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Abstract

Carbon doped two-dimensional (2D) hexagonal boron nitride nanosheets (BNNSs) are obtained
through aCO2—pulsed laser deposition (CO2—PLD) technique on silicon dioxide (SiO2) or
molybdenum (Mo) substrates, showing - stable hysteresis characteristics over awide range of
temperatures, whichmakes them a promising candidate formaterials based on non-volatilememory
devices. This innovativematerial with electronic properties of n-type characterized in the form
of back-to-back Schottky diodes appears to have special features that can enhance the device
performance and data retention due to its functional properties, thermal-mechanical stability, and its
relationwith resistive switching phenomena. It can also be used to eliminate sneak current in resistive
random-accessmemory devices in a crossbar array. In this sense constitutes a good alternative to
design two series of resistance-switching Schottky barriermodels in the gold/BNNS/gold and gold/
BNNS/molybdenum structures; thus, symmetrical and non-symmetrical characteristics are shown at
low andhigh bias voltages as indicated by the electrical current-voltage (I–V) curves. On the one hand,
the charge recombination caused by thermionic emission does not significantly change the
rectification characteristics of the diode, only its hysteresis properties change due to the increase in
external voltage in the Schottky junctions. The addition of carbon to BNNSs creates boron vacancies
that exhibit partially ionic character, which also helps to enhance its electrical properties at themetal-
BNNS-metal interface.

1. Introduction

2Dhexagonal boron nitride nanosheet (BNNS) exhibits a honeycomb structure analog of graphene. The spacing
between 2-layers is about 0.332 nm, and the lattice distance between the B–BorN–Natom separations is 0.22
nm. It shows a strong (002) diffraction peak in theXRD spectrum [1, 2].Moreover, BNNSpresents a good
thermal conductivity and stability over awide range of temperatures.

BNNS bandwidth is in the range of 4–6 eV, by dopingwith enough carbon (C) [3, 4], the bandgap is
minimized, and a set of discrete energy levels are formed in the gap of BNNS. Previous research has already
shown that the electronic and electrical structures could be improvedwith theC content [5–8]. Furthermore,
BNNS film appears to have stable features even at high temperatures, so it has a variety of applications in
polymeric [9, 10],flexible electronics [11, 12], Junction Field Effect Transistor (JFET) [13, 14], magneto-optics
[15], and optoelectronics based on 2D crystals [16], etc.

Based on the special properties of the BNNS film, we propose twomodels of back-to-back Schottky diodes
with specific characteristics. First is an Au/BNNS/Au typemodel grown onto the Si/SiO2 substrates [17]. The
second is Au/BNNS/Mo,where BNNS is deposited directly on themolybdenum substrate.

In the I–V representation, Au/BNNS/Au-based rectifiers exhibit symmetric characteristics, while
Au/BNNS/Mo is asymmetric.Whenmeasured under low bias voltage, both have their hysteresis switching
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characteristics. These are consistent with the analysis of the Poisson equation in themetal/semiconductor
interface (n-typematerial) [18, 19]. This behavior of the 2Dmaterial offers away to achieve a high hysterical
switching quality in both the ‘set’ and ‘reset’ states at low power consumption, whichmay propose an
improvement to recent studies carried out onmemory devices with a thinner BNOx layer [20], as well as in the
Ni/n-type 4H-SiC Schottky structure [21, 22]. For example, BNmonolayer-based resistance nonvolatile studied
under different electrodes that shown stable bipolar and unipolar nonvolatile switchingwas studied [23–25]. In
the samemanner, in amultilayer structure, it is possible to grow the thickness of the h-BNfilm,which enhances
the charge capture center to achieve better Poole-Frenkel conduction [26–28], comparable to the Schottky
effect. This behavior of BNNS shows promise for several applications, such as non-volatilememory devices [29],
pulse voltages, etc In previous studies, hysteresis has only been tested in 2Dmaterials with graphene oxide and
molybdenumdisulfide [30–32]. Although these showed charge traps in the oxide dielectric layer, these
observationswere limited to higher room temperature, so the BNNS filmmay be an ideal candidate to obtain a
more stable hysteresis over awide temperature range [33].

During the last several years, great progress has beenmade on investigations of resistance switching and
electrical hysteresis. This is partially attributed to newly developed nanotechnologies that were used to effectively
controlmaterial nanostructures andMEMS (Micro-Electro-Mechanical Systems) fabrication [34, 35]. The
BNNS samples used in the present work are very different fromprevious workwhere a single atomic ormulti-
layer sheet was used. The present sample consists of a large number of super-thin BNnanosheets randomly
distributed over the entire surface of the substrate [36, 37]. Fabrication is extremely simple andMEMS
techniques are not necessary.

2. Experimental

2.1. Synthesis

ACO2-pulsed laser-produced plasma deposition (CO2 - PLD) techniquewith a laser wavelength of 10.6μmand
an output power of 75Wwas used. Pulsed laser beam irradiates hexagonal BoronNitride (h-BN) target at 200
mTorr pressure of CH4 environment in a vacuumchamber. The distance (d) between the target and the
substrate (Si/SiO2 orMo) could be adjusted to control the BNNS film growth rate, and in the present case, d=
3 cmwas selected. The laser incident angle with respect to the target planewas 45° and a power density was
2×108Wcm−2 per pulse. The pulse repetition frequencywas 5Hz. The depositionwas kept at 300 °C for
20 min until thin filmswere achieved. A detailed description of the technical operation of CO2—PLD can be
found in reference [38].

The advantage of using PLD is to reduce the sheets’ stress to yield large, highlyflat, high-quality BNNSs. In
contrast, traditional chemical synthesis often containsmulti-component substance rather than a pure element.
Furthermore, high temperatures in chemical synthesis such asCVD (Chemical VaporDeposition)would not
only vaporize impurities inside the chamber but also result in internal stresses thatmay affect the crystalline
structures of the 2D sheets.

Aswementioned, the present samples consist of a large number of super-thin BNnanosheets randomly
distributed over the entire surface of the substrate. Fabrication is very simple andMEMS techniques are not
necessary.

2.2. Set-up

Twoback-to-back Schottky barrier structures were fabricated in the present study to obtain different electrical
properties. First were performedwith Au/BNNS/Au junctions, as shown infigure 1(a). According to the
synthesismethod, BNNSswere deposited onto the Si/SiO2 substrates. Then, the gold electrode elements were
deposited in an argon gas environment at a power level of 250watts by a sputteringmethod. The sputtering rate
was 10 seconds to produce the gold film of 80 nmon 1μmthick BNNS filmwhere the typical thickness of single
sheet is around 3–4 nm. The separation between the gold electrodes was 1mm to form the back-to-back
Schottky diode. In the sameway, for Au/BNNS/Mo junctions, BNNSswere grown on theMo substrate using
the same techniques as thefirst case, as shown infigure 2(b). Each of the Schottky diodes was connected to an
external power supplywhose voltage variable (V)was 0 to 20V, and fixed resistance (R0)was 10MΩ. Then, a
heater was used to change the operating conditions of the Schottky structure on the I–Vcurve in the range of 0 to
170 °C.
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3. Results and discussion

3.1. BNNS structure characterizations

SEM image of the BNNS film indicated that the obtained sample has a uniform and compact surface of round-
shaped layers at the 10μmscale, as shown infigure 2(a). Following an increase at the 5μmscale, several small
sheets were exhibited, which is characteristic ofmultilayer films as shown infigure 2(b). Instead, the Raman
spectrumof the BNNS exhibits the peak around 1350 to 1360 cm−1 belonging to the Raman active vibrational
mode (E2g) [39, 40], as shown infigure 2(c), which is compatible withmeasurements analogous to these and is
directly related to a hexagonal phase of BNNS.

X-ray diffraction (XRD) about BNNS film has a highly crystalline structure with themost intense and sharp
peak at 2θ=26.77°, corresponding to the crystallographic plane (002), as shown infigure 2(d) [41]. Using
Bragg’s law, we calculated the interlayer distance at BNNS film through relation

Figure 1. Schematic representation of the I–Vmeasurements setup inAu/BNNS/Au andAu/BNNS/Mocontacts. (a) and (b)
illustrate the Schottky contacts deposited on Si/SiO2 andMo substrates. Au andMo are solid conductors while the BNNSfilm is a
two-dimensional crystalline formof the h-BN.

Figure 2.The structure of the BNNSfilm shown through (a)–(b) scanning electronmicroscopy (SEM) on the 10 um, 5μmscale bar,
(c)Raman scattering spectrum, (d) and x-ray diffraction.
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( )
l
q

=d
n

2 sin
, 1

where d is the interlayer distance of the crystalline planemeasured in nm,λ is thewavelength of the x-ray source
(λ=1.54Å), n is the order of reflection (n=1), and q is the angle of incidence in degrees of the plane. In fact, if
analyzing the crystalline plane (002), the interlayer distance is 0.332 nm,which is within the range of the values
established previously [42].

Very detailed descriptions ofmeasurements of sheet thicknesses can be found in our previous work [43, 44].
A high-resolution TEM (Transmission ElectronMicroscope)was used to estimate the thickness of the single
sheet bymeasuring the fringe pattern at the sheet’s edge. Each fringe is related to a single atomic layer with a
thickness around 0.33 nm.Accordingly, the thickness of the obtained BNNS can be estimated around 3–4 nm
(8–11 layers).

3.2. Energy band diagramof back-to-back Schottky barriers

In this section, we propose amodel based on energy band theory for the special case of two back-to-back
Schottky diodes with two identical (Au-Au) and different contacts (Au-Mo). First, in the equilibrium state,
Au/BNNS/Au contacts are a symmetric Schottky structure under the same vacuum level, as shown infigure 3(a).
Alignment of Fermi energy leads to the formation of band diagrams and the barrier height in themetal/
semiconductor interface states. These junctions produce different energy values in the Schottky barrier, where Fm

is thework function of the gold (5.2 eV), Fs is thework function of the semiconductor, FB is the barrier height
( )cF = F - q ,B m s cq s is the electron affinity of the semiconductor (the electron affinities ofAu andMoare
222.8 kJ mol−1 and 71.9 kJ mol−1), EFm is the Fermi level of the gold (5.20 eV), EF is the Fermi level of the
semiconductor, EV is the valence band edge, EC is the conduction band edge,Vi is the built-in-voltage barrier
( ( ))= F - F = F - -qV E E ,i m s B c F andW is the thickness of the depletion region,which depends on the
concentration of ionized acceptor atoms. In contrast, Au/BNNS/Mocontacts have different barrier heights
relative to the vacuum level in the equilibrium state, resulting in asymmetric structure, as shown infigure 3(b).
Molybdenumband diagramsdiffer fromgold at themetal/semiconductor interface, which is represented by

Figure 3.Back-back Schottky barrier formed atmetal-semiconductor-metal junctions. (a)–(b)Energy band diagrams ofmetal and
semiconductor (n-type) after contacts, (c) energy band diagramswith external bias voltage.
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prime values; where F ¢m is thework function of themolybdenum (4.6 eV), ¢EF is the Fermi level (4.20 eV), F ¢B is
the barrier height, etc.

Since the contact ismetal and the semiconductor is n-type, the built-in-voltage barrier is expressed by

⎛

⎝
⎜

⎞

⎠
⎟ ( )=

F
-V

q

kT

q

N

N
ln , 2i

B C

D

where q is the elementary charge, k is the Boltzmann constant,T is the absolute temperature, NC is the effective
state density in the conduction band that is constant for a given temperature, and ND is the donor doping level. If
we usemoderate to lower doped semiconductors, we can reduce the Schottky barrier even further.

When an external voltage is applied to the back-to-back Schottky diodes, electron-hole pairs are generated,
creating the charge flow and voltage drops on single diodes, as shown infigure 3(c). Electrons tend tomove
toward a positive bias because the voltage drop fromVi toVi−VF on 2D semiconductor induces a narrow
depletion region (W). On the contrary, under negative bias, the voltage drop increases fromVi toVi+VR,
which in turn causes awide depletion region. This behavior of the back-to-back Schottky diodes is directly
related to the concentration of dopants in the semiconductormaterial. In the case of BNNS, the carbon
concentration also causes a narrowdepletion region, allowing electrons tomove above its thermal equilibrium
value. Since a large amount of carriers are generated in the depletion region, not all valence electron becomes free
electrons, so some are trapped by the impurities in the sample, so these are also related to the hysteresis effect.

Au/BNNS/MoSchottky barriers are analogous to those of Au/BNNS/Au.However, when interacting with
two types of contacts, barrier heights are asymmetric. In otherwords, their values are not the same. This
behavior could be observed from their I–Vcharacteristic curves that would be discussed later.

3.3. Transport properties

Now,we focus on analyzing the electrical properties of BNNS filmswith two-dimensional features in Au/
BNNS/Au andAu/BNNS/MoSchottky contacts. Then, wewill study the effect of temperature on the current-
voltage (I–V) characteristic curve.

BNNSs exhibit very promising electrical properties when a very small amount of current passes through
them. Previous experiments have shown that C-doped BNNS could increase the adsorption energy ofNOand
NO2 [45], thereby changing its electronic structure and band gap value. This change in settingsmakes it exhibit
stable hysteresis characteristics, especially when analyzing under low voltage levels between terminals.
Consequently, BNNS thinfilm shows a hysterical region close to the origin point whenmeasured on scales from
0 a 3V in steps of 0.01V, both in forward and reverse bias voltages, as shown infigures 4(a) and (b).When the
temperature changes between 20 and 100 °C, a hysteresis symmetric structure in the range of±0.1 to±0.2V
can be seen, and high thermal stability ismaintained. Thismakes it a promising candidate for a 2Dmaterial with
the hysteresis characteristics of two back-to-back connected Schottky junctions. In addition, it is observed that
the hysteresis at 100 °C is slightly higher than that at 20 °C,whichmay be due to the increase in electron
tunneling oscillating near that interval and boron vacancies that act as trapping centers. These electrical changes
can be seen in detail in the upper part of the I–V illustrations.Many factors will affect the hysteresis effect.
Doping content and interface structuremay play a dominant role in these phenomena. A high degree of
hysteresis stability over awide range can be achieved in a heavily dopedwide-bandgapmaterial where charge
trapping is justified and enhanced. This should be important for futurememory devices or electronic systems.

Amore in-depth study is essential if hysteresis is to be obtained over awide range of voltage since until now
the stability of the Schottky contact with hysteresis at low voltages has been demonstrated. One of the techniques
to enhance the electrical properties of BNNS is to decrease the bandgap through doping; in this case, a small
amount of carbonwas added, which in turn created Boron vacancies, thus converting it into amaterial with
n-type characteristics.

If the operating conditions of Au/BNNS/Au Schottky diodes are taken from0 to±20V in steps of±0.1 V,
non-ohmic behavior is dominant, and the hysteresis of BNNS film is negligible at 25 and 100 °C, as shown in
figures 4(c) and (d).

Previous studies have shown that charge trap states at the SiO2/h-BN interface were not sufficiently changed
in hysteresis because theywere occupied by electron-hole pairs, which suggests the h-BNfilm is sufficiently thick
and prevents electron tunneling, thus creating a clean and inert interface. Through carbon doping, h-BNNS
layers show improved conductivity, generating a small amount of free charges on the SiO2/BNNS interface by
the action of a low voltage supply (0 to 3V in steps of 0.01V) throughAu/BNNS/Au junctions. Conversely, if
the voltage increases from0 to 20V in steps of 0.1V, this effect is not appreciated. Therefore, the Schottky barrier
potential acts as a high-speed current rectifier at themetal-semiconductor junction, where hysteresis is not
appreciable due to its small interaction surface, thereby reducing charge traps in the junctions.

On the other hand, in Au/BNNS/MoSchottky barrier diodes, hysteresis is dominated at small forward bias
voltages taken from0 to 3V in steps of 0.01V, forming various charge traps around 0.09 and 0.17V, as shown in
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figure 5(a). The temperature change from20 to 170 °C is not changed its hysteresis characteristics thus ensuring
themaximum stability in high-temperature environments. Instead, under the reverse bias voltage, the hysteresis
becomes unstable and the change is not sufficiently visible, whichmay contradict the analyzed precondition, as
shown infigure 5(b). This effectmay be due to the change of Schottky barrier height by the junctions of two
metals with different work functions and the semiconductor. In addition, the contact area between the junctions
is not the same, so an asymmetric curve appears in the I–Vcurve. The obtained experimental data clearly
indicated that the samples are very stable over awide temperature range. Doping content and the interface
structuremay be a dominant factor in back-to-back contacts. Differences in symmetry and applied voltages due
to the different structures of BNNS/Auor BNNS/Mo suggests that charge traps reduce itsmobility at themetal/
BNNS interface.

Au/BNNS/MoSchottky contacts taken from0 to±20V in steps of±0.1 Vhas peculiar characteristics in
the forward bias regionwith a higher speed at a higher temperature in the I–Vcurve, as shown infigure 5(c).
Increased tunnel current and the thermal voltage affect the Schottky barrier heights, which depend on thework
function of themetal and semiconductor [46, 47].When characterizing the Au/BNNS/Mo junctions, we
observed that the Au/BNNS contact gives faster recombination of the electrons and holes than that of the
Molybdenum. These changes allow the behavior of the back-to-back Schottky contact to be asymmetric as
discussed above. In addition, charge traps of themajority carriers (electrons) by sample impurities in the
bandgap region are considerably reduced by the presence of a large electric field, without the need for somuch
thermal energy.

Aswe have seen symmetric and asymmetric contacts, the electron tunnelingmechanism and electron
emission are universal. Because of the differentmethods that exist in the transfer of electrons; as for example,
Poole-Frenkel emission, Schottky emission, Space-Charge-Limited-Conduction, trap-assisted tunneling, and
hopping conduction are attributed to both tunneling and electron emission.However, these effects largely
depend on the junction of thematerial and its characteristic electrical properties. In the case of two-dimensional
hexagonal boron nitride nanosheets, this is attributed to electron tunneling at themetal/semiconductor
interface and electron emission caused by temperature changes. The novelty of thismaterial is that it can

Figure 4.Au/BNNS/AuSchottky contacts with andwithout hysteresis on Si/SiO2 substrates taken in 0.01V and 0.1V steps at
temperatures of 20 °Cand 100 °C in the I–Vcurve. (a)At a low level of forward bias, (b) at a low level of reverse bias, (c) at a high level
of forward bias, (d) at a high level of reverse bias.
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enhance the device performance and data retention due to its functional properties, thermal-mechanical
stability, and its relationshipwith resistive switching phenomena.

The current-voltage characteristic of a Schottky diode is described by the equation

⎡

⎣
⎢

⎛

⎝
⎜

⎞

⎠
⎟

⎤

⎦
⎥ ( )

h
= -I I

qV

kT
exp 1 , 3s

D

where Is is the saturation current ( »Is 10−12 to 10−6A) [48, 49], η is the ideality factor (η typically varies from1
to 2), k is the Boltzmann constant ( =k 1.38×10−23m2kgs−2K−1),T is the absolute temperature, andVD is the
applied voltage. Is is given by

( )= -FI AA T e , 4s kT
2

B

*

whereA is the active Schottky diode area ( / / =AAu BNNS Au 3×10−11m2, / / =AAu BNNS Mo 7.85×10−5m2
),A* is

the Richardson constant (A*=3.12×105Am−2K−2), and FB is the barrier height. Just like there are two
Schottky contacts connected back-to-back, equations (3) and (4) can bewritten as two different voltage drops on
single diodes, one polarized in the forward and the other in the reverse direction. Since the charge flowing
through them are the same, wemay express the diode equationswith ideality factors [50, 51].
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whereVD1 andVD2 are the voltage drops on single diodes. The equations are then

⎛

⎝
⎜

⎞

⎠
⎟ ( )

h
= +V

kT

q

I

I
ln 1 , 7D

s
1

1

Figure 5.Au/BNNS/MoSchottky contacts (a)–(b)with andwithout hysteresis effect taken from0 to±3V in steps of 0.01V in the
I–Vcurve, (c)–(d)with andwithout hysteresis effect taken from0 to±20V in steps of 0.1 V.
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and their sum is equal to the external voltage ( + =V V VD D1 2 ). By performing somemathematical techniques,
we can express the current in the formof back-to-back Shottky diodes as
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where A1 and A2 are the contact areas of the single diodes.
The series resistance of the Schottky diodemainly comes from the bulk resistance of the semiconductor,

which is the limiting factor for the high voltage operations at themetal/semiconductor junction, i.e., if the
current increases, the voltage drop on the series resistance also increases. Therefore, equation (3) can be
rewritten as

⎡

⎣
⎢

⎛
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⎠
⎟

⎤

⎦
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( )
( )
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s

whereV is the applied voltage, Rs is the semiconductor resistance, I is the electrical current, and = -V V R ID s

is the back-to-back Schottky diode voltage drop [52, 53].
In actual asymmetric contact, the barrier height on single diodes has different ideality factors. This type of

contact cannot be described by a simple analytical equation, it is necessary towrite the voltage drop expressions
on single diodes with their respective ideality factors y adding the voltage drop on the series resistance
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TheSchottkybarrier plays a central role in lowers themetalwork functions,whose values range from4.6
(molybdenum) to 5.2 eV (gold). Thebarrier heights ofAu/BNNS/AuSchottkydiodes range from0.332 to0.732 eV in
the forwardand from0.326 to0.723 eV in the reverse.These slight variationsdonot significantlymodify the symmetry
of the I–Vcurve shown infigures 4(c) and (d). Instead, inAu/BNNS/Mojunctions, values range from0.763 to1.043
eV in the forward (BNNS/Mo) and from0.570 to0.976 eV in the reverse (BNNS/Au). In fact, results show thatBNNS
/Au junctions reduce Schottkybarrierheightsbetter thanBNNS/Mojunctions,which also influence the asymmetry
of the I–Vcurvepresented infigures 5(c) and (d). Also,whenchanging the environment conditions from20 to170 °C,
thebarrier heights increase,whichmaybe to the current increase through themetal/semiconductor junction since
more electronshave sufficient energy to surmount thehigherbarrierdue to thermal voltage.

On the one hand, in the symmetrical structure, the leakage current decreases slightly with the increase in
temperature, both in forward (1.53×10−6 to 8.51×10−8A) and reverse bias (1.90×10−6 to 1.01×10−6A).
This abnormal behavior of the diode indicates that recombination of carriers is affected by thermal voltage as
well as trap-assisted tunneling current. Instead, in the asymmetric structure is the opposite both forward
(1.57×10−7 to 6.38×10−6A) and reverse bias (1.13×10−6 to 5.03×10−6A), which is typical of Schottky
diodes when the absence of charge is higher in the junctions. This effect is also related to the contact area of the
asymmetric junction (3×10−11m2

) ismuch larger than the symmetric contact (7.85×10−5m2
), which

generates larger recombination of electron tunneling through the Schottky contact surface, thereby increasing
the leakage current as of the temperature increases.

The parameter that allows specifying themetal-semiconductor junction is the ideality factor η.When
Schottky diodes are dominated by ideal thermionic emission the ideality factor ηhas a range of 1.However,
when other physicalmechanisms are added to thermionic emissions, such as thermally assisted tunneling and
field-enhanced tunneling, η becomes larger than 1. In the back-to-back Schottky diode, the calculation of the
ideality factor is based on themechanism of the voltage drop across the individual barriers. The values obtained
inAu/BNNS/Au contacts are in the forward range from2.50 to 1.22 and in the reverse range from4.38 to 1.66.
In this procedure, we observed that η decreases with increasing temperature from20 to 100 °C. Likewise, in
Au /BNNS /Mocontacts, η is in the range from1.79 to 1.04 in the forward, and from4.16 to 1.83 in the reverse,
which is similar to the previous case, but this time the conditionswere from20 to 170 °C. This indicates that
diffusion currents are increased due to the thermionic effect, and the thermal energy provided to the charge
carriers is larger than thework function of the conductormaterial.
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Since electrons pass through the BNNS film at a low energy level than the Schottky barrier height, the
tunneling effect affects the hysteresis characteristics of thematerial. Solving the Schrodinger equation in one
dimension allows us to understand these physical details through the transmission coefficient, which is
proportional between themodules of the square wave function as
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where YA is thewave function in the conductor region, YB in the semiconductor,U0 is the barrier potential
( = FU B0 ), d is thewidth (film thickness), E is the energy of the electron ( <E U0), m is themass of the electron,

and
ħ

( )= -
k .

m E U2 0 When the depletion zone is about 10 nmor less, it promotes electron tunneling, which is

conducive to chargeflow and reduces hysteresis. Since the thickness of BNNS is around 3–4 nm, the tunneling
effect would affect the hysteresis characteristics, leading to a lowering of the energy barrier due to the interaction
with the electric field in themetal-semiconductor interface.

4. Conclusions

Au/BNNS/Au Schottky contacts favor the reduction of the tunneling effects and carrier recombination,
maintaining an almost constant flowof electrons through the BNNSsfilm.Under low bias voltage, it exhibits a
stable symmetric hysteresis and improved adsorption energy by the concentration of a slight amount of carbon
in the BNNS two-dimensional atomic layers.

On theotherhand,Au/BNNS/MoSchottkybarrier exhibits stablehysteresis characteristics under lowbias
voltages in environmentsup to170 °C.Whenelectrons tunnel from theMo-BNNS to theBNNS-Au interface, the
hysteresis effect is reduced in the sequential I–Vseeping.This suggests that in reverse bias there is little effect on the
emissionof the electron trapsdue to the actionof a large electricalfield at the junction,which is compatiblewith the
Poole-Frenkel effect.When the charge switching speed increases rapidlywith a slight increase inbias voltage and
temperature, thehysteresis areabecomes smaller and smaller,whichmakes it a rectifierwith lowenergy loss.

It can be concluded that the hysteresis loops inAu/BNNS/Au andAu/BNNS/MoSchottky diodes are
directly affected by variable parameters of series resistance and barrier lowering. Themechanismof the charge
traps could be attributed to the electrons directly tunneling on the interface, and the release of trapped electrons
due to thermionic emission. This is convincingwith observationsmade at the Schottky barrier when current-
voltage (I–V) operating conditions change at the BNNS film.
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