low power memory 
applications.

Nanoislands grown on solid surfaces constitute a nanostructured surface system with tunable electronic proper-
ties and various applications in high performance electronic, optoelectronic and photonic devices. In photovolta-
ics, nanoislands are shown to act as a light trapping scheme to enhance the solar cell’s efficiency1,2. A multimode 
resistive switching is also demonstrated in single nanoisland systems3. Nanoislands can be deposited by different 
techniques including chemical vapor deposition4, sputtering5, in addition to predefining the nucleation sites using 
nanoindentation6, etc. Moreover, Zinc-Oxide (ZnO) has recently received considerable attention by industry and 
research due to its excellent chemical and physical properties such as large bandgap, high exciton binding energy 
(60 meV), high transparency, high electron mobility, and high mechanical, chemical, and thermal stability at 
room temperature. These unique properties turn ZnO into a very attractive material with potential in numerous 
applications in electronics, optoelectronics, photocatalysis and laser devices7–13. ZnO is most commonly depos-
ited by either Atomic Layer Deposition (ALD) or physical vapor deposition such as sputtering. Within the past 
few years, ALD has gained world-wide attention for manufacturing conformal layers with thickness in the nano-
meter range, particularly for microelectronic applications14–16. However, very recently, it has been shown that 
the growth per cycle in ALD for the first 20 cycles can be less than a monolayer per cycle which promotes the 
growth of nanoislands described by a Volmer-Weber growth mechanism17. After multiple ALD cycles, the islands 
start to coalesce and form a continuous film. However, in the ultra-thin-film regime, the ALD films are rough 
and not conformal to the initial substrate17. In the present study, ~3-nm ZnO nanoislands deposited by ALD 
are demonstrated. Their physical and electronic properties are analyzed and their effect on the performance of 
Metal-Oxide-Semiconductor Capacitor (MOSCAP) charge trapping memory devices fabricated by single ALD 
step is investigated. In our previous works, we have demonstrated memory devices with different charge trap-
ping layers such as graphene nanoplatelets18, InN nanoparticles19, ZnO nanoparticles20, Si-nanoparticles21–23, etc. 
However, all of these nanomaterials have been deposited by spin/dip coating or drop-casting and therefore the 
memory was not grown by a single ALD step which would greatly reduce the possibility of contamination dur-
ing the fabrication process. Moreover, we have previously shown memory devices with a continuous ZnO layer 
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deposited by ALD with 2-nm24 and 4-nm19 thicknesses. The achieved memory window was negligible even at 
very large program/erase voltages (10/− 10 V) which show that the continuous ZnO layer deposited by ALD 
shows small charge trap states density unlike ALD deposited ZnO nanoislands.

Results
ZnO Nanoislands Deposition and Characterization. The ZnO islands are deposited by 20 ALD cycles 
at 180 °C on a lightly doped p-type Si substrate. The 2D and 3D Atomic Force Microscopy (AFM) topography 
plots (0.5 ×  0.5 μ m) of the ZnO islands after performing tip de-convolution25 are depicted in Fig. 1a,b. Moreover, 
Fig. 1c shows the cross-sectional profile along the dashed line in Fig. 1a. The AFM images show that the nanois-
lands are dispersed and separated from each other and have a width range from 8.5–30 nm (average ~20 nm) and 
an average thickness of ~3 nm. The transmittance and reflectance spectra are measured and the Kubelka-Munk 
function is used to extract the bandgap of the islands as shown in Fig. 226. The function consists of plotting (hυ α )2  
vs. hυ  where hυ  is the photon energy and α  is the absorption coefficient27–31. In fact,

Figure 1. ZnO nanoislands topography after performing AFM tip de-convolution. (a) 2D AFM image of 
nanoislands. (b) 3D AFM image of the nanoislands. (c) Cross-sectional profile of the islands across the dashed 
line shown in (a).

Figure 2. Kubelka-Munk plot of the ZnO nanoislands and continuous layer69. 
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In the parabolic band structure, the absorption coefficient α  and energy gap Eg of a direct-band gap material 
are related through the known following equation32:

α υ = × υ −h A (h E ) (1)g
1/2

where hυ  is the photon energy and A is a proportionality constant.
The absorption coefficient can be extracted from the transmittance and reflectance spectra using the following 

equation:
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where t is the thickness of the semiconductor layer, Ts and Rs are the transmittance and reflectance measured 
using the UV-Vis-NIR spectrophotometer on the sample, and Tbg and Rbg are the transmittance and reflectance of 
the background (without the semiconductor layer).

Therefore, by measuring the needed reflectance and transmittance spectra, the absorption coefficient can be 
calculated and the bandgap can be therefore easily extracted using equation 1.

The same measurements are conducted on an 18-nm continuous ZnO layer. Figure 2 shows that the extracted 
bandgap of the continuous layer is 3.1 eV while this value for the islands increases to 3.35 eV due to quantum con-
finement of charges in 1D. In fact, a thick-layer of semiconductor usually shows bulk properties of the material. 
As the dimension of the layer is reduced to be comparable to the Bohr radius of the excitons of the material, quan-
tum confinement effects take place. If only one dimension of the material is reduced (such as thickness resulting 
in a thin layer), then quantum confinement effects in 1 dimension are expected. This means that the material 
is a 2D nanostructure (quantum well): the electrons/holes have 2 degrees of freedom in x and y, however, they 
are confined in the z-direction into specific discrete energy levels which depend on the size of the quantum well 
(i.e. thickness of the layer). The thickness of the islands is around 3-nm which is close to the Bohr radius of the 
excitons in ZnO (~2.3 nm) but the width is much larger (~20 nm). Therefore, quantum confinement of electrons 
along the thickness of the islands is expected.

However, Srikant el al. showed that the reported apparent bandgaps for ZnO of 3.1 eV and 3.2 eV in the liter-
ature are due to the existence of a valence band-donor level transition at ~3.15 eV which can dominate the absorp-
tion spectrum33. This value is close to the apparent bandgap reported in this work (3.1 eV) for the continuous 
18-nm ZnO layer. In order to confirm the presence of defects levels in the deposited ZnO, X-ray photoelectron 
spectroscopy (XPS) measurements are conducted on the continuous and islands ZnO samples. First the energy 
difference between Zn2p and Si2p core levels ( ∆ECL) in the Si-ZnO (heterojunction) sample is measured and 
found to be 923.46 eV as shown in Fig. 3a,b. On the other hand, −E E( )CL VBM Si

, the energy difference of the core 
level to valance band maximum (VBM) for Si is determined as 98.85 eV from Fig. 4a. Whereas, this amount is 
found to be 1021.15 eV and 1019.23 eV for 3 nm and 18 nm thick ZnO layer, respectively. It should be noted that, 
as it can be implied from Fig. 4b,c, the value of EVBM shows a considerable change from 3.6 eV to 1.68 eV when we 
move from continuous layer to nanoisland morphology. This is also in line with our assumption about emergence 
of quantum confinement effects for ultrathin ZnO layer. All obtained data are summarized in Table 1. Finally, the 
valence and conduction band offsets ∆ ∆E E(( ) and ( ))V C  of Si/ZnO junction are calculated and summarized in 
Table 2. The results shown in Table 2 show that, due to quantum confinement, the electron affinity of the ZnO 
islands is reduced.

To explain this drastic shift in EVBM of nanoisland case, we need to analyze core-level spectrum of O 1 s for 
ZnO layer. For this aim, this spectrum is deconvoluted to two main peaks located at ~ 530.7 eV corresponding 
to lattice oxygen (LO) and ~ 532.3 eV due to chemisorbed oxygen species at the lattice defect sites and oxygen 
vacancies (VO)34. The existence of oxygen species such as –OH, –CO, adsorbed H2O and/or O2 on the surface 

Figure 3. Core level spectra of (a) Zn 2p3/2 and (b) Si 2p3/2 recorded on Si-ZnO heterojunction. All peaks 
have been fitted to Voigt line shapes using a Shirley background.
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generally produces a peak around 532.3 eV25,27. Looking at Fig. 5, we can see that the area under chemisorbed 
oxygen peak is much higher for nanoisland case compared to continuous layer. Due to the fact that defect sites 
and grain boundaries are subjected to the chemisorption of the above ions, this confirms that the nanoisland ZnO 
layer contains much more oxygen defects compared to the continuous one. These oxygen-contained molecules 
are chemisorbed on the ZnO surface by capturing free electrons of the host material34–36. Therefore, in the vicinity 
of the surface, these oxygen radicals decline the density of free carriers and deplete the surface electron states. This 

Figure 4. VB Spectra of (a) Si2p3/2 and Zn2p3/2 for (b) thick and (c) thin layers (VBM values are determined 
by extrapolating of leading edge to the base line).

Sample Region Binding Energy (eV)

Si VBM 0.52

ZnO (3 nm) VBM 1.68

ZnO (18 nm) VBM 3.6

Si/ZnO
CL Si 2p3/2 99.37

CL Zn 2p3/2 1022.83

Table 1.  Binding energies obtained by X-ray photoelectron spectroscopy measurements.

Continuous ZnO (18-nm) ZnO islands (3-nm)

Eg 3.36 eV 3.604 eV

EC (Si) - EC (ZnO) 0.84 eV − 1.324 eV

EV (Si) - EV (ZnO) 3.08 eV 1.16 eV

Table 2.  Conduction and valence band offsets between continuous and ZnO nanoislands on Si obtained by 
X-ray photoelectron spectroscopy measurements.

Figure 5. O 1 s spectra of ZnO layer for nano island and continuous films. Blue cure represents LO signal and 
red one shows VO peak.
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leads to formation of the space charge region which in turn leads to band bending near the surface region. Based 
on previous studies, Si (p-type)/ZnO (n-type) heterostructure have a surface band bending which is downward 
in Si side and upward in ZnO. Therefore, both quantum confinement effect and surface band bending cause this 
drastic change in the EVBM level of the nanoisland structure.

In principle there are four main types of defects on ZnO which can be classified as: oxygen vacancies (VO’s), 
zinc vacancies (VZn’s) (surface defects), interstitials (Zni and Oi), and antisites which are mostly formed in the 
bulk of material. The fact that which of these defects is dominant depends on the preparation method of the 
material under Zn reach conditions VO’s are the most favorable defects to form. This conclusion has been already 
confirmed by XPS measurement in which the O1s spectra show the existence of VO’s on the as prepared samples, 
while there is no sign related to Zni in Zn2p spectra. These oxygen vacancies are of three types: Vo (neutral, 
filled with 2 electrons, usually found at 0.4 eV from the valence band) VO

+1 (charged, filled with one electron 
or unoccupied and doubly degenerate, usually found at 1.04 and 2.56 eV from the valence band, respectively) 
and VO

+2 (charged, unoccupied and doubly degenerate, usually found at around 3.1–3.2 eV from the valence 
band)34,36,37. Figure 6 shows these estimated defect levels within the bandgap of our bulk ZnO37,38. For the nano-
islands, the bandgap is expected to be increased due to quantum confinement. The Kubelka-Munk plot showed 
a valence band-oxygen vacancy transition at around 3.35 eV since the bandgap of 2D ZnO nanostructures is 
reported to be around 3.62 eV39. Moreover, the XPS results show that the density of defects in the nanoislands is 
much larger than in the bulk ZnO case. In addition, in order to estimate the bandgap of the ZnO nanoislands, a 
back-of-the-envelope method for 2D nanostructures is used by applying the following equation40:
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where Eg(islands) and Eg(bulk) are the bandgaps of the ZnO islands and bulk ZnO, respectively, mh and me are the 
effective masses of holes and electrons in ZnO respectively, (0.59m0 and 0.24m0, respectively)41, d is the thickness 
of the islands (3-nm) and ħ is the reduced Plank’s constant. The calculated bandgap of the islands is 3.604 eV 
which is consistent with the reported bandgap of 2D- ZnO nanostructures (3.62 eV) in the literature39.

Based on the XPS measurements, the band diagrams of the ZnO islands/Si heterojunctions with p-type Si and 
highly doped n-type Si are shown in Fig. 7a,b, respectively. The figures show that the electron affinity of the ZnO 
is reduced to 2.726 eV which is an expected effect of quantum confinement. In addition, the band bending at the 
interface to align the Fermi level creates a barrier for trapped holes in the ZnO which helps in reducing the charge 
leakage probability as will be explained with more details in the following.

Memory Devices characterization. The memory devices are fabricated on highly doped n+ type Si wafer 
(111) (Antimony doped, 15–20 mΩ -cm). Atomic layer deposited Al2O3 is used for both tunnel and blocking 
oxides. ZnO nanoislands are used as the charge trapping layer. The 250-nm Al e-beam deposited contacts are 
patterned using a shadow mask. The deposition of the active layer of the memory in a single ALD step greatly 
reduces the contamination probability42. Figure 8a shows the cross-section illustration of the fabricated memory 
devices. A reference memory without ZnO nanoislands is also fabricated. The devices are electrically character-
ized by measuring the high-frequency (1 MHz) C-Vgate characteristics. A gate voltage of 6 V is first applied for 1 s 
and the memory C-V is measured, followed by − 6 V for 1 s. A large memory window of 4 V is obtained as shown 
in Fig. 8b. Similar C-V measurements are conducted at different program/erase voltages. It is observed that the 
memory devices are being programmed by applying a negative gate voltage. Moreover, a very large threshold 
voltage (Vt) shift of 8.5 V is obtained at − 10/10 V program/erase voltage which proves that the ultra-thin ZnO 

Figure 6. Oxygen Vacancy defects in the bulk ZnO.
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islands have a large density of charge trapping states while a very negligible shift is obtained in the reference cells 
as shown in Fig. 9.

The energy band diagram of the memory cells are constructed as shown in Fig. 10 based on the XPS meas-
urements and reported values of the band offsets and bandgaps of the different materials43–45. Therefore, during 
the program operation when a negative gate voltage is applied, the electrons in VO and VO

+ states gain enough 
energy and get emitted to the channel while holes in the channel gain enough energy and tunnel through the 
tunnel oxide and get trapped within the deep quantum well formed by the valence band offsets. This will cause the 
programmed CV characteristic of the memory to shift to the left. During the erase operation, the electrons from 
the channel tunnel back into the trap states (oxygen vacancies +  quantum well) within the ZnO bandgap while 

Figure 7. Energy band diagram of the ZnO islands/Si heterojunction. (a) With p-type Si. (b) With highly 
doped n-type Si.

Figure 8. Memory device with ZnO nanoislands. (a) Cross-sectional illustration of the memory. (b) High-
frequency (1 MHz) C-V measurements of erased and programmed states of the memory devices.

Figure 9. Threshold voltage shift vs. program/erase voltage for the memory with nanoislands and reference 
memory. 
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holes in the quantum well tunnel back into the channel which will cause the CV characteristic of the memory to 
shift back to the right.

In addition, the retention characteristics of the memory cells is studied by first programming/erasing the 
memory at − 7/7 V and reading the memory state in time as shown in Fig. 11a. The retention characteristic 
extrapolated to 10 years shows a 3.85 V Vt shift where 14.4% of the initial charge is lost in 10 years. To explain the 
good retention characteristic, we need to analyze the tunneling probability of the electrons from the channel back 
into the oxygen vacancies and the tunneling of the holes from the ZnO quantum well back into the channel with 
no applied gate voltage. First of all, for the electrons available in the channel to tunnel into the oxygen vacancies 
and quantum well, they must overcome a large barrier Δ EC of 2.44 eV (as shown in Fig. 10), therefore the tun-
neling/emission probability is very low especially when no electric field is applied (retention operation). Second, 
for the holes stored in the ZnO quantum well to leak back, they need to overcome a barrier Δ E of 2.08 eV caused 
by the reduction of the electron affinity of ZnO (as shown in the energy band diagram Fig. 10) which is also too 
large for holes which have a larger effective tunneling mass than electrons. Moreover, the endurance characteristic 
of the memory is analyzed by programming and erasing the cells at − 7/7 V up to 104 times while observing the 
change in the Vt shift. As shown in Fig. 11b, after 104 cycles, a large memory window of 4 V is still measured which 
means that ~11% of the initial charge is lost. This outstanding endurance characteristic shows that such memory 
structure is promising for future memory devices.

Discussion
The growth per cycle in ALD which is the amount of material deposited in an ALD reaction cycle, is a function 
of three parameters: the reactants, the reaction temperature, and the surface where the reactions occur46. A con-
stant growth per cycle has been a paradigm in ALD through decades47,48. Recently it has been realized that while 
depositing new material, the ALD process changes the characteristics of the substrate, therefore the growth per 
cycle does not need to be constant49–52. Moreover, it has been shown that in the first ~20 ALD cycles (depending 
on the material), 3D islands form in the so called Volmer-Weber growth mode53. In this growth mode, it has been 
observed a generic stress evolution from compressive to tensile, then back to compressive stress as the film thick-
ened. The tensile stress is attributed to the impingement and coalescence of growing islands: islands strain to close 
the gap between them and replace the free surfaces with a low energy grain boundary54,55. However, if the growth 
process is interrupted at the islands stage, then the tensile stress will be relaxed and the mechanism depends sen-
sitively on the process conditions, on whether the film is continuous or discontinuous, and on the film/substrate 

Figure 10. Energy band diagram of the memory with ZnO nanoislands showing the Fermi level. 

Figure 11. Memory characteristics (a) Retention characteristic of the memory initially programmed/erased at 
− 7/7 V. (b) Endurance characteristic up to 104 cycles.
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interfacial strength56. Some of the reported relaxation mechanisms include interfacial shear, selective relaxation 
consistent with surface-diffusion-based mechanisms, and dislocations to name a few57–61. In our case, since the 
memory showed a much larger memory window and therefore a larger charge trapping states density than in the 
case of continuous ZnO layer with almost the same thickness as reported in our previous work where a negligible 
Vt shift was obtained at 10/− 10 V program erase voltage19, then the tensile stress in the nanoislands is expected 
to be relaxed through a mechanism that adds trap states in ZnO such as dislocations. In addition, oxygen vacan-
cies are reported to relax the stress in ZnO62,63. Therefore, the observed larger density of oxygen vacancies in the 
nanoislands than in the continuous ZnO could be due to the stress relaxation mechanism in the islands. As a 
matter of fact, the introduction of large densities of defects into semiconductors is needed in many applications. 
For example, the introduction of deep level defects moves the Fermi Level close to midgap and greatly increases 
the resistivity is desirable for photoconductors since it reduces the dark current. Another feature of high defect 
densities is an enhanced optical absorption in the spectral region below the edge for direct transitions due to the 
introduction of new states and the relaxation of selection rules for indirect transitions. A third advantage of the 
use of high defect density materials is the ease of fabrication of ohmic contacts. And for memory devices, the 
introduction of defects introduces additional trap states which enlarge the memory window.

Moreover, when programming the memory at higher negative voltages, the C-V curves shifts to the left indi-
cating that holes are being stored and electrons are being removed. While at higher positive gate voltages, the C-V 
curves shift to the right indicating that electrons are being stored and holes are being removed. The reduction 
of the electron affinity of the ZnO due to quantum confinement increases the valence band offset between the 
charge trapping layer and surrounding tunnel and blocking oxides, and therefore, additional hole trap states are 
available. Additionally, the oxygen vacancies states contribute in trapping electrons. The charge trap states density 
can be calculated using the equation Δ N =  Δ Vt ×  Cacc, where Δ Vt is the threshold voltage shift and Cacc is the 
accumulation capacitance per unit area. Δ N is found to be 3.1 ×  1013 cm−2.

In order to study the charge emission mechanism during the program/erase operations, the electric field across 
the tunnel oxide needs to be calculated using Gauss’s law. However, due to quantum confinement, the dielectric 
constant of the ZnO is expected to be lowered. Moreover, it is known that Fowler-Nordheim is the dominant tun-
neling mechanism across Al2O3 when the electric field is > ~4.5 MV/cm64–66. Therefore, the electric field across 
the tunnel oxide is calculated for different ZnO dielectric constant values. It is worth noting that the dielectric 
constant of bulk ZnO is around 10.8 while ZnO with quantum confinement effects in 3D (ZnO quantum dots) 
has a reported dielectric constant of around 3.767. Thus, the dielectric constant of the 2D ZnO islands is expected 
to be in this range. Figure 12a shows the calculated electric field across the tunnel oxide when Vg =  6 V vs. the 
ZnO dielectric constant, the figure shows that for dielectric constants above ~3.7, Eox >  4.5 MV/cm, therefore, 
Fowler-Nordheim is expected to be the dominant charge emission mechanism in the memory device when the 
applied gate voltage is equal or greater than 6 V. In fact, F-N tunneling is the tunneling mechanism which requires 
the highest electric field across the tunnel oxide in order to create a triangular barrier through which charges can 
tunnel. For dielectric constants below 3.7, Eox <  4.5 MV/cm, and other emission mechanisms would be dominant 
such as Phonon-Assisted Tunneling (PAT), Poole-Frenkel (PF), and Schottky emission (SE)68. Moreover, for a 
dielectric constant of 3.7, the logarithm of the threshold voltage shift over the squared electric field across the 
tunnel oxide vs. the reciprocal of the electric field is plotted in Fig. 12b and the linear trend at Eox >  4.5 MV/cm 
which corresponds to Vg =  6 V confirms that Fowler-Nordheim tunneling is the dominant emission mechanism.

In summary, 3-nm-thick ZnO nanoislands are deposited by ALD and characterized. The results show that 
due to quantum confinement in 1D, the bandgap of the nanoislands increases and the electron affinity is reduced. 
Moreover, memory devices with ZnO nanoislands charge trapping layer fabricated by a single ALD step are demon-
strated. The measurements show that a large memory window of 4 V can be obtained at low operating voltages due to 
holes storage and electrons removal from the nanoislands. The increased charge trapping states density in the islands 
is due to additional defect states (oxygen vacancies) due to the tensile stress relaxation in the islands. Moreover, the 
reduction of the electron affinity of the ZnO created a deep barrier for the trapped holes in ZnO, improving the 
retention characteristic of the memory. The excellent retention and endurance characteristics of the memory indi-
cate that ZnO nanoislands are promising in future nonvolatile charge trapping memory devices.

Figure 12. (a) Electric field across the tunnel oxide vs. the dielectric constant of the ZnO with an applied gate 
Vg =  6 V. (b) Natural logarithm of the threshold voltage shift over the squared electric field across the tunnel oxide 
vs. the reciprocal of the electric field. Linear trends shows that F-N tunneling is dominant at Eox >  4.5 MV/cm.
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Methods
Materials. The following materials are used as precursors in the ALD system: Diethyl zinc (DEZ) and 
Trimethylaluminium (TMA - Al(CH3)).

Fabrication and characterization of the nanoislands. The nanoislands are deposited on highly doped 
n-type Si (111) which was first cleaned using HF acid to remove the native oxide. The same deposition is per-
formed on glass wafers in order to measure the transmittance and reflectance spectra of the islands. The transmit-
tance and reflectance spectra are obtained using a LAMBDA 1050 UV-Vis-NIR spectrophotometer. The bandgap 
of the islands is obtained by first plotting (hυ α )2 vs. hυ  (since ZnO is a direct bandgap material) where hυ  is the 
photon energy and α  is the absorption coefficient. The bandgap is found by plotting the intersection between the 
x-axis and the step edge as shown in Fig. 2.

Fabrication and characterization of the memory devices. On highly doped n-type Si (111), 4-nm 
Al2O3 tunnel oxide is deposited by ALD using an Oxford Flexal system at 300 °C, followed by 20 cycles of ZnO at 
180 °C. The deposition of the ZnO nanoislands consists of the following cycles: DEZ dose time: 20 ms, Ar purge: 
10 s, H2O dose: 100 ms, Ar purge: 10 s. Then, 10-nm Al2O3 blocking oxide is deposited at 300 °C and 80 mtorr. The 
contacts are deposited using a Temescal e-beam deposition system at 3 ×  10−6 torr and patterned using a shadow 
mask. The electrical characterization of the devices is conducted using an Agilent B1505A semiconductor device 
analyzer connected to a Signatone probe station.

AFM Imaging. For imaging, AC-in-Air imaging mode was used. Si based AFM cantilevers with Al reflective 
coating. The tips radii are ~9 nm according to the manufacturer specifications.
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