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ABSTRACT: We report low-temperature synthesis of large-scale
boron nitride nanosheets (BNNSs) and their applications for

high-performance Schottky diode and gas sensor. Ten minutes of

synthesis with a short-pulse-laser-produced plasma deposition
technique yields a large amount of highly flat, transparent BNNSs.
A basic reason for using short-pulse plasma beams is to avoid
nanosheet thermal ablation or have low heat generated.
Consequently, it greatly reduces the stress and yield large, flat
BNNSs. The average size of obtained BNNS is around 10 #m and
thickness is around 1.7 nm. Carbon element has been used for
doping BNNSs and achieving BNNSs-based Schottky diode and

gas sensing device. Typical current versus voltage characteristics of

diode are examined. The breakdown reverse voltage is around
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—70 V. This probably indicates that the breakdown electric field of BNNSs-based diode is up to 1 X 10° V/cm. Sensing behavior
of BNNSs-based gas sensor toward methane diluted with dry air is also characterized. The response time and recovery time are
around 3 and S s at the operating temperature of 150 °C. Relatively, the sensor has poor sensitivity to oxygen gas.
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B INTRODUCTION

Discovery of graphene has brought a new revolution in the
material science because of many charming, unusual properties
and practical applications in nanoelectronic device technol-
ogy."” This stimulates the interest in atomically thin sheets of
other layered materials such as boron nitride nanosheets
(BNNSs).* A single planar nanosheet of boron nitride (BN) is
composed of few atomic layers in which alternating boron (B)
and nitrogen (N) atoms construct a characteristic honeycomb
network of B;—Nj hexagon with sp* bonding.** The B and N
atoms are bound by covalent bonds, whereas weak van der
Waals forces hold the layers together with an interplanar
spacing of 0.334 nm. These nanosheets have similar lattice
parameter and crystalline structure to that of graphene;
therefore, they can possess enormous potential in comparable
or complementary electronic and composite devices. For
example, BNNSs have been considered ideal dielectric and
substrate material to graphene-based nanoelectronic devices
because it has an atomically smooth surface that is relatively
free of dangling bonds and charge traps.6 Moreover, excellent
thermal, chemical stability and superb resistance to oxidation
properties, soon lead this material to the new applications in
high performance nanoelectronic devices.

BNNSs can be exfoliated or synthesized from bulk BN
crystals by either mechanical cleavage or a chemical-solution-
derived method.”® However, with these synthesis methods,
obtained nanosheets are of limited size which presents a
problem in the application of this material for device
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technology. To solve this problem, several alternative synthetic
routes, e.g,, chemical vapor deposition (CVD)”'® and physical
vapor deposition (PVD),"" have been applied. These
fabrication processes are complicated, time-consuming and
yielding impure material.'> For example, Yu et al."* conducted
180 min of CVD, but they were not able to find any BNNSs at
the first 30 min of deposition. Moreover, high temperature
(>700 °C) and ultrahigh vacuum (UHV) are required to
synthesize BNNSs. Growth of BNNSs under UHV conditions
appears to be self-limiting to one monolayer, and the growth of
multilayers turns out to be difficult.'*

Difficulty in synthesis of the high-band-gap electronic
structure of BNNSs leads to some limitations for application
in real electronic devices. To achieve desired electric and
electronic properties for practical diode or transistor
applications, doping of BNNSs layers is necessary to
reconstruct the energy band gap in solids.">™" In general,
BNNSs can be doped p-type with beryllium and n-type with
boron, sulfur, and silicon or codoped with carbon and nitrogen.
The best doping concentrations for BNNSs-based devices
remain to be investigated. So far, it is reported that the
combination of carbon (C) atoms with B and N atoms could
possibly lead to the formation of different (B,-C,-N.,) layered
structure.”® Theoretical studies have also anticipated that the
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electronic structure and band gap of B,-C,-N, would depend on
composition and arrangement of B, C, and N elements in the
lattice.>® The dopant atoms incorporate in the crystalline
structure and improve the electronic and semiconducting
properties of the material.

In the present work, we produced defect free, atomically
smooth, large scale BNNSs at significantly low substrate
temperature (300 °C) using CO,-pulsed laser deposition
(CO,—PLD) technique. For the first time, we have been able
to use this material for the development of Schottky diode and
gas sensor device at wafer scale. Current versus voltage (I-V)
characteristics of the diode are thoroughly investigated at
different temperatures, whereas gas sensing properties of the
device are measured using oxygen (O) and methane (CH,) as
targeted gas.

B EXPERIMENTAL CONDITIONS

The synthesis process is carried out by irradiating a commercial
pyrolytic hexagonal boron nitride (h-BN) target (2 in. diameter, 0.125
in. thick, 99.99% purity, B/N ratio & 1, density = 1.94 g/cm?®) using a
CO,—PLD technique (wavelength 10.6 um, pulse width of 15 us,
repetition rate = 5 Hz, pulse energy S J, and power density 2 X 10° W/
cm? per pulse). The advantage of short pulse deposition is to reduce
the stress, whereas high power density of laser beam produces strong
ablation of the target material, resulting in the formation of large scale
BNNSs. The pressure in the deposition chamber was kept at 2.66 X
1073 Pa. A molybdenum (Mo) disk used as a substrate was mounted
onto substrate holder 3 cm away from the target. Prior to the
deposition, Mo disk was polished with diamond nanopowder and
cleaned with acetone and rinsed with deionized water to remove the
surface impurities. The laser beam was focused with a 30 cm focal
length ZnSe lens onto the target with an incident angle of 45° relative
to the surface of rotating target (speed of ca. 200 rpm). The purpose
of using a long focal length of the ZnSe lens is to control drift of
plasma plume during deposition. The spot size of CO2 laser on the
target is ~2 X 2 mm?. Shift of the lens position in front of the target
can be adjusted to control power density and size of plasma beam. A
heater and a thermocouple were used to obtain and monitor the
desired substrate temperature (300 °C). The duration for the
deposition was kept 10 min.

B CHARACTERIZATION METHODS

Transmission electron microscopy (TEM) was performed to
characterize the nanostructure of as-grown BNNSs. We use a TEM
equipped with an imaging aberration corrector, operated at 200 kV but
with reduced illumination in order to avoid any possible knock on
damage of ultrathin BNNSs. Raman scattering spectrum of BNNSs
were also recorded at room temperature by using a triple
monochomator (ISA J-Y Model T64000) with an excitation
wavelength of 514 nm (Ar+ ion laser). Nanosheets were also surveyed
using X-ray diffraction (XRD, Siemens- Bruker Diffractometer
D5000).

Cycling test of sensing behavior of BNNSs-based gas sensor toward
two different gases (O and CH,) are conducted on the basis of
calibration apparatus developed recently in our laboratory.”> BNNSs
sample is serially connected to a precise resistor and a battery to form
a voltage—current—resistor (V—I—R) electrical circuit as a prototype
sensor with simple contact of metal/BNNSs/metal architectures.
Sensitive characters of the prototype were examined based on the
measurement of the voltage drop across the precise resistor and the
variation of the electrical conductivity of the sensor at different
environments such as types of the gases (O and CH,). The chamber
for testing sensor properties is quite small (around 1000 mL) so that
the change of gas concentration was instantaneous, which is a
prerequisite condition for the accurate measurements of response and
recovery time of the sensors. The detailed description of the system
can be found out in our previous publication.””
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To analyze the electronic properties of BNNSs, prototype of
BNNSs-based Schottky barrier diode is fabricated. The current versus
voltage (I—V) characteristics of diode are examined experimentally at
different temperatures (25, 50, and 75 °C). Carbon doping in BNNSs
produced Schottky barrier whose forward and reverse electrical
characteristics are in excellent agreement with the characteristics of a
simple PN junction diode.

B RESULTS AND DISCUSSION

Microscopic images recorded from the surface of BNNSs are
shown in figure 1. Low magnification TEM image of the sample

C;llri.u‘s e

Figure 1. Electron micrographs of BNNSs: (a, b) low-magnification
TEM images of several overlapped BNNSs, (b) TEM image of thin
layer of BNNS, (c) HRTEM image when microscope was focused at
the flat surface of the nanosheets, (d) magnified image of the selected
area in ¢; the bright and slightly dull spots displays honeycomb
structure of a six-membered B;—Nj; hexagon. The inset shows ED
pattern; indicating single crystalline structure. (e) Edge of BNNS
shows four layers as marked with the arrows. The inset shows the
magnified image of the edge of few-layer BNNSs. The scale bars are
displayed on images.

shows large number of nanosheets mainly composed of several
overlapped sheet structures (Figure la). Each nanosheet
appears flat, sharped edge and transparent to the electron
beam. The average size of obtained BNNS is around 10 ym.
Figure 1b shows a thin BNNSs probably less than 1 nm in
thickness. In order to analyze crystalline structure of BNNSs
precisely, a single ultrathin boron nitride sheet is collected from
the sample for further structural characterizations. This time,
we used a high-resolution TEM (HRTEM) microscope
equipped with an imaging aberration corrector, operated at
200 kV to directly characterize the crystalline structures of the
single sheet as shown in Figure 1c. Densely packed honeycomb
crystal lattice structure of six-membered B;—Nj; hexagon
probably belongs to a single or few atomic layer BNNSs is
observed. In further magnifying image (Figure 1d), B;—N,
rings or two-dimensional benzene-like structures can be
identified clearly. The shortest distance between the N and B
atoms is around 0.145 nm along the (100) lattice direction that
is consistent with the reported value for h-BN layer.”® Within
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Figure 2. (a) Raman spectrum and (b) XRD pattern of BNNS material.
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each layer of h-BN, B and N atoms are bound strongly by
covalent bonds, whereas the atomic layers are held together by
weak van der Waals forces.”*

No defects from the BNNSs are detected (Figure 3c),
though we operated the microscope at 200 keV, from which we
could conclude that short pulse laser technique can be used to
synthesize high quality, flat BNNSs. It should be mentioned
here that previously reported data shows that the high-energy
(>80 keV) electron beam operated in TEM would damage
atomic-layer of BNNSs.”> The knock-on damage threshold for
B atoms and N atoms in BN nanotubes are reported only 74
and 84 keV, respectively.26 However, in the present work, the
sheet was imaged for a very short time with reduced
illumination that efficiently avoids any possibility of the
knock-on damage of boron and nitrogen atoms within BN
sheets. To date there is no report on the solution of the damage
problem during atomic-thin film characterization with HRTEM
with electron beam energy above 150 keV. Figure 1d shows the
enlarged image of the selected area in Figure 1c. Neither N—N
nor B—B bonds were observed in the characterized area;
probable reason is that the B—N bonds are energetically
preferable. The inset shows the ED pattern of the selected area
of BNNSs. A series of diffraction spots arranged in typical
hexagonal pattern probably indicates a single crystalline
structure of synthesized BNNSs. This is in good agreement
with the data obtained from HRTEM and Raman spectral
measurements. The thickness of BNNSs is an important
parameter that can be estimated by measuring the edge of
BNNSs using TEM as shown in Figure le. The image shows a
single BNNS consists of four to five stacked layers with 1.4 nm
in thickness. The magnified image (inset in Figure le) shows
clear pattern of the layer structure.

General interpretation of mechanism for the formation of
BNNSs is as following. When the laser beam impacts the target
surface, it generates a plasma plume out of the target surface
directed toward the surface of substrates. This plasma plume is
composed of high energy boron nitride ions and clusters. When
these ions and clusters land onto the substrate, the extra
thermal activation besides substrate heating provides energy
exchange through collisions between active ions, clusters, and
atoms of BN.””*® This helps to grow small BN layers that
coalesce and transform into uniform BN nanosheets. Because
of high thermal mobility, further incoming B and N ions and
clusters land onto the surface of growing nanosheet would
rapidly move along the sheet surface, reach the edge of the
nanosheet, and covalently bond with the edge atoms before
being re-evaporated. It is thus appears that during the first few
minutes of deposition, BN layer grows parallel to the substrate
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surface. After the development of sufficient force onto the grain
boundaries, the leading edge of the layer partially curled
upward, which is an intrinsic property of 2D crystalline
structure® or due to weak van der Wall force that connects
deposited layer to the substrate surface.”® Now, it could be
possible that incoming BN species diffuse toward the surface of
initially growing layer instead of toward the growing edges. In
this process, a second layer starts growing on top of the first
layer and so on. This process continues layer-by-layer,
consequently a finite BN nanosheet obtained. Normally,
nanosheets grow along the direction where the epitaxial energy
of BN species is minimized. The detail mechanism of the
nanosheets formation can be found in our recent publication.>!
BN species diffusing toward the substrate instead of toward the
growing edges can be re-evaporated because of weak van der
Waals forces attaching the species to the substrates. This
mechanism accounts for the observation that rather than the
formation of a single continuous BN layer parallel to the
substrate, we observe self-assembly of multiple sets of BNNSs.

Figure 2a shows a typical Raman spectrum of BN
nanosheets. An intense line centered at 1365 cm™" indicating
Raman active E,, vibrational mode is related to hexagonal
phase.**** The extremely narrow Raman peak probably
suggests that the obtained BNNSs have less defect concen-
trations. Compared with the results from a traditional CVD
method that in most cases yields high level of impurities inside
the samples, the present plasma pulse beam deposition
technique could produce high purity of BNNSs. Figure 2(b)
shows XRD pattern of nanosheets where a single 20 peak is
detected at ~26.84° that further confirmed h-BN (002)
phase®*** in BNNSs. No other characteristic peak associated
with impurity elements was detected in Raman and XRD
spectra.

After characterization of crystalline structure of the samples, a
prototype of BNNSs-based gas sensor is designed and
fabricated. A good sensor has several important parameters
for example, sensitivity, selectivity, response time and recovery
time, as well as repeatability. To investigate these properties in
our sensor, the static and dynamic testing of the sensor device
for different gases at the same concentration was performed. A
chamber was employed to provide different gas concentration
levels in incremental steps, while temperature remained
unchanged at 150 °C. Each step was maintained at constant
parameters till the voltage reading reached a steady value. The
sensing mechanism is based on the resistance change caused by
the reaction of the absorbed gas molecules at the surface of
BNNSs. Basically, sensor comprises of chip (micrometer) scale
metal fringes (electrodes), sensing element (BNNSs), a heater,
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Figure 3. Variation in the resistance of sensor to (a) O and (b) CH, gas.

254 (b) T. Off
res off
Off
Off
204 off
<) .
e
~—
mm TGas off
10 Trec
5
1Gas Ocr)\n On On On On On Oon
0 T T T T r :
300 600 900 1200 1500 1800

Time(t/s)

power supply, and electric digit meter. Cycling tests of sensing
behaviors of newly designed sensors are conducted in a
calibrated apparatus.22 Oxygen (O) and methane (CH,) gases
are used independently as the targeted gases for eight cycles,
from which the response time (T,,,) and recovery time (T,..) of
the sensor are investigated as shown in panels a and b in Figure
3.

The sensitivity (S) of the sensor is defined as S(%) = (R, —
R,)/R,, where R, represents the resistance of the sensor when
gas is introduced in the chamber and R, is the resistance in
vacuum.*® When sensor is exposed with the gas (O or CH,),
the corresponding change in resistance is recorded as shown in
panels a and b in Figure 3. The value for “S” is calculated from
the cycle in which maximum change in the resistance is
recorded. In the case of O gas at (100 ppm), the maximum
value of “S” was recorded around 1.5 when the output signal
was stable, whereas T, and T, were around 70—80 s and
100—110 s, respectively as shown in Figure 3a. In contrast, for
the case of CH, gas (Figure 3b), at the same gas concentration,
the change in resistance of the sensor upon exposure of gas is
much stronger. The relative intensity of the signal recorded for
CH, is much larger than that for O gas, indicating BNNSs-
based sensor has high sensitivity (S ~ 7.8) or selective
properties. The possible reason is that methane molecules are
polarized, thus they can easily be absorbed by the surface and
grain boundaries of BNNSs and then change the conductivity
of BNNSs. Furthermore, T, (~ 10—15 s) and T,.. (% 15—20
s) are recorded down to few seconds. Actual T, and T,
should be even shorter than the observed value. This is because
in the present case, time delay in switching on or off the valves
of gas inlet and outlet as well as low pumping capacity (7 m*/h)
affect the measurement results.

Eight cycles of experimental testing showed that the sensor
has good repeatability. But it is noticed that in the first cycle
when gas is introduced into the chamber, the response of the
sensor is not unique. A tentative interpretation is that the
contamination (humidity or dust particles) on the surface of
BNNSs affects the sensitivity of the sensor. After first cycle,
response and repeatability of the sensor in each cycle of gas “in”
and “out” is almost identical. This is due to the fact that the
impurities from the surface of BNNSs might be pumped out
with the gas. When the gas is switched off; the resistance of the
sensor drops slowly. There are two possible steps involved after
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switch off the gas. In the first step, gas molecules are pumped
out from the chamber. During this interval of time (between
the T, and the T,.), large amount of gas is still adsorbed on
the surface of BNNSs. Consequently, the conductivity or
response of sensing material changes slowly as evidenced
shown in each cycle. In the second step, continuous pumping
results in quick desorption of gas molecules from the surface of
BNNSs. Slight variation in the numbers of molecules on the
surface of BNNSs can cause large change of electrical properties
of BNNSs. That is why during this step, signal drops rapidly.

BNNSs-based gas-sensors operate by measuring changes in
electrical resistance of the BNNSs upon exposure to the gas.
Though the exact mechanism still remains to be investigated, it
appears that free electrons can move easily through the surface
and across the boundaries of BNNSs. General understanding/
explanation is that when gas is introduced in the chamber, it is
adsorbed onto the surfaces as well as at the boundaries of
BNNSs that removes free electrons, creating a potential barrier.
This is manifested as an increase in resistance of the sensor.

Besides gas sensor, much attention has also been paid in the
fabrication of BNNSs-based Schottky diode. Two types of
junction: pure BNNSs/metal and doped-BNNSs/metal, have
been fabricated and tested. The dopin% process is completed by
exposing nanosheets via cold plasma.”” A low-pressure (10 Pa)
CH, was used with dc plasma ignited between two electrodes.
The BNNSs were kept 5 cm away from the discharge zone. The
doped BNNSs were placed back to the device in order to
analyze I—V characteristics of Schottky diode. The fabricated
device to record the I-V characteristics of diode is shown in
block diagram (Figure 4). As, the entire surface of substrate was
covered with randomly oriented BNNSs, we setup electrodes
on the surface of BNNSs/Mo substrate by electronic soldering
method. For the precise -V measurements, setup is connected
with a Keithley 6517A electrometer in order to characterize
electronic properties of BNNSs.

I-V characteristics for the case of pure BNNSs/metal
junction are recorded at different temperatures (25 °C, 50 °C,
and 75 °C) as shown in Figure Sa. Generally, high temperature
would cause a decrease in the resistance of BNNSs, resulting in
an increase of electric current at the certain voltage. At a fixed
temperature, current increased almost linearly with the applied
voltage (Figure Sa). This indicates that the active region
between the pure BNNSs and metal substrate has no Schottky
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Figure 4. Block diagram of the device prepared to analyze the
characteristics of BNNSs-based Schottky diode.

contact, whereas the junction based on doped BNNSs shows
diodic behavior indicating the formation of Schottky contact
between the BNNSs and metal substrate ((Figure Sb, c). Figure
Sb shows I=V characteristics of Schottky diode recorded at 25
and 75 °C, respectively. It seems that variation of temperature
has an obviously affect in forward current of diode. At
sufficiently high temperatures, a substantial amount of current
can be observed.

The complete curves shown in Figure Sc appear has a typical
behavior of a simple PN junction diode: its tendency to
conduct electric current in only one direction. Normally, the
curve can be divided into four areas. At very large reverse bias,
beyond the peak inverse voltage (—73 V), a process called
reverse breakdown occurs that causes a large increase in current
that usually damages the diode permanently. Here it should be
mentioned that because the thickness of membrane of the
BNNSs is less than 10 nm, experimental data indicate that the
breakdown of electric field value is up to 7.3 X 10" V/cm.
These characteristics are directly attributing the outstanding
properties of BNNSs as a material for electronic applications.
The second region, at reverse biases has only a very small
reverse saturation current. In the reverse bias region for a
normal P—N junction diode, the current through the device is
very low (in few uA ranges). The third region is forward with
forward bias voltage less than 45 V, where only a small forward
current is conducted. As the potential difference is increased up
to or above Vy = 45 V (forward voltage drop), the diode
current becomes appreciable, and the diode presents a very low
resistance. The current—voltage curve is exponential.

B CONCLUSIONS

In summary, experimental data proved that the BNNSs are an
ideal material for electrical and gas sensing applications. Pulsed
CO, laser plasma deposition technique provides a feasible
method for the growth of flat and transparent BNNSs on large

area at significantly low substrate temperature. HRTEM study
revealed that BNNSs consists of a large amount of highly
ordered boron and nitrogen atoms packed in 2D benzene-like
structures. Such atomic structures of BNNSs are highly
sensitive to CH, while comparatively less sensitive to oxygen.
High-band-gap semiconductor BNNSs can be used to fabricate
typical Schottky diodes and transistors. Carbon doping in
BNNSs produce Schottky barrier diode whose forward and
reverse electrical characteristics are in excellent agreement with
the characteristics of a simple PN junction diode. Such diodes
operate at higher temperature and give rise to the forward
current at about 35 pA, whereas the leakage current remains
small until reverse voltage reaches to the breakdown point
(=73 V). The high breakdown electric field almost up to 1 X
10® V/cm indicating excellent stability of the device in forward
and reverse biased conditions that can lead this material to
various electronic applications where high voltage is desired.
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