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. We report the studies of (1) the basic mechanism underlying the formation of defect-free, single

: crystalline boron nitride nanosheets (BNNSs) synthesized using pulsed laser plasma deposition
(PLPD) technique, (2) the variation in the crystalline structure at the edges of the hexagonal boron
nitride (h-BN) nanosheets, and (3) the basic electrical properties related to the BNNSs tunneling
effect and electrical breakdown voltage. The nanoscale morphologies of BNNSs are characterized
using scanning electron microscope (SEM) and high-resolution transmission electron microscope
(HRTEM). The results show that each sample consisted of a number of transparent BNNSs that
partially overlapped one another. Varying the deposition duration yielded different thicknesses of

. sample but did not affect the morphology, structure, and thickness of individual BNNSs pieces.

. Analysis of the SEM and HRTEM data revealed changes in the spatial period of the B;-N; hexagonal

. structures and the interlayer distance at the edge of the BNNSs, which occurred due to the
limited number of atomic layers and was confirmed further by x-ray diffraction (XRD) study. The
experimental results clearly indicate that the values of the electrical conductivities of the super-thin
BNNSs and the effect of temperature relied strongly on the direction of observation.

Research into two-dimensional (2D) atomic-thin sheets has brought about a new revolution in multi-
. functional materials science because of many attractive but unusual properties of these 2D nanosheets!~>.
. A typical example of such materials is atomic thin single-layer boron nitride. Recent studies have shown
: that 2D boron nitride nanosheets (BNNSs) possess enormous potential for various applications, includ-
. ing uses in thermal conductivity, spintronics, and tissue engineering, and as dielectric coatings with
. excellent heat dissipation properties (thermal paste), nanoscale supports for metal or metal oxide cata-
- lysts, thermal radiators, deep ultraviolet light emitters, drug delivery platforms and labels, and critical
: components in nanodevices®’. The lattice constant is nearly identical to that of graphene, which suggests
. that BNNSs can be combined with graphene to form single-molecule circuits. BNNSs may also be used
: to inhibit oxidation in graphitic materials.
: Many studies in synthesis of BNNSs have been conducted by using various techniques, including
. plasma sputtering®, chemical vapor deposition (CVD)>', thermal vapor solid target'!, chemical exfolia-
. tion'>!3, chemical blowing'#, ball milling'®, micromechanical cleavage'®, and liquid exfoliation'” of bulk
* h-BN. Over the last four years, Kim'$, Yu'?, Khan?® and many others have successfully used CVD process
. to synthesize large BNNSs. Recently, several important works related to atomic thin BNNSs oxidation
© resistance and dielectric screening have been reported in many literature?'~?. Systematic and compre-
: hensive reviews of 2D boron nitride nanostructures have also been completed®*?.
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Figure 1. SEM images of BNNSs prepared at different substrate temperatures: (a) 450°C, (b) 350°C, and (c)
250°C.

However, the reported growth rate in CVD process is extremely low!*?, and in most cases, the syn-
thesis using CVD process could also yield certain impurities. This is because the CVD precursors often
contain multiple component substances rather than a pure element?. Furthermore, the increase in tem-
perature up to 1000°C in CVD?*? process would not only vaporize the impurities inside the chamber
but also result in internal stresses that may affect the crystalline structures of the BNNSs.

Using the pulsed plasma beam deposition technique, we have conducted several experiments to syn-
thesize free-standing BNNSs*%. In the present paper, we have reported our new studies of crystalline
lattice structure variations, temperature effects, zigzag edge reconstructions, the quantum tunneling
effect and the basic mechanism of the formation of defect-free, single crystalline BNNSs.

Experimental Conditions

A CO, pulsed laser plasma deposition (PLPD) technique was used to synthesize BNNSs. A detailed
description of the PLPD system can be found in our previous published article?. Briefly, the laser beam
at 10.6 pm wavelength, was focused with a 30-cm focal length ZnSe lens, incident at 45 degree relative to
a rotating (speed of ~200rpm) pyrolytic hexagonal BN target (2.00” diameter x 0.125” thickness, 99.99%
purity, B/N ratio ~1.05, density ~1.94 g/cc) under high vacuum (2 x 107 Pa) in an enclosed chamber. The
laser operated at a repetition rate of 5-10Hz. The laser pulse width was 2s, and the pulse energy was
5]. The purpose of the use of long-focal-length lens was to effectively control the pulsed laser-produced
plasma beam. The diameter of the focal spot of the laser beam on the target was approximately 2 mm.
The power density of the laser on the target was 2 x 103W/cm? per pulse, with which we could achieve
mass production of BNNSs up to 15-50 mg per hour, depending on the repetition rate of laser operation.
An increase in power density would have yielded more BNNSs, but the quality of the BNNSs would have
been slightly different. Molybdenum (Mo), ceramic aluminium nitride (AIN), and quartz were used as
substrates and placed 5cm away from the target. Prior to laser irradiation, the substrates were rinsed with
acetone and methanol in a sequence. The duration for each deposition was 10seconds, corresponding
to 50~ 100 pulsed plasma beams for sample synthesis. The BNNSs were then characterized by scanning
electron microscope (SEM), transmission electron microscope (TEM), Raman scattering spectroscopy,
x-ray diffraction (XRD) study, and electrometry.

Results and Discussions

Crystalline structures. Figure 1 shows typical SEM images of the BNNSs that were prepared at dif-
ferent substrate temperatures. Each sample consisted of several sheets partially overlapping one another.
The sample surfaces possessed different morphologies. It was found that 350°C is the critical substrate
temperature in the present synthesis of high-quality BNNSs. For example, synthesis at 450 °C substrate
temperature yielded highly transparent BNNSs (Fig. 1a), and this property is related to the high quality
of the crystalline structure. The average thickness of the BNNSs was 2.5nm, and the average size was
larger than 2pum? These values were obtained from statistical data using high-resolution TEM and SEM.
We have found that by controlling the gas and pressure environment inside the chamber, we can control
the thickness of BNNSs. For example, the average thicknesses of the BNNSs that were synthesized in
hydrogen and in high vacuum environments were very different. The size of the BNNSs was affected by
the pulse of the laser-produced plasma beam (e.g., pulse width, beam intensity, the laser focal spot size
on the target). The mechanism is complicated because it involves plasma dynamic processes. Several
experiments have been conducted to study the effects of the laser plasma beam on the size, but the
exact relationship has not yet been concluded. Synthesis of BNNSs at 250°C or lower yielded opaque
films, as shown in Fig. 1c. Consequently, it was impossible to obtain sharp XRD peaks from the sample.
This phenomenon demonstrates that heat provided additional energy to promote molecular migrations,
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Figure 2. (a) Typical HRTEM image and (b,c) further magnified HRTEM images of selected areas (b) and
(c) of the BNNSs.

which led to a crystalline structure. The results suggest that it would not be possible to synthesize single
crystalline BNNSs below a certain temperature.

High transparency related to high quality in BNNSs was confirmed with a high-resolution TEM
(HRTEM) microscope equipped with an aberration corrector. Figure 2 shows the HRTEM studies of
BNNSs at different magnifications. The shaped edges of the surface of a single BNNS (Fig. 2a) could be
easily identified, which indicated that single crystalline BNNS actually consisted of a few atomic layers.
Clearly, each atomic layer consisted of a large amount of highly ordered boron and nitrogen atomic
arrays.

Figure 2b shows an enlarged image of the selected area (b) from Fig. 2a. Honeycomb structures
of six-membered B;-N; hexagons are clearly visible. The spatial period was approximately 0.22nm, as
shown in Fig. 2b. Within an atomic layer, B and N atoms were bound strongly by covalent bonds. Neither
N—N nor B—B bonds were observed in the characterized area, which signified the single crystalline
structure of the synthesized BNNS. Figure 2c shows the HRTEM image of another selected area (c) from
Fig. 2a. Similarly, there were neither defects nor impurities over the entire examined area (c). HRTEM
images with slight aberrations were observed, but highly ordered arrays with a 0.22nm period were still
noticeable.

The mechanism for the formation of crystalline BNNSs relies heavily on the selected method of
synthesis. In the present case, we believe that heat-driven mechanical exfoliation should dominate as
the main process in the formation of crystalline BNNS. Two solid pieces of evidence have been found.
Figure 3a shows a typical HRTEM image of the structure at different edges of a BNNS sample. The model
for the multi-layer structure is depicted in Fig. 3b. Each fringe is related to a single atomic layer, which
has a thickness of approximately 0.33 nm. Each sheet consists of multiple layers, and the single sheet with
11 atomic thin layers splits partially into two portions. Such a phenomenon has not been reported in the
case of a BNNS that was grown using CVD technique. It was believed due to a different crystal structure
formation mechanism which was a combination of epitaxial growth from the substrate in the beginning
and followed by a diffusion-segregation process®.

Figure 3¢ shows another HRTEM image of the structure at the edge of a BNNS sample. The model
for mono-, bi-, and multi-layer structures shown in Fig. 3d strongly suggests that the basic mechanism
for the formation of 2D BNNS is related to the thermo-mechanical exfoliation of bulk BN. Because
the short-pulse plasma beam used in the present deposition is in the one-way drift, the interaction of
intense short laser pulses with material targets normally leads to the anomalous and normal skin effects
in plasma with step-like density profile, whereby the heat transport can be described by classical Spitzer
conductivity, with the new boundary conditions accounting for laser absorption in the thin skin layer?!.
The rapid heating of the thin skin layer of van der Waals solids such as h-BN would unavoidably result
in thermo-mechanical exfoliation. This procedure leads to 2D growth and high transparency of BNNSs.
Furthermore, BNNSs are already formed before reaching the substrate. As a result, the quality (morphol-
ogy and crystalline structure) of individual continuous BNNSs would not be significantly affected by the
substrate type. This phenomenon has already been observed and reported in literature?.

Variations in the interlayer distance (“sort of” lattice constant) and atom-to-atom spacing are also
observed at the area near the edge of the BNNS, as shown in Fig. 4a, where three partially overlapped
sheets, marked S1-3, can be observed. Based on the crystalline structures shown in Figs 2b and 4b, the
atomic model for the edge area is constructed as shown in Fig. 4c, from which we can conclude that
the BNNS has zigzag edge reconstructions terminated by boron atoms. By contrast, it is clear that the
three sheets, marked in Fig. 4a as S1, S2 and S3, were partially overlapped, with S3 at the bottom and
S1 at the top. From the HRTEM image, we can conclude that both S2 and S3 consisted of three stacked
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Figure 3. TEM images of structures (a,c) for different edges of a BNNS sample and (b,d) the models for
mono-, bi-, and multi-layer structures of a BNNS.

atomic layers, whereas S1 had only one atomic layer. Variations in the spatial periods of the atomic arrays
on the surface and in the interlayer distance or thickness of atomic layers were found. For example, the
spatial period increased from a= 0.22nm in the center to 1.41a (=0.31 nm) near the edge (Fig. 2b,c). The
increase in the average spatial period was as high as 9%. The interlayer distance of the BNNSs was also
obviously larger than that of bulk boron nitride, as shown in Fig. 4b,c. The interlayer distance increased
with decreasing number of layers for the BNNSs. This phenomenon is attributed to the relaxation of
surface atoms due to weaker inter-layer interactions with fewer layers.

The increase in the interlayer distance for super-thin BNNSs can be confirmed with the data obtained
from XRD, wherein a shift of the XRD peak toward a lower diffraction angle was observed. Figure 5
shows a typical XRD pattern for the BNNSs. The high intensity peak centered at 26 & 25.5° is associated
with the hexagonal structure. Thus, the obtained interlayer distance was 0.35 nm for the BNNS according
to Bragg’s Law. This value is almost 6% larger than that of bulk BN (d=0.33nm). Because the bandgap
width or energy of III-V nitride materials is normally inversely proportional to the lattice constant®,
we would expect a 6% decrease in the bandgap width of 2D BNNSs that should result in a red shift in
the cutoff wavelength. In fact, the red shift had already been observed in our recent experiments with
super-thin BNNS-based deep UV detectors, which exhibited a sharp cutoff wavelength at 250 nm??, shift-
ing almost 8% from the cutoff wavelength of 230nm in bulk h-BN-based photodetectors®. All of the
obtained results are in good agreement with each other.

Electrical properties. Characterizations of electrical current-voltage (I-V) properties were also con-
ducted for BNNSs of different thicknesses at different temperatures. The measurements were conducted
using a HP - Agilent 6268B Power Supply, a Keithley 6517A electrical meter, and a HEWLETT 34401A
electrical meter. Two electrode configurations are shown in Fig. 6a,b. The error for the measurements was
approximately 15%. The experimental data (Fig. 6al,a2) obtained from the setup shown in Fig. 6a indi-
cated that a 225-fold decrease in the thickness of the BNNS membrane (from 4.5pum to 20nm) resulted
in an approximately five orders of magnitude increase in the electrical current across the BNNS. Spatially
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Figure 4. (a) HRTEM image of an edge area, (b) magnified HRTEM image of a selected area of the BNNS,
and (c) an atomic model for the edge area.
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Figure 5. XRD spectrum of BNNSs.

non-uniform membranes could have contributed to the phenomenon above, but it would not have been
expected to make such a great difference. We believe that the current increase is due to the tunneling
effect that usually occurs in the case of super-thin films*>¢.

Using experimental data from Fig. 6al-2, where the resistances are inversely proportional to the
slopes of curves, and a simple wire model for resistance R= pl/A, where [ is the length and A is the
cross-sectional area, we can estimate the different resistances R and resistivities p (the constant of propor-
tionality) of the BNNSs. The basic parameters are listed in Table 1. The experimental data indicate that
the electrical resistivity p (the inverse of conductivity) of the BNNSs remains almost unchanged for thick
BNNSs?¢. However, the resistivity p decreases sharply with decreasing sheet thickness from 6.7 x 10°Qm
at 4.5pm to 275Qm at 20 nm. Large differences in the resistivity or conductivity coefficients likely indi-
cate that different mechanisms affect the resistances of BNNSs with different thicknesses.

The effect of temperature on the resistivity was clearly visible. Super-thin BNNSs exhibited
quasi-metallic properties. Two conclusions can be made after comparing the data listed in Table 1. First,
for a sheet thickness of 4.5pm, the higher the temperature is, the lower the resistance will be. However,
there was no obvious temperature effect on the I-V curves of the 20 nm thick BNNSs. Scattering mecha-
nisms may have dominated changes in the I-V curves, as discussed below. Second, for a sheet thickness
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Figure 6. (a,b) Two experimental setups for the characterizations of electrical properties of BNNSs. Typical
I-V properties of 4.5pm and 20nm BNNSs observed in the longitudinal (al,a2) and transverse (b1,b2)

directions, respectively, at different temperatures.

R, () 1.6 x 106 2.1 x 109 6.0 x 106
par (Q2m) 1.7 x 10 23 x 109 6.7 x 106
R, () 11 11 11
P (Qm) 275 275 275

Table 1. Basic parameters obtained from the longitudinal setup, as shown in Fig. 6a.

of approximately 20 nm, electrical breakdown occurred, as shown in Fig. 6a2, where the current increased

rapidly at a bias voltage of 1.3 V.

Two mechanisms lead to breakdown: avalanche multiplication and the quantum mechanical tunneling
of carriers through the bandgap or barrier height. Neither of the breakdown mechanisms is destructive.
Quantum mechanical tunneling of carriers through the barrier height is the dominant breakdown mech-
anism for metal-semiconductor junctions. This is analogous to tunneling in a highly doped p-n junction,
where the energy bandgap is replaced by the barrier height of the material. Using a compact analytical
model of band-to-band tunneling in a nanoscale p-i-n diode, Ahmed estimated that the intrinsic region
length should be less than 50 nm*. The tunneling probability © can be calculated from Eq. (1)%*:

4 -/2m Eﬁ/z
O =exp|——————
3 gh 'V

(1)
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200°C 100°C 25°C
Rypmv () 0.63 x 10° 1.9 x 10° 3.2 10"
Pyruy (©2m) 0.028 x 10° 0.086 x 10° 1.44 x 10°
Rypy (Q) 2.6 x 10° 9.2 % 10° 7.9 x 10'°
Pprry (2m) 0.12 x 10° 0.41 x 10° 3.6 x 10°
Ryzv () 1.5x 101 1.5x 10" 1.3x 10"
ooty (©2m) 0.03 x 10° 0.3 x 10° 2.6 x 10°
N (9)) 8.1 x 101 4.4x 10" 1x 310"
Ppary (2m) 0.16 x 10° 0.8 x 10° 2.6 x 10°

Table 2. Basic parameters obtained from the transverse setup, as shown in Fig. 6b.

where, the electric potential V=E,/(qL). The term g, m, L, and h are denoted as the electron charge, free
electron mass, separation between the two electrodes, and Plank’s constant, respectively. E, is the barrier
height energy and /= h/(2m).

The tunneling current is obtained based on the values of the carrier charge, velocity and carrier den-
sity. The velocity equals to the Richardson velocity, v, at which, on average, the carriers approach the
barrier. The carrier density J, is proportional to the density of available electrons, n, multiplied by the
tunneling probability ©, i.e., J, = qvzn©. The tunneling current therefore depends exponentially on the
barrier height energy to the 3/2 power. Similar measurements were also conducted for the BNNSs in the
transverse direction based on the electrode setup illustrated in Fig. 6b. Figure 6b1,b2 show typical I-V
characteristics of the 4.5pm and 20nm BNNS membranes, respectively. Nonlinearity in the I-V curves
was observed and attributed to the polarization effect or cumulative effect of charges. Normally, electrode
polarization is due to the migration of some electrons from the metal probe into the samples. As a result,
positive charges in the samples migrate towards the metallic probe, thus creating a cation layer between
the metallic probe and the samples. The distance between the electrodes was 0.5 mm.

It was found that the I-V curves in Fig. 6a2 could be divided into two areas. At low bias voltages (LV),
where the barrier is not severely deformed by the applied electric field, the electric current (I) depends
linearly on applied bias V. In the high bias (HV) regime, the electric current becomes nonlinear and
increases quickly. Thus, the tunneling process is dominated by field emission tunneling across the bar-
rier. The basic electrical parameters, such as resistances and resistivities as shown in Fig. 6b1,b2 , were
obtained, as listed in Table 2. Both samples with different thicknesses at different bias voltages had similar
resistivities of approximately 2 x 10°Qm at room temperature.

Following an increase in temperature from 25°C to 200°C, the resistivity decreased from 10°Qm to
10*Qm at high bias voltages and to 10° 2m at low bias voltages. This is very similar to the case in Fig. 6al
but very different from that shown in Fig. 6a2. It is well known that the resistivity (and conductivity) of
BNNSs is actually determined by two factors: the concentration of free carriers available to conduct cur-
rent and their mobility. There are two basic types of scattering mechanisms that can influence the mobil-
ity of electrons and holes: lattice scattering and impurity scattering. Lattice vibrations change carrier
mobility with increasing temperature. However, the mobility of the carriers in a semiconductor is also
influenced by the presence of charged impurities, and the impurity scattering is caused by crystal defects
such as ionized impurities. At lower temperatures, carriers move more slowly, so there is more time for
them to interact with charged impurities. As the temperature decreases, the impurity scattering increases,
which results in a decrease in carrier mobility; this has the opposite effect as lattice scattering. The total
mobility then is the sum of the lattice-scattering mobility and impurity-scattering mobility. Effects of
scattering are always present in three-dimensional (3D) bulk materials or in thick films (Fig. 6al); as
a result, the temperature effect on the resistivity/conductivity of such material can be easily identified.

However, in the 2D case, the temperature effect on the resistivity depends on the direction of obser-
vation. Lattice vibrations and mobility changes caused by thermal energy in 2D nanosheets only occur in
the horizontal/transversal direction. If the electric current were directed along the vertical/longitudinal
direction, as shown in Fig. 6a, the scattering caused by temperature changes would not seriously affect
the currents (Fig. 6a2). Consequently, the I-V curves remain unchanged when the temperature increases.
By contrast, in the case shown in Fig. 6b, wherein the electric current is directed in the horizontal/trans-
versal direction, the scatterings caused by temperature changes unavoidably affect the electrical current,
ultimately resulting in variations in the resistivity of the BNNSs, as shown in Fig. 6b1,b2.

Conclusions

The PLPD technique was used to rapidly synthesize high-quality h-BN nanosheets with a defect-free
single crystalline structure, as confirmed by various characterization instruments. The h-BNNSs show
zigzag edge reconstructions terminated by boron atoms. The basic mechanism for the BNNS formation is
related to thermo-mechanical exfoliation, which is completely different from that for BNNS growth using
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CVD technique which is physical contact exfoliation process. The obtained experimental data indicate
that decreasing of the thickness of BNNSs down to a few atomic layers, not only results in an increase of
the spacing between the atoms, i.e., a modified honeycomb crystalline structure of six-membered B;-N,
hexagons close to the edges, but also results in an increase of the interlayer distance.

The two conclusions made from the electrical property measurement are as follows: (1) the value of
the electrical conductivity or resistivity of the super-thin BNNS relies strongly on the direction of obser-
vation. The electrical resistivities of the BNNSs decrease sharply when their thickness decreases, when
observed from the longitudinal direction. Super-thin BNNSs exhibit good quasi-metal or semiconduct-
ing properties. By contrast, when observed from the transversal direction, the electrical resistivities of the
BNNSs remain largely unchanged. (2) Temperature effects on the resistivity or conductivity of 3D bulk
materials and thick films are inevitable due to scattering. However, in 2D BNNSs, vibrations or mobility
due to thermal energy only occur in the horizontal/transversal direction. Therefore, electrical current
along vertical/longitudinal direction is not affected by scatterings. Consequently, the resistivity of BNNSs
is extremely low, and this value remains nearly constant when the temperature increases.

References

1. Georg S. Duesberg. Heterojunctions in 2D semiconductors: a perfect match. Nat. Mater. 13, 1075-1076 (2014).

2. Qian, X. et al. Self-catalyzed growth of large-area nanofilms of two-dimensional carbon. Sci. Rep. 5, 7756 (2015).

3. Cong, W. T, Tang, Z., Zhao, X. G. & Chu, J. H. Enhanced magnetic anisotropies of single transition-metal adatoms on a defective
MoS, monolayer. Sci. Rep. 5, 9361 (2015).

4. Withers, E, Bointon, T. H., Hudson, D. C., Craciun, M. E & Russo, S. Electron transport of WS, transistors in a hexagonal boron
nitride dielectric environment. Sci. Rep. 4, 4967 (2014).

5. Li, X, Zhao, J. & Yang, ]. Semihydrogenated BN sheet: a promising visible-light driven photocatalyst for water splitting. Sci. Rep.
3, 1858 (2013).

6. Park, C. H. & Louie, S. G. Energy gaps and stark effect in boron nitride nanoribbons. Nano Lett. 8, 2200 (2008).

7. Jin, C., Lin, E, Suenaga, K. & Iijima, S. Fabrication of a freestanding boron nitride single layer and its defect assignments. Phys.
Rev. Lett. 102, 195505 (2009).

8. Anzai, A., Nishiyama, E, Yamanaka, S. & Inumaru, K. Thin film growth of boron nitride on a-Al,O; (001) substrates by reactive
sputtering. Mater. Res. Bull. 46, 2230 (2011).

9. Lee, K. H. et al. Large-scale synthesis of high-quality hexagonal boron nitride nanosheets for large-area graphene electronics.
Nano Lett. 12, 714 (2012).

10. Zhang, S. et al. Ultrathin BN nanosheets with zigzag edge: one-step chemical synthesis, applications in wastewater treatment and
preparation of highly thermal-conductive BN-polymer composites. J. Mater. Chem. A 1, 5105-5112 (2013).

11. Suzuki, S., Pallares, R. M., Orofeo, C. M. & Hibino, H. Boron nitride growth on metal foil using solid sources. J. Vac. Sci. Technol.
B Microelectron Nanometer Struct. 31, 041804-4 (2013).

12. Du, M., Wu, Y. & Hao, X. A facile chemical exfoliation method to obtain large size boron nitride nanosheets. Cryst. Eng. Comm.
15, 1782 (2013).

13. Wang, Y., Shi Z. & Yin, J. Boron nitride nanosheets: large-scale exfoliation in methanesulfonic acid and their composites with
polybenzimidazole. J. Mater. Chem. 21, 11371 (2011).

14. Wang, X. et al. Chemical blowing of thin-walled bubbles: high-throughput fabrication of large-area, few-layered BN and Cx-BN
nanosheets. Adv. Mater. 23, 4072 (2011).

15. Deepika, et al. High-efficient production of boron nitride nanosheets via an optimized ball milling process for lubrication in oil.
Sci. Rep. 4, 7288 (2014).

16. Lee, C. et al. Frictional characteristics of atomically thin sheets. Science 328, 76-80 (2010).

17. Zhi, C., Bando, Y., Tang, C., Kuwahara H. & Golberg, D. Large-scale fabrication of boron nitride nanosheets and their utilization
in polymeric composites with improved thermal and mechanical properties. Adv. Mater. 21, 2889 (2009).

18. Kim, K. K. et al. Synthesis of monolayer hexagonal boron nitride on Cu foil using chemical vapor deposition. Nano Lett. 12, 161
(2011).

19. Yu, J. et al. Vertically aligned boron nitride nanosheets: chemical vapor synthesis, ultraviolet light emission, and super
hydrophobicity. ACS Nano 4, 414 (2010).

20. Khan, M. H. et al. Synthesis of large and few atomic layers of hexagonal boron nitride on melted copper. Sci. Rep. 5, 7743 (2015).

21. Li, L. et al. Dielectric Screening in Atomically Thin Boron Nitride Nanosheets. Nano Lett. 15, 218-223 (2015)

22. Li, L., Cervenka, J., Watanabe, K., Taniguchi, T. & Chen, Y. Strong oxidation resistance of atomically thin boron nitride
nanosheets. ACS Nano. 8, 1457-1462 (2014).

23. Lei, W,, Potehauh, D., Liu, D., Qin, S. & Chen, Y. Porous boron nitride nanosheets for effective water cleaning. Nat. Commun. 4,
1777 (2013).

24. Lin, Y. & Connell, ]. W. Advances in 2D boron nitride nanostructures: nanosheets, nanoribbons, nanomeshes, and hybrids with
graphene. Nanoscale 4, 6908 (2012).

25. Pakdel, A., Zhi, C., Bando, Y. & Golberg, D. Low dimensional boron nitride nanomaterial. Mater. Today 15, 256 (2012).

26. Gardiner R, Buskirk P & Kirlin P, inventors; Advanced Technology Materials, Inc., assignee. Apparatus and method for delivering
reagents in vapor form to a CVD reactor, Incorporating a cleaning subsystem. United States Patent US 5,362,328. 1994 Nov 8.

27. Sajjad, M., Ahmadi, M., Guinel, M. J-E, Lin, Y. & Feng, P. Large scale synthesis of single-crystal and polycrystalline boron nitride
nanosheets. J. Mater. Sci. 48, 2543 (2013).

28. Feng P. X. & Sajjad, M. Few-atomic-layer boron nitride sheets syntheses and applications for semiconductor diodes. Mater. Lett.
89, 206 (2012).

29. Sajjad, M., Peng, X. Y., Chu, J., Zhang, H. X. & Feng, P. X. Design and installation of CO,-pulsed laser plasma deposition system
for the synthesis of mass product nanostructures. J. Mater. Res. 28, 1747 (2013).

30. Song, Y. et al. Triggering the atomic layers control of hexagonal boron nitride films. Appl. Surf. Sci. 313, 647 (2014).

31. Rozmus, W. & Tikhonchuk, V. T. Skin effect and interaction of short laser pulses with dense plasmas. Phys. Rev. A 42, 7401-7412
(1990).

32. Collazol R. & Dietz, N. “The Group III-Nitride Material Class: from Preparation to Perspectives in Photoelectrocatalysis”,
Preprint of book chapter 8 of “Photoelectrochemical Water Splitting: Issues and Perspectives’, ed. H-]. Lewerenz & L.M. Peter, RSC
Publishing. pp. 193-222, doi: 10.1039/9781849737739-00193 (2013).

33. Sajjad, M., Jadwisienczak, W. M. & Feng, P. Nanoscale structure study of boron nitride nanosheets and development of deep-UV
photo-detector. Nanoscale 6, 4577 (2014).

SCIENTIFIC REPORTS | 5:16703 | DOI: 10.1038/srep16703 8



www.nature.com/scientificreports/

34. Li, J. et al. Dielectric strength, optical absorption, and deep ultraviolet detectors of hexagonal boron nitride epilayers. Appl. Phys.
Lett. 101, 171112 (2012).

35. Kingon, A. I, Maria, J.-P. & Streiffer, S. K. Alternative dielectrics to silicon dioxide for memory and logic devices. Nature 406,
1032 (2000).

36. Feng, P, Li, E., Sajjad, M., Aldalbahi, A. & Chu, J. Boron nitride nanosheets and their electrical tunneling effect. Sci. Adv. Mater.
7, 1326-1330 (2015).

37. Ahmed, K., Elahi, M. & Islam, M. S. A compact analytical model of band-to-band tunneling in a nanoscale p-i-n diode. Paper
presented at 2012 International Conference on Informatics, Electronics and Vision (ICIEV), Dhaka. IEEE. doi: 10.1109/
ICIEV.2012.6317361 (2012, May 18-19).

38. Lee, G. H. et al. Electron tunneling through atomically flat and ultrathin hexagonal boron nitride. Appl. Phys. Lett. 99, 243114
(2011).

39. Ando, A. et al. Conducting atomic force microscopy studies on local electrical properties of ultrathin SiO, films. Appl. Surf. Sci.
162-163, 401-405 (2000).

Acknowledgements

This work is financially supported by the Army Research Office/DoD grant (62826-RT-REP) and
Visiting Professor Program. A. A. would like to extend his sincere appreciation to the Deanship
of Scientific Research at King Saud University for funding this work (RG-1436-005). We thank
Dr. J. Labis and Dr. M. Sajjad for their assistance during the measurements. A.Z. acknowledges the partial
financial support from the NSF (MRI-1229513).

Author Contributions

A.A. and PFE contributed equally to the design of experiments, data interpretation and writing of
the manuscript. A.Z. provided guidance on experimental design, data interpretation, and manuscript
preparation. All authors contributed to discussing the results and writing and reviewing the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Aldalbahi, A. et al. Variations in Crystalline Structures and Electrical
Properties of Single Crystalline Boron Nitride Nanosheets. Sci. Rep. 5, 16703; doi: 10.1038/srep16703
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:16703 | DOI: 10.1038/srep16703 9


http://creativecommons.org/licenses/by/4.0/

	Variations in Crystalline Structures and Electrical Properties of Single Crystalline Boron Nitride Nanosheets

	Experimental Conditions

	Results and Discussions

	Crystalline structures. 
	Electrical properties. 

	Conclusions

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SEM images of BNNSs prepared at different substrate temperatures: (a) 450 °C, (b) 350 °C, and (c) 250 °C.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Typical HRTEM image and (b,c) further magnified HRTEM images of selected areas (b) and (c) of the BNNSs.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ TEM images of structures (a,c) for different edges of a BNNS sample and (b,d) the models for mono-, bi-, and multi-layer structures of a BNNS.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) HRTEM image of an edge area, (b) magnified HRTEM image of a selected area of the BNNS, and (c) an atomic model for the edge area.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ XRD spectrum of BNNSs.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a,b) Two experimental setups for the characterizations of electrical properties of BNNSs.
	﻿Table 1﻿﻿. ﻿ Basic parameters obtained from the longitudinal setup, as shown in Fig.
	﻿Table 2﻿﻿. ﻿ Basic parameters obtained from the transverse setup, as shown in Fig.



 
    
       
          application/pdf
          
             
                Variations in Crystalline Structures and Electrical Properties of Single Crystalline Boron Nitride Nanosheets
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16703
            
         
          
             
                Ali Aldalbahi
                Andrew Feng Zhou
                Peter Feng
            
         
          doi:10.1038/srep16703
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep16703
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep16703
            
         
      
       
          
          
          
             
                doi:10.1038/srep16703
            
         
          
             
                srep ,  (2015). doi:10.1038/srep16703
            
         
          
          
      
       
       
          True
      
   




