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Part I. Electronic Structure Simulations on BN and BCXN Nanotubes using Density 
Functional Theory (DFT) 

1. Introduction

We have investigated the structure and electronic properties of BN [1-4] and BC 4N [5] nanotubes 
using density functional theory (DFT) simulations. The interaction between boron and neutron 
produce Li which has the potential to destabilize the structure as well as adversely affect the 
electronic properties. We have observed that addition of Li reduces the band gap of BNNT and 
BC4N nanotubes and makes them almost metallic. To prevent the reduction of band gap and to 
maintain structural integrity, we have proposed adding dopants in the nanotubes prior to 
irradiation with neutrons. We have successfully identified several dopants (F, O, Cl) which can 
retain the semiconducting and structural properties of BC 4N nanostructures.

In addition to BN NT, another promising nanostructure material for neutron detection is the 
BC4N nanotube (BC4N NT). BC4N nanotube brushes have been synthesized by the high 
temperature reaction of amorphous carbon nanotube (a-CNT) brushes with a mixture of boric 
acid and urea [5], The most stable structure is predicted to be the one where BN3 and NB3 units 
are connected by a B -N  bond. The ground-state structures of BC4N nanotubes having different 
chirality; configurations (6 ,0 ) and (8 ,0 ) zigzag nanotubes, and (6 ,6 ) armchair nanotube have been 
reported to be semi conducting with various energy gaps. The (6 ,6 ) armchair BC4N nanotube 
shows the largest band gap (1.0 eV). The thermal stability of the BC4N nanotube is very high (up 
to 900 K); the presence of B and N makes this system more stable compared to the well-known 
carbon nanotube.

Lithium produced due to interaction of boron and neutron modifies the structure and the 
electronic properties of the nanotube material. After losing its energy, Li can be absorbed in the 
vacant sites (e.g., N or B in BN NT or N, B or C in BC4N NT, or absorbed as an adatom in 
various parts of the nanotube system. So the nanostructure material which is initially suitable for 
direct conversion neutron detection can deteriorate after the accumulation of lithium. Our 
strategy in this study is to tailor the initial configuration such that the accumulation of lithium 
does not alter the properties. In this annual report we present the structure and electronic 
properties of pure BN NT and BC 4N nanotubes, followed by an investigation on the effect of 
lithium (as adatoms and substitutional dopants in both BN NT and BC4N NT). Finally we tune 
the properties of (BNNT + Li) and (BC4N NT + Li) systems by adding appropriate dopants to 
negate the adverse effects of lithium.

2. Methodological Details

In this work, we have taken a (8 , 0) zigzag BN NT nanotube having a length twice of its lattice 
constant and placed in a 2 0  A x 2 0  A x 8.6 A tetragonal supercell. For the simulation of BC4N 
nanotube, (6 ,6 ) chirality with 72 atoms was considered. All the calculations were carried out 
using density functional theory based plane wave pseudopotential methods as implemented in the 
VASP code [6-9], The projector augmented wave (PAW) pseudopotentials were used with 400 
eV cut-off for plane-wave basis expansion with generalized gradient approximations (PBE- 
GGA) of Perdew et al. [10] for the exchange-correlation term. Monkhorst-Pack special k point 
scheme was used with I l k  points along the tube axis for Brillouin-zone integration [11], The 
atomic positions were relaxed using conjugate gradient methods until the force on each atom
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becomes less than 1 meV/A. Using relaxed structure of BN NT and BC 4N nanotubes we then 
carried out the total-energy calculations. Similar studies were done for BN NT and BC4N NT 
with and without dopants.

3. Results and Discussion

3.1 Study on Pristine and Doped BN NT

First we report the structure and electronic properties of the perfect boron nitride nanotube [1] 
(BN NT) through first principles investigations and compare our results with the reference data 
for perfect BN NT. Initially, BN NT of chirality (8,0) was placed in the middle of the supercell 
and the system was allowed to relax. The relaxed structure is shown in the Fig. 1. The average B- 
N Bond length for the pristine BN NT is 1.457 A which is in good agreement with earlier 
reported results [12], The angle in the ring is 120.0° degree as expected. Figure 2 shows total 
Density of States (DOS) for perfect BN NT. From the Fig. 2 the band gap for the (8,0) BNNT is 
observed to 3.62 eV, which is in good agreement with the value 3.65 eV reported for the BN NT 
of same chirality [4], J. Wu et al. [13] predicted various band gap for various chiralities. They 
reported 4.02, 3.64, 4.19 and 4.36 eV band gap for the BN NT with chiralities (10,0), (6,2), (4,2) 
and (5,5) respectively. So, we can see that as the diameter reduces (lower chirality) the band gap 
of BN NT reduces. X. Blase et al. [14] predicted that for diameters greater than 9.5 A all BN 
NTs except the (n, 0) tubes with n less than 12 the band gap is stabilized around 4 eV. 
Experimentally measured band gap for bulk hexagonal boron nitride is 5.8 eV [15], The 
symmetry between the spin up and spin down states in Fig. 2 indicates that the perfect BN NT is 
non-magnetic in nature as expected.

M  V  ✓ ■ ' 97 /  /  y
U '

Figure 1. Relaxed structure of pristine (8,0) BNNT, average bond length= 1.457 A, bond
angle=1 2 0 °, blue atoms are nitrogen.
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Figure 2. Total Density of States (DOS) for pristine (8,0) BN NT

Next we have considered substitution doping. The relaxed structure of pristine BN NT, carbon 
substituted BN NT in place of nitrogen and carbon substituted BN NT in place of boron are 
shown in the Fig. 3. Bond length is larger when C is doped in place of N compared to B 
replacement. Bond angle is less in case of N replacement compared to B replacement. As can be 
observed, the tube is deformed from the hexagonal structure. This deformation introduces 
magnetism in the C doped BN NT. Total density of states (DoS) for these three structures are 
plotted in Fig. 4. Band gap reduces with C doping. Reduction in Band gap is more when B is 
replaced by C. For boron replacement band gap reduces to 2.85 eV whereas for nitrogen 
substitution band gap comes out to be 3.33 eV. The desired band gap may be obtained by 
substituting more C atoms. Fig. 5 shows the relaxed structure of Ca doped BN NT. It can be seen 
that the Ca atom stays above the hexagonal plane. This results in the deformation of the 
hexagonal structure. Ca-B & Ca-N bond length is much higher than B N (perfect), C_B(C 
doped) & C_N(C doped) length. Also Ca doping makes the system magnetic. For Ca doped (in 
place of N) magnetic moment is almost 1.0 Bohr magnetron (for the system considered). Fig. 6  

shows density of states (DoS) for perfect (8,0) pristine BN NT, DoS for Ca doped BN NT in 
place of N and partial DoS of Ca atom in doped BN NT. The band gap is reduced from 3.62 eV 
to 0.62 eV, which may be desirable from a detector point of view. We can see from the graph 
(bottom ) the prominent 3d  states for Ca are near the Fermi level. Also spin up & spin down 3d  
states are around 1 eV below the Fermi level and around 1 eV above the Fermi level. We can 
also see prominent s state near Fermi level and the states above the Fermi level is populated by 
Ca d  states We can see similar DoS for BN NT+Ca (in place of N) and Ca (in BN NT) d  states 
above the Fermi level. Appearance of those population in Ca doped BN NT reduces the band gap 
of perfect BN NT. We can also see p  up and down states for Ca atom (in BN NT) around 1.5 to
4.5 eV.

5



(a) (b) (c)

Figure 3. Relaxed structure of (a) pristine (8,0) BN NT, average bond length= 1.457 A, bond 
Angle=120° (b) C substituted (N) BN NT; green atom is C; C-B bond length 1.52 A, 1.52 A 
and 1.50 A; bond Angle (for C) 117.0°, 117.0° and 114.0 degree (c) C substituted(B) B N N T C- 
N; bond length 1.40 A, 1.40 A and 1.37 A ; bond angle (for C) 120.4°, 120.4° and 116.8°.
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Figure 4. Total Density of States (DoS) for perfect (a) (8,0) pristine BN NT (b) C doped in 
place of N (c) C doped in place of B, The Fermi level is at zero.
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(a) (b)

Figure 5. Relaxed structure of (a) Ca substituted (in place of nitrogen) BN NT; green atom is 
Ca; Ca-B bond length 2.56 A, 2.53 A & 2.58 A; bond Angle (for Ca) 69.79°, 69.79° & 35.55° 
(b) Ca substituted (in place of boron) BN NT; Ca-N bond length 2 . 2 1  A, 2 . 2 1  A & 2.24 A; bond 
angle (for Ca) 78.35°, 78.35° & 91.80°.
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Figure 6 . Density of States (DoS) for perfect (a) (8,0) pristine BNNT (b) Ca doped BNNT in place of 
N (c) Partial Dos of Ca atom in doped BNNT, Fermi level is at zero.

7



3.2 Study on perfect BC4N nanotube

The various structure of BC4N nanotubes are presented in Fig. 7. The most ordered structure is 
shown in Fig. 7(d) in which BN3 and NB3 units are linked with one B -N  bond. For the present 
simulations we have considered (6 ,6 ) chirality tube for which band gap is around 1 eV. The 
relaxed structure of BC4N nanotube is shown in Fig. 8 . Fig. 9. Shows the total density of states 
(DoS) for perfect BC 4N nanotube. From Fig. 9 the band gap for the (8 ,6 ) BC4N nanotube is 
observed to be around 1.0 eV.

Figure 7. (6 ,6 ) BC4 N nanotubes: (a) a disordered structure D, in which carbon atoms occupy B 
and N sites in a BN NT randomly with a probability of O, (b) an ordered structure SI, with one 
B -N  bond present in each carbon ring, (c) an ordered structure S2, where BN3 and NB3 units are 
distributed on alternate C 6  rings, and (d) an ordered structure S3, in which BN3 and NB3 units 
are linked with one B -N  bond [5],

8



Figure 8 . Relaxed structure of pristine (8 ,6 ) BC4N nanotube, C atoms are in yellow, N atoms 
are in pink and B atoms are in grey
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Figure 9. Total Density of States (DoS) for perfect (6 ,6 ) BC4 N nanotube, Fermi level is at zero.
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3.3 Effect of Li on BNNT and BC4N nanotube

In this section we will present the modification of structure and electronic properties of pristine 
BN NT and BC4N nanotube due to formation of lithium through interaction between boron and 
neutron. Lithium has one s electron in the outer shell and is very reactive. As lithium is metallic 
there will be charge transfer between the tube and the lithium which will change the density of 
the states (DoS) of the system. The relaxed structure of BN NT substituted with Li in place of a 
B atom is shown in Fig. 10. We can see that the structure is severely deformed but the tubular 
shape is intact. Figure 11 presents the DoS for Li substituted (in place of B) BN NT. There is a 
drastically reduction of the band gap of BNNT due to presence of Li and the system becomes 
almost metallic.

Figure 10. Relaxed structure of Li substituted (in place of B) BNNT showing severe 
deformation, green atom is Li and B atoms are in blue.
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Figure 11. Total Density of States (DoS) for Li substituted (in place of B) BN NT, Fermi level is 
at zero
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For BC4N nanotube all the B atoms are not at the same symmetry, there are B atoms in the BN 3 

ring and there are three different B atoms in the NB 3 ring. Similarly there are N and C atoms at 
different sites. So Li atoms can settle in any of those locations. In order to study the influence of 
Li atoms we have substituted Li atoms in place of B atom at the side of the NB 3 ring, at the 
middle of the BN 3 ring and at the connecting BN3 -NB3 chain. We have also studied the effect of 
Li as an adatom. The relaxed structure of BC4N nanotube with Li at the side of the NB 3 ring and 
at the middle of the BN 3 ring is shown in the Fig. 12. The corresponding DoS plots are presented 
in the Fig. 13. We can notice that the tube is not deformed as in the case of Li doped BN NT. 
The Li atom only affects the structure in the hexagon where it is doped and in the neighbouring 
hexagons and the rest of the tube is not affected with the presence of Li atom. From the DoS 
plot in Fig. 13 we observe that for Li at the side of NB 3 ring the band reduces to 0.21 eV whereas 
for Li at the middle of BN3 ring the system becomes metallic with finite DOS at the Fermi level. 
Figure 14 shows the relaxed structure of BC 4N with Li substituted in place of B at a position 
connecting NB 3 -BN3 ring and Li as adatom. The corresponding DoS plots are presented in the 
Fig. 15. Here also we do not observe much structural deformation for both the cases. In both 
these cases the system becomes almost metallic but the structure remains almost the same.

(a) (b)

Figure 12. Relaxed structure of BC4N with Li (a) at the side of the NB 3 ring and (b)at the 
middle of the BN3 ring, blue atom is Li, C atoms are in yellow and N atoms are in cyan.
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Figure 13. Total Density of States (DoS) for Li substituted (in place of B) BC 4N (a) at the side 
of the NB 3 ring and (b)at the middle of the BN3 ring, Fermi level is at zero.
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Figure 14. Relaxed structure of BC4N with Li (a) at the connecting BN 3 -NB3 ring, blue atom is 
Li and (b) as an adatom down the carbon hexagon at the middle of the BN3 ring, silver atom is 
Li.
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Figure 15. Total Density of States (DOS) for Li substituted (in place of B) BC4N (a) at the 
connecting position of NB3-BN3 ring and (b) as adatom in the below C atoms, Fermi level is at 
zero.

3.4 Tuning the electronic properties to negate the effect of Li

We have seen in the previous sections that formation of Li alters the electronic and structural 
properties of both BN NT and BC4N nanotube. As these tubes become almost metallic it is 
required to tune its electronic properties such that they remain as semiconductors even after the 
accumulation of Li. We have adopted the approach of dopinng which can potentially negate the 
effect of Li. Here the choice of the dopant is very crucial. As we need to move from metallic to 
semiconducting behaviour dopant metal atoms are obviously not suitable. The heavy element 
may introduce lots of deformation and the inert elements do not form strong bond with the 
nanotubes. So in this study we have used F, Cl and O as dopants to transform metallic behaviour 
of (BC4N + Li) nanotube to semiconducting behaviour. We have considered substitutional and 
adatom dopants to increase the band gap of (BC4N + Li) system. Figure 16(a) presents the DoS 
for F doped (BC4N+Li) system. Here the F atom is substituted in place of one C atom whereas 
Li occupied the place of a B atom. It is very interesting to see that the influence of F nullifies the 
effect of Li and increases the band gap to around 1 eV. Thus this system (BC4N -  B + Li -  C + 
F) seems to promising for direct conversion neutron detection. Figure 16(b) shows the DoS for F 
added (BC4N -  B + Li) system where F acts as an addatom to the system. Here also band gap 
increases up to 1 eV. It is again encouraging to notice that F negates the effect of Li and does not 
increase the band gap beyond the actual band gap of BC4N. We have achieved similar results for 
O and Cl doped (BC4N -  B + Li) system. Figure 17(a) shows the DoS for O doped (BC4N + Li) 
system. Here O atom is substituted in place of one C atom whereas Li occupies the place of a B 
atom. Doping of O is also able to widen the band gap to around 1 eV. Figure 17(b) presents the 
similar plot for Cl doping where band gap also extends up to 1 eV. In summary we have 
succeeded in increasing the band gap of (BC4N + Li) system to negate the adverse effect of Li on 
the structural and electronic structure of boron based nanotubes.
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Figure 16. Total Density of States (DoS) for (a) F substituted (in place of C) in BC4N -  B + Li 
system (b) F as adatom in BC4N -  B + Li system, Fermi level is at zero.
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4. Summary

We have investigated the structure and electronic properties of BN and BC4N nanotubes using 
density functional theory (DFT) simulations. The interaction between boron and neutron produce 
Li which has the potential to destabilize the structure as well as adversely affect the electronic 
properties. We have observed that addition of Li reduces the band gap of BNNT and BC 4N
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nanotubes and makes them almost metallic. To prevent the reduction of band gap and to maintain 
structural integrity, we have proposed adding dopants in the nanotubes prior to irradiation with 
neutrons. We have successfully identified several dopants (F, O, Cl) which can retain the 
semiconducting and structural properties of BC4N nanostructures.
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Part II. Nanowire Sensors: Fabrication and Characterization

1. Introduction

Many applications with nanowires (NWs) as active materials in electronic devices and sensors 
have been developed . 1 ' 2  Unconventional electronics such as flexible and stretchable electronics 
enables novel device applications whose versatility exceeds that of the planar, rigid counterparts. 
Recently, semiconductor NWs have shown promising potential for the applications of flexible 
and stretchable electronics , 3 - 1 0  where assembly of NWs on flexible and stretchable substrates 
represents a key step. The processing limitations of these unconventional substrate materials, 
elastomers in particular, make such device fabrication more challenging compared to 
conventional hard substrates . 11 The ability to effectively align, assemble and transfer NWs on 
flexible and stretchable substrates is thus of great importance. A number of methods have been 
developed for the assembly and alignment of NWs such as flow-assisted alignment, Langmuir- 
Blodgett technique, external field-assisted alignment and contact printing; interested readers are 
referred to recent reviews4 ' 6 Though some of these methods are compatible with flexible 
substrates (e.g., plastics), almost none are with stretchable substrates (e.g., elastomers).

An alternative method, strain-release assembly, was recently developed for aligning 
semiconductor and metal NWs on elastomeric substrates (e.g., polydimethylsiloxane, PDMS ) . 12  

This method offers a simple and effective approach to achieve highly aligned NWs with large 
area coverage and controlled density; the NWs could be from either as-grown substrates (e.g., Si 
NWs) or solution-based dispersions (e.g., AgNWs).

In the present work, we demonstrated the utility of the strain-release assembly in fabricating 
functional NW devices on different unconventional substrates (e.g., stretchable and flexible 
substrates). A modified transfer printing process1 3 - 1 6  was developed which uses the alignment 
substrate (i.e., PDMS) itself as the “stamp” to transfer aligned NWs to other types of substrates. 
Three representative devices were fabricated and characterized to show applications in 
stretchable electronics, strain sensing and optical sensing. Integrating the strain-release method 
for NW alignment/assembly with the transfer printing to diverse substrates provides a simple and 
scalable approach for developing NW-based unconventional devices.

2. Experimental

Both Si and ZnO NWs were synthesized by the vapor-liquid-solid (VLS) method on Si/Si02 
substrates with Au colloids as the catalysts . 2 1 "3 5  The NW diameters are determined by the size of 
the Au colloids; the diameters for Si and ZnO NWs are 15-60 nm and 20-80 nm, respectively. 
The NW lengths typically range from 5 to 30 pm. Both Si and ZnO NWs in this study are single 
crystalline. Si NWs grow primarily along <111> (though <110> and <112> directions are 
possible for NWs with smaller diameter); ZnO NWs grow along <0001> direction. Si NWs have 
little or no visible amorphous oxide layer on the NW surface. More details on the NW synthesis 
and structural characterization can be seen in the Supplementary Materials.

PDMS was prepared at 10:1 ratio of Dow Coming SYLGARD 184 elastomer and curing agent, 
respectively. UVO treatment of the PDMS surface was performed for 5 minutes for stretchable 
device fabrication. Device stretching was achieved by a custom-built mechanical testing stage
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and directly observed under optical microscopy while probing via micromanipulator stage for in- 
situ I-V measurements.

PCL pellets were dissolved in a toluene solution and heated to 65 °C while stirring for 60 
minutes to ensure a uniform solution. PET was rinsed in acetone and DI water before PCL 
deposition was performed via dynamic spin-coating at 1,000 RPM for a duration of 60 seconds 
to form a thin adhesion layer (10-30 nm thick ) . 2 2  To transfer the NWs, PCL-coated PET and 
PDMS were pre-heated to the melting point of PCL (-65 °C), placed in contact for five minutes, 
and then the PDMS was peeled off to complete the process. PET bending was performed by 
applying compressive strain with the mechanical testing stage to induce bending. Radius of 
curvature was measured at the device position (chosen such that the device experienced the 
largest curvature under bending).

3. Results and Discussion

The as-grown NWs were transferred by contact printing1 7  onto a pre-strained PDMS substrate 
(90% pre-strain), which was then released to align the NWs in the transverse direction (Figure 
l ) . 1 2  The NWs are uniformly aligned across millimeter length scales with relatively high 
densities (2-3 NW/pm). These aligned NWs form the basis for subsequent device developments.

Press

Release strain

Figure 1. (a-c) Schematic of the strain-release assembly method and (d) optical image of 
resulting SiNWs aligned in the transverse direction on PDMS (scale bar 10 pm).
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(b-i)

PET substrate spin-cast PCL aligned NWs on PDMS

heat and transfer

Figure 2. (a-b.i) NW transfer printing schematic including adhesion layer deposition, (b.ii) NW 
assembly on PDMS stamp, and (c-d) heated contact transfer printing to PET. (e) SEM image of 
aligned SiNWs after transfer to PET (scale bar 5 pm).

3.1 Flexible Strain Sensors

PDMS has been employed as a stamping material by which to transfer materials even devices, 
from a rigid, planar substrate to unconventional substrates such as plastic or glass . 6 ' 1 3 ' 1 4 Since our 
strain-release assembly method utilizes PDMS to induce the alignment of NWs, it could be 
seamlessly integrated into a similar transfer printing process. This would enable the use of other 
materials as the final substrate, greatly expanding the versatility of the strain-release assembly 
method for device fabrication. To demonstrate the feasibility of using the alignment process in 
conjunction with the PDMS stamping, we have fabricated NW devices on a flexible plastic -  
polyethylene terephthalate (PET) -  substrate.

The PET substrate was coated with a thin layer of polycaprolactone (PCL) by spin-coating a 
PCL-toluene solution on the PET surface (Figure 2). The PCL served as an adhesion layer to 
promote the transfer of NWs from the PDMS to the plastic . 2 2  SiNWs were aligned separately on 
PDMS via the strain-release method with 90% pre-strain as described above (Figure 2b.ii). The 
NWs were then transferred to the PET by a heated contact printing process (Figure 2c-d). 
Approximately 85% of the NWs were transferred to the plastic substrate by this process after 
transfer to the PET, as seen in Figure 2e. Titanium electrodes, forming Schottky-contact with 
Si, 2 3  were deposited using the same process above to fabricate SiNW array devices on PET; the 
NWs were aligned in the longitudinal direction with respect to the applied load. The same 
shadow mask was used, so the same device size (25 by 25 pm electrodes and 10 pm wide gap) 
was obtained. The electrical performance (i.e., I-V  characteristic) of a device under bending was 
measured as the two clamped ends of the substrate were brought closer together by the Fullam 
mechanical testing stage in the probe station (Figure 3a). The device was able to bend to a small 
radius (4 mm). The resistance increased with increasing curvature and the strain in the NW can

aligned NWs on PET
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be calculated from the radius of curvature using classic beam bending mechanics (Figure 3b). 
The maximum strain in the NW was -1.6% , well below the fracture strain of the 20-50 nm 
diameter SiNWs as previously reported by our group , 2 1 indicating a reliable device able to bend 
to small radii without failure. The sensitivity of the device was measured by the gauge factor GF,

-l /c\GF =— s  (5)
R

where R  is the resistance, and e is the mechanical strain. Our strain sensor device exhibited very 
large gauge factors (from 300 to >1000) depending on the strain level, which far exceeds that of

1 A OA OSconventional metal strain gauges and compares well with other NW-based strain sensors. ' '
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Figure 3. (a) I-V performance of SiNW device on PET under bending. Inset image is of custom 
mechanical stage used during bending experiments with radius of curvature (ROC) location 
indicated, (b) Resistance change and NW tensile strain with respect to ROC.
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3.2 Flexible UV Sensors
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Figure 4. (a) Dark (off) vs. photoresponse (on) I-V measurements of ZnO NW UV sensor, (b) 
Sensor photocurrent response to cyclic UV illumination in air at a bias of 20 V. (c) Recovery 
response of the NW sensor
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Zinc oxide (ZnO) NW UV sensors were fabricated similarly on plastic by the strain-release 
assembly method in conjunction with the PDMS transfer printing process to a PCL-coated PET 
substrate. The ZnO NWs were also aligned with 90% PDMS pre-strain. Titanium electrodes, 
forming ohmic contacts with ZnO , 2 6 ' 2 7  were deposited to fabricate two-terminal ZnO NW 
devices on flexible plastic. Under UV exposure (BHK Anal amp Mercury lamp, -30  pW cm ' 2  for 
365 nm at a distance of 20 cm from the lamp), the resistances of the ZnO NWs decreased 
significantly, allowing for sensitive detection of light in the UV range. The dark I-V 
characteristics along with UV illumination response for one such single-NW device are shown in 
Figure 4a. This response is due to the presence of adsorbed oxygen molecules on the NW 
surfaces, which are desorbed by recombination with holes on the surface after photo-induced 
electron-hole pair generation inside the NW . 2 8 ' 2 9  The unpaired electrons left behind directly lead 
to a measurable increase in current under an applied bias.

Cycling the UV lamp on and off resulted in repeatable sensor response and recovery from the 
NW device (Figure 4b). On-off cycles were performed at a 1 to 2 time ratio to allow for 
sufficient device recovery between cycles. UV photocurrent response on-off ratios ranged from 
approximately 3.5:1 to 15:1 for our devices, lower than that of other reported ohmic devices 
(>100)28-32, which might be due to a low-intensity UV source and/or small NW diameter used in 
our devices (20-80 nm compared to 200 nm and 150-300 nm as previously reported28'32). The 
recovery time of the sensor, defined as the time for current to decrease to 1/e (37%) of the on- 
current after the lamp has been switched off, was found to be as fast as -2.3 seconds (Figure 5c). 
This recovery time is quicker than similar ohmic contact ZnO NW UV sensors previously 
reported28, which can also be attributed to the smaller NW diameters used in our devices. It was 
shown that smaller ZnO NW diameters exhibited faster recovery times . 2 8  Comparing our ZnO 
NW UV sensor with other similar UV sensors indicates a benefit of our device in its fast 
recovery, making it suitable for fast sensing operation where very large photocurrent gain is not 
required. Our sensors demonstrated potential for optical sensing and switching device 
applications on flexible substrates.

4. Summary

We have demonstrated the fabrication of three types of NW devices using the strain-release 
assembly method that enables transference to unconventional substrates when combined with 
transfer printing. The devices address a range of potential applications: 1) a stretchable SiNW 
device that is built on the new concept of transverse buckling exhibits constant performance 
across a large strain range with applications in stretchable electronics; 2) a flexible SiNW strain 
sensor shows very large gauge factor; 3) a flexible ZnO NW UV sensor shows reliable photo
response and fast recovery for optoelectronic sensing and switching applications. The 
demonstrated fabrication process can be readily applied to other one-dimensional nanostructures 
such as carbon nanotubes . 3 3 ' 3 4  The results herein exemplify the versatility of our assembly 
process through realization of various functional device types on unconventional substrates in a 
simple, scalable and effective manner.
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Part III. Irradiation Response of BN Nanotubes using Molecular Dynamics (MD) 
Simulations 

Introduction

Due to the recent and elevated threat of the spread of nuclear materials across international 

borders, there is a renewed interest in the use of advanced radiation detection technologies for 

homeland security and national defense applications. As a result, there is a greater emphasis on 

the development of more efficient, next-generation neutron-detection materials. Since neutrons 

are electrically neutral, solid-state detection requires a capture reaction followed by the 

generation of electron-hole pairs that can be separated, collected, and eventually transduced into 

a low-voltage, detectable electrical signal [1 , 2 ].

Solid-state devices can be broken into two classes: direct and indirect conversion. Detection 

with indirect conversion involves two distinct materials -  a neutron sensitive material for capture 

reactions (such as boron) and a semiconducting material for electron-hole pair generation (such 

as silicon). Advancements in the recent years have focused on optimization of indirect 

conversion geometries, transport and modem processing techniques for conventional 

semiconductors such as silicon and germanium [1]. In contrast, neutron capture and charge 

generation are facilitated by the same material in a direct conversion neutron detector.

Traditional choices for the detector materials such as B5C, and uranium and gadolinium rich 

materials are not optimal for neutron capture, as well as generation, separation and collection of 

charge carriers. The limiting factor thus far originates from the rather poor semiconducting 

properties of direct conversion materials.

Boron nitride nanotubes

Functionalized nanostmctures provide an exciting alternative where the electronic properties can 

be enhanced by several orders in magnitude through appropriate doping while maximizing the 

neutron capture reactions. One of the nanostmctured materials which is relevant to neutron 

detection is the boron nitride nanotube (BNNT) which has several interesting properties 

including high neutron capture cross-section, thermal conductivity and stability, mechanical 

properties and chemical inertness [3,4], Our work explores BNNTs as a direct conversion 

detector material that can potentially improve the spatial, temporal and energy resolution of 

neutron detectors. BNNTs, successfully synthesized in 1995, are the stmctural analogues of more
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commonly encountered carbon nanotubes (CNTs). Neutron interactions however, can damage 

the structure of the nanotubes and can potentially decrease the efficacy of the semiconducting 

properties. The purpose of this study therefore, is to determine the physical response of BNNTs 

subject to neutron irradiation, and investigate the displacement evolution with molecular 

dynamics (MD) simulations.

Molecular dynamics simulations

A classical molecular dynamics (MD) approach is utilized to simulate displacement cascades in 

BNNTs sandwiched between two bulk (cubic) boron nitride substrates as shown in Figure 1. 

Classical MD simulations provide a tractable computational approach for predicting the dynamic 

response of materials to irradiation and have been successfully employed in the past to 

investigate several nuclear structural materials [5],
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Figure 2. BNNT sandwich configuration. An 8  x 8  array of nanotubes is stabilized by c-BN 

substrates with an interfacial distance of 1 A. Note that the above geometry is not optimized for 

field tests.

The structure consists of 64 single-walled, zig-zag (8,0) BNNTs with a radius of 3.15A, length of

65.5 A, and center-to-center separation distance of 9.sA. Both ends of the tubes are attached to a 

42.dA-thick cubic BN substrate, which serves to effectively stabilize the nanotube structure and 

dissipate heat from the displacement cascades. Each nanotube and BN substrate has 480 and 

60,000 atoms, respectively.
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The MD system consists of a total of 150,720 boron and nitrogen atoms whose bonds and 

interactions are described by a three-body Tersoff potential combined with a Ziegler-Biersack- 

Littmark (ZBL) universal screening function which accounts for the electrostatic repulsion at 

very close distances. The Tersoff interatomic potential parameters are taken from Sekkal etal.

[6 ], who accurately benchmarked several key properties of bulk BN. In particular, using this 

optimized Tersoff potential, MD simulations resulted in a lattice constant of 3.623 A, bulk 

modulus of 3.653 Mbar, and cohesive energy of 6.718 eV/atom which are in excellent agreement 

with the reported experimental data (3.615A [7], 3.69 Mbar [8 ], and 6 . 6 8  eV/atom [9]).

LAMMPS MD code package, developed at Sandia National Laboratories [10], is used to perform 

the radiation damage analysis. The system is first brought to its lowest potential energy by a 

constrained conjugate gradient relaxation that also ensures a zero system pressure. The radiation 

impact is then simulated by imparting additional kinetic energy to the primary knock-on atom 

(PKA) located at the center of the nanotube sandwich configuration with the additional 

momentum directed along a particular direction (see Fig. 2).

3
x 3

Figure 2. PKA location and direction. The red indicates the knocked tube, while orange 

signifies the surrounding tubes.

To dissipate the thermal energy generated during the radiation damage event and to prevent the 

shock waves from reentering the nanotubes, the temperature of each substrate is maintained at 

300K by a Nose-Hoover thermostat. Some of the nanotube atoms are susceptible to being 

completely displaced from their lattice sites and travel outside of the system boundaries. If
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periodic boundary conditions are used, these atoms can re-enter the simulation box and result in 

non-physical response. Therefore, “shrink-wrapped” boundaries are enforced to accommodate all 

the atoms that travel outside the original dimensions of the BNNT sandwich structure.

Statistical averaging using the iso-configurational ensemble

Figure 3. Iso-configurational ensemble. Several identical, NPT-equilibrated copies of the 

BNNT configuration are initialized with different random momenta.

In an iso-configurational ensemble (see Fig. 3), atomic displacements of each atom are averaged 

over several ensembles thus providing a statistically reliable displacement metric fo r  each atom. 

The iso-configuration displacement at a particular time t is calculated as:

i  M

Aw' ^  = ^ ~ w ' (1)

In this equation, Aw and M  signify the displacement in any of the three directions and number of 

ensemble copies, respectively. Note that the initial position of each atom i in the system is 

identical in all copies of the iso-configurational ensemble.

First we have computed the magnitude of displacement as a function of time for the fastest ten 

atoms in the knocked tube; the displacements are shown in Fig. 4.
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Displacements of 10 Fastest-Moving Atoms in PKA Tube
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Figure 4. Displacements of the most energetic atoms in the knocked tube.

Initially, as atoms are knocked from their lattice sites, they bounce around within the tube 

bundle. Specifically, some atoms simply remain trapped inside tubes, while others bounce 

between tubes. As evident from Figure 8 , displacements are gradually increasing up to 0.1 ps. 

Between 0.1 and 1 ps, atomic displacements begin to slowly fluctuate. Finally, after 1 ps, 

displacements are fluctuating very rapidly which indicates that atoms are experiencing more and 

more collisions as they bounce around within the array of nanotubes.

Dynamic Recovery And Fluctuations

We have constructed a probability distribution function of the per-atom displacements in the 

direction of the PKA energy (see Fig. 5). The distribution of displacements reflects the 

displacement spike and subsequent annealing of defects.
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Figure 5. Coordinated motion and recovery

Immediately after the primary knock-on atom is displaced from its lattice position (0.05 ps), the 

distribution is narrow and Gaussian-like, as the majority of atoms are still vibrating around their 

equilibrium positions (see Fig. 5). As the cascade proceeds, we observe an increase in 

displacements and a flattening of the distribution. At 1.5 ps, a double peak occurs in the 

distribution, indicating that groups of atoms are moving in a coordinated fashion. This indicates 

that the nanotubes are moving together while dissipating the energy generated during the 

radiation cascade.
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0.1 ps 1.5 ps

Figure 6. Visualization of displacements in the knock direction. Atoms with positive 

displacements are colored red, while negative displacements are blue.

Figure 6  shows a visualization of the atomic displacements in which initial positions remain the 

same, while the radius of each sphere changes according to the magnitude of displacement. In 

addition, color coding is utilized to portray positive (red) and negative (blue) displacements. 

Initially, positive and negative displacements are uniform throughout the volume. After the 

knock, we begin to see distinct and separate regions of positive and negative displacements (at

1.5 ps) indicating that tubes are moving together in a concerted manner.

Spatial Correlation Function And Correlated Dynamics

To quantify the correlated movement, we introduce the spatial correlation function, originally 

designed to investigate dynamic heterogeneities in glass-forming liquids. The spatial correlation 

function can be calculated as follows:

(2)

(3)
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8x{i, t ) = x  (/, t) -  (x{t)) (4)

1 JV
(-< 0 ) = — 2 > ( V )  (5)

jV ,=1

In the above equations, x(i,t) signifies the propensity of an atom i at time /, while N  represents 

the total number of atoms. The dynamic propensity of an atom at a particular time t is calculated

as:

r' \ c ( t)  = M ^ r 2{ Kk ’t)  (6)
k=1

In this equation, r2 and M  signify the dynamic propensity and number of isoconfigurational 

ensemble copies, respectively. Basically, the spatial correlation function, Cd, measures the 

average spatial correlation in the fluctuation of the propensity (at time t) from its mean value, for 

particles separated by a distance r in the initial configuration. To quantify the correlated 

movement between nanotube atoms, several tubes in the vicinity of the primary knock-on atom 

are divided into different segments, and the spatial correlation between different segments is 

computed. Below is a snapshot of 5 nanotubes where each color represents a different segment. 

In Figure 7, Segment 1 is located near the bottom of the nanotubes (red), while Segment 5 is at 

the top of the bundle (yellow).

Figure 7. BNNT bundle near the PKA divided into 5 segments.

31



The value of Cd at different times is plotted in Fig. 8 .
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Figure 8. Spatial correlation function in different nanotube segments following knock.

From Figure 8 , it can be seen that the magnitude of Cd is the greatest in segments 1 and 5, which 

are adjacent to the substrate interface. Segment 3, near the center of the nanotube bundle, shows 

little to no correlation, as atomic displacements are large and random near the PKA impact. In 

addition, several peaks can be observed in the plots of the spatial correlation at different values 

of r. For this reason, we will now compare the spatial correlation function in different segments 

for fixed values of r.
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Figure 9. Spatial correlation function at r = 3A  A.

At a separation distance of 3.4 A (the tube-to-tube separation distance), we observe highly 

correlated movement near the substrate interface, as well as little or no correlation near the 

primary knock-on atom, located near the center of the BNNT bundle. Also, starting from the 

bottom segment ( 1 ), there is a clear trend of decreasing correlation moving towards the center of 

the tube.
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Figure 10. Spatial correlation function at r = 6.0 A.
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Similar behavior can be seen at a separation distance of 6 A. Figure 10 clearly shows correlated 

movement between different segments, with large values of spatial correlation near the substrate 

interfaces. To illustrate the idea of dynamic cooperation further, snapshots of the evolution of 

dynamic propensities are depicted in Figure 11 (the atomic radii is based on the magnitude of the 

propensity, while color coding is used to indicate regions of highly mobile/immobile atoms).

Figure 3. Visualization of the dynamic propensity of the BNNT bundle during damage cascade. 

Areas of red indicate highly mobile atoms, while less mobile atoms are colored blue.

As a result of the knock, a region of highly mobile atoms develops near the center of the 

simulation domain. Different tubes appear to be moving in a synchronized manner. In the 

vicinity of the substrate interface, regions of less mobile atoms (blue) develop during the cascade 

process. Since the two substrates effectively constrain the nanotube bundle, this behavior is 

expected at the interface.

Figure 12 shows the damaged region surrounding the PKA. As evident from this snapshot, 

significant annealing has taken place within 5 ps with very few atoms in the free space that 

surrounds the nanotubes.
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Figure 12. Irradiated BNNT structure at 5 ps showing the displacements in the transverse 

plane (X  and Y).

The MD simulations show that the large volume of vacant space does not appear to damage the 

nanotubes significantly with knock energies that are 0(1) keV. We attribute the relatively fast 

recombinations, even in the presence of significant free space between the nanotubes, to the 

strong covalent potential between the atoms.
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Part IV. In-Situ  Transmission Electron Microscopy (TEM) Study of Irradiation Response 
of BN Nanotubes

1. Introduction

Hexagonal Boron Nitride (h-BN), known as “white graphene”, has attracted broad interests 

due to its superb thermal and chemical stabilities, outstanding mechanical properties and high 

resistance to oxidation . 1"9  Boron nitride nanotube (BNNT) is considered as a structural analogue 

of carbon nanotube (CNT) by alternating B and N atoms to substitute for C atoms10. Contrary to 

CNT, BNNT is a wide band gap semiconductor (4.5-5 . 8  eV11"13) due to ionic bonding between 

the atoms. Its electronic properties can be tuned by making hybrid C-BN nanotubes14, doping or 

filling with other materials such as metals15"17, or introducing bending deformation18. BNNTs 

with improved band gap have potential applications as electrodes used in semiconductor field 

(field effect transistor, etc.) performed at high-temperature and hazardous environments, or even 

under high-dose irradiation environments.

Response of nanostructured materials under irradiation environments is an interesting topic 

since the irradiation-induced defects can have a great influence on the material properties . 1 9 "21  

The existence of atomic-scale defects in irradiated nanomaterials is responsible for the 

substantial difference between their theoretically predicted and experimentally measured 

properties. But irradiation can also be helpful to mechanical strengthening and even to be a 

powerful tool for engineering the atomic and electronic structures of nanomaterials . 2 0 "2 6  

Irradiation damage on nanostructured materials will depend on the irradiation source (electron, 

ion, etc.), the dose and the microstructures of the materials. Electron beam (e-beam) irradiation 

on multiwalled (MW) CNTs at room temperature resulted in the formation of vacancies on their 

walls and eventual amorphization under high-dose irradiation . 2 7  It suggested that the atoms 

sputtered from inner shells remained in the nanotubes and Frenkel pairs created inside the 

nanotubes could easily recombine. E-beam irradiation on h-BN thin films could generate 

triangle-shaped vacancy structures, 2 8 "3 1 which have never been observed in Carbon systems. 

Nitrogen termination of the edges has been suggested.30, 3 1 These defects may govern the 

electronic and magnetic properties of h-BN systems . 3 2 "3 4

However, only a few studies about the effects of e-beam irradiation on BNNTs were reported. 

Neighboring BN divacancies and extended defect lines were observed in single-walled (SW) 

BNNTs under e-beam irradiation . 3 5  Clustering of multiple vacancies led to extended defects
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which locally changed the nanotube diameter and chirality. Long-time irradiation on MW 

BNNTs resulted in gradual amorphization of BN shells followed with the complete destruction 

of the nanotube morphology, leaving the material with the consecutive appearance of a near- 

amorphous BN rod and rectangular onion-like nanoparticle . 9  Moreover, researchers3 6  

demonstrated to “nanomachine” MW BNNTs to form sharp, crystalline, conical tips and to cut 

BNNTs for potential applications such as probes for nanomanipulation and imaging18. However, 

the mechanism of irradiation damage on MW BNNTs remains unclear, especially about the 

irradiation-induced vacancy defects.

In this study, in-situ high-resolution transmission electron microscopy (HRTEM) observation 

directly revealed the nucleation and development of irradiation-induced vacancy defects under 

extreme parallel e-beam. And we carefully investigated the effects of the e-beam current density 

and the number of tube wall on the irradiation damage of MW BNNTs.

Experimental methods

The MW BNNTs studied here were grown by thermal chemical vapor deposition (CVD) at 

1100-1200 °C. 3 7  The samples for in-situ HRTEM experiments were prepared by depositing 

BNNTs from a dispersion of nanotubes in ethanol onto the copper grids covered with lacey 

carbon film (no Formvar).

High energy electron irradiation study was carried out with a probe corrected 

(monochromator) FEI Titan G2  60-300 kV scanning transmission electron microscope (S/TEM) 

equipped with an extreme field emission gun (X-FEG) source operated at 80, 200 and 300 keV 

and a JEOL 201 OF transmission electron microscope (TEM) with a Schottky field emission gun 

(FEG) operating at 200 keV. E-beam current densities used in the experiments were obtained by 

calculating the counts on the CCD camera for FEI Titan G2  60-300 kV S/TEM and evaluating 

the values from the previous report3 8  for JEOL 201 OF.

Results and discussion 

Microstructure characterization

A SW BNNT can be imaged as a single h-BN sheet rolled up into a seamless molecular 

cylinder, as shown in Figures la  and d. Similar to CNT, BNNT also has the chirality, an 

important geometrical parameter; but for BNNT, the chirality is not directly related to its
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electrical properties. The chiral vector (n, m) indicates the direction of the rolling can be 

obtained as a linear combination of the basis vectors (shown in the inset in Figure Id): 

n-ai+m-az. The possible chiral vectors for a SW BNNT on a single h-BN sheet can be assigned 

identically. But for MW BNNTs, they should be composed of many chiral-type SW nanotubes to 

keep the constant interplanar spacing (-0.333 nm from the experimental data).

A TEM image in Figure lb shows the BNNTs with different diameters and different number 

of tube walls. The distribution of the number of tube walls is shown in Figure lc, based on 54 

nanotubes we have examined. The number of the tube walls are in the range of 10 to 55 with the 

average of -26. Figure I f  shows the BNNT diameter as a function of the number of tube walls. 

The inner diameters range from 4.8 to 23 nm while the outer diameters from 12 to 55 nm. Note 

that the inner and outer diameters linearly increase with the number of the tube walls when the 

number is less than 33. But the tube diameters become randomly distributed when the number is 

more than 33. The inner diameters are smaller than 23 nm in all the 54 BNNTs. The difference 

between the outer and inner diameters is always proportional to the number of the tube walls, 

confirming the constant interplanar spacing in MW BNNTs.
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Figure 1. Illustration of SW BNNT (a) rolled by the corresponding sheet (d); Chiral (m An), (b) 

Low magnification and (e) high-resolution TEM images of MW BNNTs. Insets in (e) is the
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corresponding SAED pattern, (c) Walls distribution of BNNTs, the average wall of -26. (d) 

Distribution of inner and outer diameters (d and D) as a function of BNNT walls

The details of the arrangement of tube walls are shown in Figure le, for an individual MW 

BNNT with -23 walls. The inset in Figure le  is the corresponding selected-area electron 

diffraction (SAED) pattern. The interplanar spacing of the neighbor walls, dwaii, is measured as 

-0.333 nm, which is almost the same as the (0002) planar spacing in h-BN at room

temperature39. The inner and outer diameters of the nanotubes are labeled as d and D in Figure 

le. Hence, the number of tube walls can also be calculated as, N = (D-d)/dwaii. There was a slight 

difference between the calculated and counted nanotube walls which caused the discrepancy for 

some of the outer diameters. Those outer diameters were marked with error bars in Figure If. 

The slight deviation of the outer diameter may be due to the shape deformation when transferring 

the BNNTs onto the copper grids with lacey carbon film.

E-beam irradiation on MW BNNTs

In-situ HRTEM observations in Figure 2 revealed the process of irradiation damage and the 

evolution of irradiation-induced defects in an individual MW BNNT (-32 walls), under an 

electron energy of 80 keV with a current density of -30  A/cm2. The BNNT side walls were 

damaged layer by layer but there was no obvious shrinkage and collapse about the outer shells 

until the nanotube was broken. This observation is totally different from the previous results that 

the MW BNNTs were seriously shrunk under e-beam irradiation36. This difference was mainly 

caused by the different distribution of e-beam from the two type TEMs (see details in 

Supplementary Figures S3 and S4). Our in-situ experiments were done under an extreme parallel 

e-beam with a homogenous distribution of beam intensity. The irradiation damage on the top- 

bottom layers is as quick as that on the side walls, regardless of the different knock-on direction 

on the nanotube (Figure 4a). The detailed irradiation process is described as follows (see 

Supplementary Movie SI). At the initial stage (Figure 2a, 0 min), the nanotube had 32 walls with 

good atomic arrangement. The marked circles in the insets of Figures 2a and d correspond to the 

irradiated area (also the beam size). As the time increases, we can clearly observe many 

irradiation-induced vacancy defects in Figure 2b (20 min). Such vacancy defects have a regular 

triangular shape which is similar to the previous results in the thin h-BN sheets or membranes
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under e-beam irradiation29' 30"40. It suggested that B atoms were firstly knocked out to form such 

kind defects since the recent operating electron energy (80 keV) was close the threshold energy 

(79.5 keV) to knock B out but far away from that (118.6 keV) to knock N out . 2 9 "3 1 After 45 min 

(Figure 2c), there were some residual chains on the surface of the nanotube and many of them 

came out in Figure 2d (60 min). Such chains like curved wires formed by the left part of the 

outer single layers peeled off from the outer shells during the irradiation. The irradiation damage 

of the side walls was not homogeneous which could be clearly seen from the rough etching edge. 

It was due to the damaged voids left by the non-uniform knocked-out atoms at the side walls.

-2 2  walls32 walls

R e s id u a l  
c h a i n s  J

9 walls

Figure 2. Irradiation damage of an individual MW BNNT (-32 walls). The nanotube walls 

decreases as the time increases, (a) 0 min, (b) 20 min, (c) 45min and (d) 60 min. Electron 

energy, 80 keV; current density, -30  A/cm2.
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Details about the evolution of irradiation-induced vacancy defects are shown in Figure 3. At 

the early stage (11-17 min, Figure 3a-c), we can clearly see the growth of small triangle-shaped 

vacancy defects (marked by I-III) and the development of them step by step. Note that all the 

triangle-shaped vacancy defects were almost aligned to the similar direction, the radial (or 

rolling) direction. It indicated that the chirality of the outer individual nanotubes were dominated 

by the armchair type or close to it.

5 nm

A d v an ce '

Figure 3. Evolution of irradiation-induced vacancy defects in MW BNNTs. (a-c) the 

development of triangle-shaped vacancy defects at the early stage (11-17 min); (d-f) the growth 

of an individual triangle-shaped vacancy defect at the advanced stage (45-47 min). Electron 

energy, 80 keV; current density, -30  A/cm2.

The evolution of the three vacancy defects (marked by I-III in Figure 3a-c) at the early stage 

can be well illustrated in Figure 4. If only one B atom is knocked out, an individual vacancy will 

form (Figure 4b). The individual vacancy can grow along two directions which have an included 

angle o f -30° to the tube axis (Z) while not along the other direction perpendicular to the tube 

axis (Z). The B atoms at the edge plane parallel to the tube axis (labeled as 0° edge in Figure 4b)
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seems hard to be knocked out. It is probably due to the stronger bonds between the neighbor B 

and N atoms at this edge than those at the other two edges (labeled as -60° and 60° edges in 

Figure 4b), which are weaken by the curvature induced lattice deformation in the nanotube. As 

described in Figure 3a-c, the vacancy defect (marked by I) only developed to one of the 60° 

edges (with an included angle of -60° to the tube axis). Therefore, when the individual vacancy 

in Figure 4b grows, there are two B atoms at the 60° edge needed to be knocked out (Figure 4c). 

After that, the singular N atom will be unstable and also be knocked off (Figure 4c). It should be 

mentioned that the atoms at the -60° edge have the same possibility to be knocked out but it does 

not happen. A theoretical study3 5  predicted that the bonds of atoms neighboring to the vacancy 

would be reconstructed due to the curvature induced lattice deformation. In our case, the 

reconstructed structure around the vacancy would be asymmetrical, which caused the growth of 

the vacancy defects along a special direction and expanded at the same direction, as shown in 

Figure 4d. Interestingly, a new triangle-shaped vacancy defect (marked by II in Figure 3b and 

4e) came out at the side of the stable vacancy defect I. The nuclcation of such vacancies was due 

to the randomly knocked-out B atoms, but the growth of them was along the direction (marked in 

Figure 4e) to the -60° edge of vacancy defect I. The possible reason is that the bonds of B and N 

atoms at the area close to defect I lose the equilibrium state due to the generation of defect II, 

which will cause that the related B atoms are easily knocked off. When the -60° edge of defect II 

encountered to the edge of defect I, defect II stopped to grow and would emerge into defect I 

late. Furthermore, another small vacancy defect (marked by III in Figure 3c and 4f) was 

observed to stay at the comer between defect I and II. But it could not grow too much since it 

was constrained by the other two. And it quickly emerged into defect I and II. After that, the 

three vacancy defects formed a bigger one which expanded across to the whole top surface (see 

Supplementary Movie SI). Accordingly, it can be concluded that the nucl cation of vacancy 

defects follow the mle that the B atoms will be first knocked out to form triangle-shaped 

vacancies and then the vacancy defects will grow along a special direction step by step.

On the other hand, the development of an individual triangle-shaped vacancy defect was 

recorded at the advanced stage (45-47 min, Figure 3d-f). It gradually grew along a special 

direction (marked in Figure 3d) step by step as the irradiation time increased. Note that any edge 

of the triangle was away from the tube growth direction or radial direction. It suggests that the 

chirality of such sub-nanotubes should be dominated by the chiral type which was different from
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those at the early stage (Figure 3a-c). Additionally, there were many small white spots (some of 

them marked by the arrows in Figure 3b) on the top surface of the outer shells, which were the 

vacancies caused by knocking-out the B atoms from the in-plane lattice. Here the thickness of 

the nanotube along the incident e-beam direction was well reduced by the e-beam so that we 

could directly observe them. Consequently, under 80 keV irradiation, individual vacancies will 

be first induced by knocking-out the B atoms at the outer walls of BNNTs, and then triangle

shaped vacancy defects will be developed and expanded as the irradiation time increases.
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Figure 4. Illustrations to the evolution of irradiation-induced vacancy defects in MW BNNTs. 

(a) A schematic map showing a MW BNNT under the incident electron beam, (b-f) Atomic 

models to show the nucleation and propagation of irradiation-induced vacancies.

The e-beam irradiation damage are related to the electron energy, the electron flux, the studied 

structure and the irradiation time. Here we further investigated the effects of different e-beam 

current density and the number of tube wall on the damage processes by in-situ HRTEM 

experiments, as shown in Figure 5a and b, respectively. The electron energy in all experiments 

was fixed to 80 keV, which is the favorable value to observe the irradiation-induced vacancy

a
E le c tr o n s
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defects in MW BNNTs. The reduction of the BNNT walls was plotted as a function of the 

irradiation time (Figure 5). Note that the reduction of the tube walls (N) is normalized to the 

initial walls (No) of MW BNNTs. It is clear to see in Figure 5a and b that the reduction of tube 

walls is slowly changed at the primary stage and then almost a linear change as the time 

increases, whatever the current density and the nanotube wall change.

However, the reduction speed of nanotube walls will increase with the increase of the current 

density, from 14 to 84 A/cm2, as shown in Figure 5a. The time for the total damage (nanotube 

broken) decreases as the current density increases. The damage speed changes regularly when 

the current density is above 30 A/cm2. But it will decrease a lot when the current density is less 

than 30 A/cm2.
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Figure 5. The reduction of BNNT walls as a function of irradiation time. The reduction is 

normalized to the initial walls of BNNTs. (a) Under different current densities; (b) BNNTs with 

different walls under the same current density (30 A/cm2).

The effects of e-beam current density on the microstructure evolution were illustrated in 

Figure 6 . Figures 6 a-c show the BNNTs under a current density of 56 A/cm2. Both triangle- 

(marked by I and II) and polygon-shaped (marked by III) vacancy defects were induced in the 

nanotube. They grew bigger and bigger as the irradiation time increased. But in Figures 6 d-f, 

only irregular polygon-shaped vacancy defects were observed which was due to the higher 

electron flux (84 A/cm2). Comparison of the three chosen current densities (30, 56 and 84 

A/cm2), it is clear that the shape of irradiation-induced vacancy defects will develop from regular 

triangle to irregular polygon as the e-beam current density increases. Accordingly, if  the current
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density is less than 30 A/cm2, there is only triangle-shaped vacancy defects caused by knocking 

the B atoms out. The generation of vacancies will be quickly slowed down as the decrease of 

current density and the damage speed is decreased (Figure 5a). Whereas the current density is 

more than 30 A/cm2, the speed of knocking-out of B atoms is continually increased as the 

increase of current density and the damage speed is also increased (Figure 5a).

On the other hand, under the same e-beam energy (80 keV and 30 A/cm2), the thin BNNTs 

(-12 walls) will be much easier to be damaged as compared to the thicker ones, shown in Figure 

5b. The one with 45 walls needs -120 min to be totally damaged which is twelve times than that 

of the thin one with 12 walls. Note that we only take into account of the damage of the side 

walls. As the tube wall increases, the thickness of the side wall also increases, which is due to the 

increase of the outer diameter of the nanotube (Figure Id). It will directly extend the damage 

process (the time of knocking-out atoms) because the irradiation damage is from top to bottom. It 

suggests that the increase of nanotube walls will be helpful to improve the radiation tolerance of 

BNNTs.

Figure 6 . Illustrations to the evolution of irradiation-induced vacancy defects in MW BNNTs as 

the current density changes, (a-c) 56 A/cm2, 17-19 min; (d-f) 84 A/cm2, 22-24 min.
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Conclusions

Evolution of irradiation-induced defects in MW BNNTs was systematically studied under 

extreme parallel e-beam (80 keV), including the effects of e-beam current density and nanotube 

wall on the irradiation damage. Under a mediate e-beam current density (30 A/cm2), irradiation- 

induced vacancy defects with triangular shape were widely observed in MW BNNTs. Triangular 

vacancies nucleated and developed step by step, and layer by layer by knocking the B atoms out 

during the irradiation. As the increase of current density, the shape of irradiation-induced 

vacancy defects would develop from regular triangle to irregular polygon.

The irradiation damage on MW BNNTs was going through layer by layer, from outer to inner 

layers. The irradiation damage of top-bottom layers was as quick as that of the side walls, 

regardless of the different knock-on directions. The increase of nanotube walls would directly 

enhance the radiation tolerance of BNNTs.

This study will open the mind to the researchers to further understand the microstructure 

evolution in MW BNNTs and explore the effects of irradiation-induced defects on the physical 

and mechanical properties of MW BNNTs under irradiation environments.
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