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ABSTRACT

In this work, we report the design and the fine-tuning of boron nitride single nanopore and
nanoporous membranes by atomic layer deposition (ALD). First, we developed an ALD
process based on the use of BBrsand NHs as precursors in order to synthesize BN thin films.
The deposited films were characterized in terms of thickness, composition and

microstructure. Next, we used the newly developed process to grow BN films on anodic



aluminium oxide (AAO) nanoporous templates, demonstrating the conformality benefit of
BN prepared by ALD, and its scalability for the manufacturing of membranes. For the first
time, the ALD process was then used to tune the diameter of fabricated single
transmembrane nanopores by adjusting the BN thickness and to enable studies of the
fundamental aspects of ionic transport on a single nanopore. At pH=7, we estimated a
surface charge density of 0.16 C.m™ without slip and 0.07 C.m™ considering a reasonable slip
length of 3 nm. Molecular dynamic simulations performed with experimental conditions
confirmed the conductivities and the sign of surface charges measured. The high ion
transport results obtained and the ability to fine-tune nanoporous membranes by such a
scalable method paves the way towards applications such as ionic separation, energy

harvesting and ultrafiltration devices.

INTRODUCTION

Boron nitride (BN) is a IlI-V material known for its outstanding physico-chemical
properties and particularly its high chemical stability.! The hexagonal polymorph (h-BN)
presents a wide band-gap (5.5-6.0 eV) and a microstructure compatible with graphene due
to its layered structure based on B3N3; hexagons, which makes it potentially suitable for
dielectric layers in electronic devices.>3 Thus, in the past decades, the direct growth of boron
nitride films has attracted a lot of interest because of its potential for 2D-based devices.?*
However, recent works have unveiled new perspectives for this material, and thus the
development of BN films is also strongly motivated by their application in nanofluidics.

Nanofluidics is a topic at the forefront of research efforts, as the understanding of this field



has the potential to find many applications in sensing,>?® ultrafiltration,®? water

desalination,>'% or renewable energy.'>'’

Recently, Liu and Li demonstrated the efficiency of BN nanoporous membranes for
water cleaning.!''> The BN membranes exhibited high effectiveness and stability in the
purification of simulated wastewater.'*2 In addition, Siria and co-workers'> have predicted
that BN nanopores, presenting high surface charge densities and/or short lengths, make
excellent candidates for osmotic energy harvesting,>'® which would enable renewable
energy to be extracted from the difference in salinity between fresh and salty water.?*29 In
fact, the surface charge of a nanopore affects its direct interactions with charged
macromolecules, and is also at the origin of electro-osmotic flux which governs the charged
or uncharged macromolecule translocation. The nanopore surface charge, which is linked to
the constant conductivity at low salt concentrations, is thus of key importance. The chemical
nature and the origin of the charges at the BN surface are not yet fully understood. The
origin of those charges may be linked to defects in the large bandgap of the ionic h-BN
system (the planar hexagonal BN sheet), leading to open-shell in-gap states prone to
capturing charges.'> 2! As the electron deficient B atoms possess Lewis acid characteristics,

the ionically active surface charges may also be due to the locally polarized B—-N bonds.??

The increase of the surface charge density in a solid-state nanopore can be obtained
by shining a laser beam within the pore,?® but a more straightforward route is to tune the
solid-state material itself. Up to date, the fabrication of solid-state nanoporous membranes
with single-nanometer precision is extremely challenging and suitable and scalable routes
for the large scale manufacturing of both single and multipores BN membranes are thus

desired.



Atomic layer deposition (ALD) is a vapor phase deposition technique enabling the
synthesis of various materials with a sub-nanometer thickness control.?#?° Due to its
inherent self-limiting surface reactions, ALD processes can be developed to control the
surface of nanopores with single-nanometre precision. For example, ALD of Al,O3 and ZnO
have been used in the past to fine-tune the surface properties and diameters of fabricated
nanopores3%3! and to coat conformally nanoporous membranes.323> ALD is also well known
for its scalability. ALD processes are currently used for the most challenging thin-film
deposition applications where the scalability is essential such as microelectronics, as ALD is
used for the preparation of high k oxides gates in transistors.?* 3¢ Furthermore, the
scalability of ALD has also been demonstrated on membranes. For example, our group

previously applied ALD for the coating of commercial (Pall) membranes.3’

ALD of BN is challenging and processes with different precursors have been
attempted in the past.384° So far, there is no report of BN being deposited on nanostructures
such as micro/nano porous membranes by ALD, and the conformality of the different

processes reported have not been studied.

ALD of BN is not trivial and such process with different precursors has been
attempted in the past. Using sequential exposures of triethylboron (TEB) and N2/H; plasma,
Haider et al. deposited polycrystalline BN films, but no self-limiting growth behavior has
been observed.3? By means of the same TEB precursor but using NH3 as co-reactant, Snure et
al. also achieved to grow crystalline BN films, however the self-limiting growth was not
observed at the deposition temperature of 900°C, indicating a CVD-like deposition mode.*’
BCls and NH3 have also been investigated as sources for ALD of BN. In the early study of

2002, the group of George deposited BN films from BCls and NH3, and monitored the ALD



surface reactions using Fourier-transform infrared (FTIR) spectroscopy. The films deposited
were amorphous, but the uniformity and conformality of the coatings were achieved.*
Mono and multi layers of hexagonal BN have been grown using the same precursors,*>-46 48
showing the potential of the technique for the preparation of BN 2D materials, but one has
to note that the substrates used, Ru(0001) and Co(0001), have a strong influence on the
ordering of the deposited h-BN layers. In their recent study, Consiglio et al. used BCl3 and
NHs to grow BN films at 630°C.38 The microstructure of the films was not investigated in their
work, which focused on the doping capabilities and the thermal resistance properties. The
BN films were found to be thermally resistant in terms of thickness that did not decrease
after the annealing step at 1000°C, which is also consistent with the refractory nature of BN.
In the last reported work on BN ALD, Park et al. developed a plasma-assisted process using a
home-synthesized precursor (tris(ethylmethylamino) borane) and prepared uniform BN films
for electronic applications. Although the process reported is promising, the use of plasma
hinders the conformality benefit of ALD and its use for particular applications such as the

coating of micro/nano porous membranes.*°

BBrs is a precursor with a very high vapor pressure (70 Torr at 25°C),>° which reacts
readily with ammonia. Using Density Functional Theory, the initial growth of boron nitride
has been investigated and the results obtained indicated that BBrz and NHs are a promising
combination of gaseous precursors for BN ALD.*' Furthermore, considering that the
reactivity increases for halogenated compounds of boron from chlorine to bromine, we
believe BBr3 is the most suitable precursor candidate to achieve ALD of BN. During the initial
precursor exposure, BBrs is expected to react efficiently with the hydroxyl groups of an oxide
substrate surface. During growth, the ALD chemistry of this process is divided in the

anticipated two-half reactions:



BBr* + NHs — BNH.* + HBr (1)

BNH.* + BBr; — BNBBr,* + HBr (2)

where the asterisks (*) denote the surface species. Olander et al. studied the ALD of
BN in the temperature range of 250 to 750°C using BBr3 and NHs precursors.*? The deposited
films were found to be turbostratic, but their results indicated that the films were subject to
oxidation when exposed to air. However, their study also revealed that the films deposited
over 600°C were more stable, and the best material properties were obtained for fresh
samples deposited at the temperature of 750°C. Marlid et al. also deposited BN using a
similar ALD process from BBr; and NHs and obtained near stoichiometric, transparent and
smooth turbostratic films.*3 They also showed that the sensitivity of BN ultra-thin films to air

and moisture can be reduced when using the deposition temperature of 750°C.

In this work, we synthesize BN membranes and study the ionic transport inside a
single nanopore using both experiments and molecular dynamic simulations. First, we
present and develop an innovative ALD process based on the use of BBrz and NHs in order to
synthesize BN thin films. The deposited films were characterized in terms of thickness,
composition and microstructure. We used the process to grow BN films on anodic aluminium
oxide (AAQ) nanoporous templates, demonstrating the conformality benefit and the
scalability of the process for the manufacturing of membranes. The newly developed process
was also used to fine-tune the diameter of a fabricated transmembrane nanopore by
adjusting the BN thickness. We then studied the ionic transport properties of sodium
chloride through the synthesized BN single nanopore. Finally, we performed molecular
dynamic simulations in order to confirm the data measured and bring more understanding

to the experimental findings.



EXPERIMENTAL SECTION

1. ALD of BN

All depositions have been carried out in a horizontal, low pressure hot-wall ALD reactor.
Boron tribromide (BBrs3) precursor was purchased from Sigma Aldrich and used as received.
ALD of BN was achieved using sequential exposures of BBrs and NHs separated by purge
steps of Argon. If not stated otherwise, the typical ALD cycle consisted of 0.1 s pulse of BBrs3,
2 s exposure, and 5 s purge, followed by a 3 s pulse of NH3, 5 s exposure and 5 s purge with
Argon. More details on the ALD reactor and on the process are given in Supporting
Information (S1). In order to develop and characterize the ALD process, silicon with native
oxide substrates were used. To remove the organic contaminants, the substrates were pre-
cleaned in acetone, ethanol and de-ionized water for 5 min in ultrasonic bath before the

depositions.

2. Characterization of the films

To evaluate the BN film thickness after the ALD depositions, ex-situ spectroscopic
ellipsometry (SE) measurements were carried out using a Semilab GES5E visible ellipsometer
(1.2-5.0 eV) at an angle of incidence of 70.1°. For all the films, the empirical Cauchy
dispersion formula has been adopted to model the optical properties and the thicknesses.
Structural characterizations have been performed using a Scanning Electron Microscopy
Zeiss EVO HD-15, equipped with EDX. The composition of the films was analyzed by X-ray
photoelectron spectroscopy (XPS) on a Thermo Electron ESCALAB 250, using a Ka Al

monochromatic source (1486.6 eV). The analyzed surface was around 400 pum?. The



roughness was determined using Atomic Force Microscopy (AFM), over a 5 um? surface, and
the images analysis has been achieved with the WSxM 5.0 software. The microstructure of
the films was studied using grazing incidence X-ray diffraction (GI-XRD) with a PANAlytical
X'pert PRO diffractometer equipped with a X'celerator detector using Ni-filtered Cu Ka
source (1.54 A radiation). Moreover, the accuracy of the thickness obtained from SE has
been confirmed by X-ray reflectometry (XRR) on the same diffractometer. A JEOL ARM 200F
high-resolution transmission electron microscope at 200 kV has been used for the HR-TEM
studies. Raman scattering measurements were performed using a Renishaw micro-Raman
spectrometer equipped with a confocal microscope (Leica) with the excitation wavelength
488 nm. The water contact angle (WCA) was measured by a contact angle goniometer at 25
°C in an environmental chamber, with 6 yuL water droplets. The software used for droplet
data acquisition was One Touch Grabber. Image J (V1.46) and its plug-in drop_analysis have
been employed for the angle determination. The droplets were deposited on different spots
of the substrate samples, and the left and right contact angles were measured and averaged.
In total, 6 measurements were carried out for each sample and averaged in order to obtain
the WCA value. Finally, the Fourier Transform Infra-Red (FT-IR) studies have been performed

ex-situ on a Thermo Fisher Nexus (using 32 scans).

3. Nanoporous membranes

The single nanopore samples are designed in Si/SiNx substrates (2 cm?) presenting a
central 200 nm thick SiNx window (1 mm?). The SiNx membrane windows are manufactured
by photolithography and etching processes, using KOH to etch the silicon and Reactive lon

Etching (RIE) to etch the SiNx. A single hole with a diameter of 100+20 nm is then milled



through the centre of the SiNx membrane window by a gallium focused ion beam (FIB) in
order to obtain the transmembrane nanopore. A Lyra Tescan FIBSEM was used. The Ga-FIB
was operated at 30 keV ion energy and about 10 pA current with a software specified spot
size of 8.6 nm. A filled circle pattern was scanned with a diameter of 80 nm for about 1.4
seconds. FIB focus and astigmatism adjustments were performed on the Si substrate support

close to the membrane window prior to milling.

The anodic aluminium oxide (AAQ) nanoporous templates were composed of a high-
purity alumina matrix (25 mm wide), 600 um thick, presenting a high pore density (~10°
pores/cm?) and an average pore diameter of 200 nm. These inorganic membranes were
manufactured electrochemically and purchased from GE Healthcare UK (Whatman Anodisc

25).

4. lonic current measurements

lonic current measurement was performed using a patch-clamp amplifier (EPC10, HEKA
electronics, Germany). The single nanopore was placed between two chambers containing
NaCl solution at different concentrations from 10 to 2 mol.L’%. The cell is sealed on both
sides with two O-rings. The current was measured by using an Ag/AgCl electrode. The
current is measured under constant voltage (from - 100mV to 100 mV step 10 mV) during 10
s and with a sampling rate of 100 kHz using the Patchmaster software (Heka Elektronik,
Germany). Each measurement was repeated 3 times. A filter of 10 kHz is applied in order to
reduce the noise. The mean value of current and voltage are extracted from current trace

using a Fitmaster (Heka Elektronik, Germany).
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5. Simulations

Periodic boundary conditions were used in the simulations to model an infinite
nanopore. The periodic system was composed of a boron nitride nanotube of 8.5 nm in
length and 10 nm in diameter. The B or N atoms of the nanotube were charged
homogenously according to density functional theory (neutral nanopore) or with varying
negative charge leading to total surface charge density of -0.48 C.m2 or -0.07 C.m?, equally
distributed on the atoms.

All the systems were neutralized by counter ions while hydrating. For the
homogeneously charged nanotube, 398 sodium ions were added to neutralize the high
charged tube while only 57 were used in the case of the low charged nanotube. Then NacCl
was added to the system to increase the ionic salt concentration in the simulations.

Parameters for the atoms were taken from the CHARMM27 force field and the TIP3P
model for water molecules was used. Each atom of the nanopore was kept fixed to prevent
mechanical stress on the water/ion diffusion. When equilibrated, the simulations were
continued for 5 ns before the influence of a voltage ramp application was studied to explore
the resulting ionic currents. For each voltage, we performed 20 ns of simulation time during
four independent runs in order to ensure enough statistics for the current evaluation. The
volume of the simulations was held constant (NVT ensemble) when applying the electric
field, and the cell dimensions were set at the final cell dimensions of the equilibration
simulations. For all simulations, we used NAMD 2.9 with a constant temperature of 300 K
maintained by the Langevin dynamics method. The parameters of the simulation were
chosen as follow: 1 fs time steps, cut-off distance of 12 A, switching distance of 10 A and pair

list distance of 13.5 A. A Particle Ewald mesh was used to calculate long-range electrostatic
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interactions and the pressure was maintained constant at 1 bar using a Langevin piston

during equilibration (NPT ensemble).

RESULTS AND DISCUSSION

1. ALD of BN

1.1. Process development

In this work, we developed an ALD process based on BBr; and NHs in order to
synthesize BN thin films, similarly to Marlid et al.** The sequential exposures of BBrs and NH3
were separated by argon purges. The surface saturation by the BBr3 precursor was first
studied. The very high vapor pressure of BBr3 allows for the use of short pulses of 0.1 s. This
pulse was followed by an exposure time before the purge step, in order to leave time for the
surface reactions to take place. Figure 1a depicts the growth rate of the BN films as a
function of BBr3; exposure. Spectroscopic ellipsometry (SE) measurements were used to
determine the thicknesses of the films. Using silica substrates at the temperature of 750°C,
the pulse of 0.1 s and 2 s exposure were found to be sufficient to achieve saturation. The
very high vapor pressure of BBr3 allows for a fast saturation of the surface. This case is
actually comparable to ALD of Al;03 from Trimethylalumina (TMA) and water, where TMA
pulses in the order of milliseconds are sufficient to reach saturation as well.>* An ammonia
pulse of 5 s followed by 5 s exposure was used, as longer pulses or exposures did not lead to
thicker films. The saturated growth rate obtained was 0.08 nm/cycle, which is in the same
order of magnitude as the 0.05 and 0.10 nm/cycle obtained by the group of Uppsala

university using similar processes.*?"3
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Figure 1. (a) Growth rate as a function of BBr3 exposure time. (b) Thickness as a function of
the number of cycles. The substrates were silicon with a native oxide layer and the
deposition temperature was 750°C. Spectroscopic ellipsometry measurements were used to

determine the thicknesses of the films. Lines serve as guides to the eyes.

As shown in Figure 1b, the process showed a linear increase in film thickness as a
function of ALD cycles with no visible nucleation delay, which is an indication of a good ALD
process. Furthermore, we also used the as-described new process to coat electrospun
carbon fibers.>? As the process is self-limiting and based on surface reactions, the BN layer is
covering the fibers in a conformal fashion. This can be observed in the Scanning Electron

Microscopy (SEM) image given in Figure S2.
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1.2. Material characterization

The chemical composition has been determined using X-ray Photoelectron
Spectroscopy (XPS). The synthesized film was ~25 nm thick and was analyzed after 3 days
exposure to air in order to obtain a glance on its stability, and sputtered for 60 s in order to
remove the surface contamination layer before the analysis. The BN thin film was slightly
over-stoichiometric with a B/N ratio of 1.2. This slight over-stoichiometry has been observed
by others as well, and can be related to the fact that BN ultra-thin films can suffer from a
(preferential) loss of nitrogen during the sputtering.*® The concentrations of C and O
contaminants were relatively low even after 3 days exposure to air. The atomic
concentrations found were 4% and 7%, for C and O, respectively, and no Br was found in the
films (within the detection limit). The XPS spectra can be found on the Figure S3. Atomic
Force Microscopy (AFM) has been performed in order to determine the roughness of the
deposited films. A RMS roughness of 0.9+0.3 nm for a 24 nm thick film was found. This
roughness increased to 1.6+0.5 nm for 29 nm films and reached a value of 2.0+0.5 nm for a
40 nm thick film, which demonstrates that ALD is a technique that can be used to synthesize
smooth BN films. The microstructure of the 40 nm thick film was then examined. To achieve
this purpose, X-ray Diffraction (XRD) has been carried out. The grazing-incidence XRD
patterns obtained did not reveal any peaks, indicating films with nanocrystal size smaller
than the XRD detection limit or even amorphous phase of BN films. More in-depth studies
with High Resolution Transmission Electron Microscopy (HR-TEM) have also been performed
on a ~25 nm thick BN sample deposited by ALD, and the images obtained revealed a

turbostratic microstructure (Figure 2a) and small areas of ~5-7 nm size of BN planes can be
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clearly seen. HRTEM and electron diffraction analysis show that the average spacing
between the adjacent fringes is 0.37+0.01 nm which is close to reported values for
turbostratic BN materials (t-BN, d = 0.36 nm).>® In order to reveal the BN phase of the
obtained samples, Raman spectroscopy has been performed on a ~25 nm thick BN sample. It
is known that the Eg vibrational mode for bulk h-BN appears at approximately 1366 cm™
and shifts to a higher frequency as the number of h-BN layers decreases.”® The Raman
spectrum shown in Figure 2b exhibits a weak peak at 1372 cm™, which is consistent with
previous report for monolayer h-BN films.>®> However, the full width at half maximum
(FWHM) is rather broad (41+3 cm™) when compared to a high-purity h-BN single layer
(FWHM=1443 cm). This peak broadening might be explained by the size reduction of the

ordered BN phase®?,°6>7 which is confirmed by the results obtained by HRTEM.
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Figure 2. (a) High resolution TEM image of a BN film deposited by ALD on carbon fibers

(inset: electron diffraction image). The red circles highlight the presence of BN crystalline
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planes; (b) Normalized Raman spectra demonstrating the presence of h-BN on a BN ALD

sample prepared on Si.

Concerning the orientation of the crystalline domains, the microstructure of the BN
obtained is turbostratic and the BN planes are randomly oriented (there is no visible
preferential orientation, as confirmed by the TEM image). A further step would be to
improve the imperfect turbostratic structure. Different studies have been carried out to
define the crystallographic changes of BN with increasing temperature treatments, and it has
been shown that starting from imperfect turbostratic microstructure, the heat treatments
promoted the ordering of BN structure and can lead to hexagonal and crystalline BN.>%-6!

These annealing treatments will be the subjects of further studies.

Next, Fourier transform infrared (FTIR) spectroscopy has been carried out in order to
further characterize the synthesized film chemistry. In particular, FTIR allows the study of the
BN lattice vibration modes which are due to the stretching of the bonds between the
nitrogen and boron atoms. Figure 3 presents the FT-IR transmission spectra of a 40 nm BN

film grown by ALD at 750°C.
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Figure 3. Infrared transmission spectra of a 40 nm BN film grown by ALD at 750°C. A blank Si

substrate was used as the background.

The IR spectrum presents the characteristic peaks of h-BN with a weak but noticeable
amount of hydrogen detected as N-H and B—H bands. The strong absorption band centered
at 1370 cm™ can be assigned to the in-plane ring vibration of h-BN (E2g mode of sp2 BN),
and the vibration peak centered around 823 cm™ is characteristic for the out-of-plane h-BN
vibration.®?%3 The peak seen at 2411 cm™ and the weak bands at 3429 cm™ can be assigned
to the stretching vibrations B-H and N-H, respectively.®* The presence of the B-H and N-H
vibrations may be related to the amorphous phases in the turbostratic structure.®>%¢ In
addition, the wetting of the material has been estimated by the sessile drop technique, using
a contact angle goniometer at 25 °C in an environmental chamber. A contact angle of 81+3°

has been measured. This contact angle value shows that the BN material prepared is not

hydrophilic.

Finally, as the stability of BN layers prepared by ALD will be tested under saline
conditions, initial stability studies have been performed and revealed that the thickness of
the films is constant for at least 3 days in NaCl solution (concentration 1 mol.L'!) at room

temperature.

2. Membrane fabrication and surface coating by BN

As the conformality benefit of BN ALD has not been yet reported, we used the

process to grow BN films on anodic aluminium oxide (AAO) nanoporous templates. The AAO
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nanopores may have extremely high aspect ratios (as high as L/d ~ 10%) and are ideally suited
for many technological applications such as nanoscale templates, chemical filters, sensors
and membranes. Figure 4a and 4b presents SEM images of such an AAO template before and

after the deposition of 500 cycles of BN ALD.

Figure 4. SEM images of anodic aluminum oxide nanoporous templates before (a) and after
(b) deposition of BN coatings by ALD. (c) Cross-section SEM image after ALD (d)
corresponding cross-section EDX maps of the ALD coated nanopores. The blue, green, yellow
and orange dots represent the concentrations of Al, O, B and N atoms, respectively, and the

edge of the AAO is on the left side (for (c) and (d)).

The difference between the two images clearly reveals the deposition of the film on
the AAO template pores and the reduction of their diameters. In order to evaluate the
penetration of the BN coatings within the pores, we carried out cross section elemental EDX
mapping of the template. Figure 4c presents the cross section of the AAO and Figure 4d
depicts the corresponding elemental maps of the coated AAO, where the density of the blue,
green, yellow and orange dots represent the concentrations of Al, O, B and N atoms,
respectively. The edge of the AAO is on the left side in the images. It can be seen from the

images in Figure 4d that the concentration of B and N atoms is high up to approximately 4
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um within the pores. As the initial average pore diameter was 200 nm (which reduces with
the increasing number of ALD cycles), this ALD process can thus be used to coat nanopores
with an aspect ratio of up to ~20. In addition, it is likely that this coated aspect ratio could be
further enhanced by increasing the ALD cycle exposure times, as it has been shown for other
ALD processes.®® This finding confirms further the conformality benefit of the BN ALD
process developed, and demonstrates the ability of ALD to coat this type of 3D substrates
and the scalability of the process for the manufacturing of membranes. In addition, it
confirms the fact that the process developed enables the conformal coating of the
transmembrane nanopores in which the ionic conductivity will be studied, as they present a

pore length to pore diameter aspect ratio of approximately L/d ~ 2 to 3.

In fact, as one aim of this study is the evaluation of the ionic transport properties
through BN nanopores, we used the ALD process described above to coat a single
transmembrane nanopore and tune its diameter. The single nanopore presented a diameter
of 100£20 nm. The SEM image of the obtained pore is given in Figure S4. Next, we reduced
the initial nanopore diameter from 100 nm to ~20 nm by applying 500 ALD cycles. The ionic

conductivity of the synthesized transmembrane nanopore coated by ALD is then measured.

3 lonic transport across single BN nanopore

In order to investigate the ionic transport properties, the single BN nanopore
membrane was placed between two reservoirs in Teflon. The schematic representation of
this cell is depicted in Figure 5a. First, we filled the nanopore with ethanol to ensure the
wettability, because of the limited hydrophilicity of the BN material (contact angle 81°). The

ethanol was then progressively replaced by milliQ water, which was then replaced by NaCl
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solutions. The ionic current is measured under a constant voltage from -100 mV to 100 mV
using 10 mV steps (Figure 5b) during 10 s (sampling rate 100kHz) at varying NaCl
concentrations from 1.10* to 2 mol L. The NaCl conductance through the BN nanopore is

directly extracted from the linear IV dependence.
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Figure 5. (a) Schematic representation of a fluidic cell connected to the patch-clamp
amplifier (b) IV curve for different NaCl concentrations. (c) conductance vs NaCl
concentration at pH=7 for nanopores with diameter of 10 nm; experimental curve (black
circles) and theoretical curves using equation 3 (blue, 6 = 0.16 C.m2), and equation 13 and

14 of the reference®® with varying parameters, see legend.

The nanopore conductance is reported as function of NaCl concentration in Figure 5c.
As commonly observed for a charged nanopore, the conductance follows two distinct
regimes.®’ For salt concentrations below 0.01 mol.L?, the conductance is independent of the
NaCl concentration in the reservoir. In this regime, the ionic conductance is mainly due to
the mobile counter ions which ensure the electro neutrality within the nanopore surface. At
salt concentrations higher than 0.01 mol.L}, the conductance increases with the NaCl
reservoir concentration. From this dependence, we extract a nanopore diameter measuring
around 10 nm assuming the ion mobility like bulk. This value is in agreement with the
expected one considering the error margin of the initial FIB milled pore diameter of 100+20
nm. Interestingly, we can observe that the nanopore conductances are in the same order of
magnitude for salt concentration from 10* to 1 mol.L'}, and this trend is similar than

previously reported for BN nanotubes.®

Next, we estimate the surface charge of the nanopore using the conductance

equation below (3).

G =" (R, +22) (3)
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Where G is the ionic conductance, R the radius and L the length of the pore. o is the
nanopore surface charge and k, = e?(uy + p_)cy is the bulk conductivity, e is the
elementary charge and p the ion mobility. A surface charge of o =0.16 C.m? has been
obtained for the measured nanopore, which corresponds to 1.1 charges per nm?. This high
value is in the same order of magnitude as the ones reported by Siria et al. for a BN
nanotube (diameter 15 nm at pH=5).!> However, it can be noticed that the surface charge
given by equation 3 is overestimated, as this basic model does not take into account the

advection, good co-ion exclusion, Debye screening length and slip effects.

In order to provide a better description of the conductivity through the nanopore, we
use the hybrid mesoscopic theoretical approach, in the Poisson-Nernst-Planck framework
previously proposed by Balme et al. (see equations 13 and 14 of the Reference3°), which
includes the influence of slip effects, directly related to the nanopore surface properties.
Considering slip lengths (b) of 3.5, 10 and 30 nm, the surface charges obtained are o = 0.07
C.m?2,0=0.04 C.m?2, and 0 = 0.024 C.m?, respectively. As the structure of BN is not perfectly
crystalline in the case of the ALD coated pore, it is challenging to provide the exact values of
the surface charge and the slip length. However, as the BN films obtained present a surface

roughness of ~2 nm, we believe that the shortest slip length is the most accurate.

Thus, the conductance at low concentration is mainly due to the surface charge of o =
0.07 C.m2. This surface charge is comparable to the one reported for a transmembrane BN
nanotube (0.1 C.m™2 at pH 9.5),’> and is higher than the ones reported for other materials
such as PET (Polyethylene terephthalate) track-etched nanopores, where the surface charge
is due to carboxylate groups and present values between 0.012 C.m?2 and 0.008 C.m2 871, |t

is also higher than the values estimated for PDMS (Polydimethylsiloxane) (0.015 C.m2)”2 or
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trimetyl-silane (0=0.005 C.m™2)° as well as fused silica (0.06 C.m™2)”3 or SiN nanopores (0.02
C.m2 ; diameter > 100 nm).”*7> It can be noticed that these surface charges were estimated
without slip and thus should be compared with the result given by equation 3 (o= 0.16 C.m"

2),

Molecular dynamics simulations (MLD) were also performed to gain more
understanding on the ion transport properties and to determine the average charge present
on the BN nanopore wall. All simulated nanopores were built according to the hexagonal
association of B and N atoms. The distances between each atoms were optimized according
to quantum calculations and were set to 0.146 nm.’® The nanopore wall was kept fixed in all
simulations and periodic boundary conditions were applied to avoid size effects. The size of
the (periodic) elementary BN nanopore was set to a diameter of 10 nm and a length of 8.5
nm (to limit the duration of the simulations). The simulated BN nanotube is a perfect
honeycomb lattice which is physically charged up homogeneously. The roles of the
roughness or of chemical functionalities along the nanopore surface are quite difficult to
simulate but they could affect the conductivity. However, as no rectification, blockage nor
enhancement was observed in our measurements, we believe that the simulation of a
perfect BN wall is relevant. Three different situations were modeled in which the charge
conditions on B and N atoms were modified. The first set of simulations was based on
optimized BN nanotubes by quantum calculations. This first simulation aimed to lead to a
neutral BN nanopore with different local charge loads on B and N atoms (+0.11e and -0.11e
respectively). The second situation considered was a very strongly charged BN nanotube
presenting a total charge density of -0.48 C.m™2 (each atom loading a local charge of -0.04e).
Finally, a last situation was simulated, using a charge of -0.005e for each atom, which led to

a total charge equal to -0.07 C.m* for the BN nanotube. In all situations, we have finally
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solvated the system, added the counter ions necessary to neutralize the system and then
added the supplementary salt concentration to mimic at best the experimental conditions.
After a fast equilibration simulation (1 ns) and a running step of 7 ns, the system was
submitted to a progressive potential ramp and the electric current was extracted.”® Figure 6

depicts the results of the aforementioned simulations.

a) b) c)
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Figure 6. (a) Elementary cell of the simulated BN nanopore (L=8.5nm and D=10 nm ; 0.1
mol.L't NaCl). The atoms N (blue) and B(red) and the counter ions Na* (yellow) and CI- (blue)
are depicted., (b) IV curves obtained for a concentration of 0.1 mol.L’* and for different
conditions of charge of the BN nanopore and (c) Experimental and simulated conductivity for

the different conditions of charge of the BN nanopore and for different salt concentrations.

Figure 6a shows the periodic elementary cell used for the simulated BN nanopore. As
can be seen in Figure 6b, the simulations carried out show that each IV curve presents a
linear behavior even for voltages up to 500 mV. It is likely that this linearity is due to the

uniform distribution of charges along the nanopore wall that does not induce any local
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perturbation on the ion diffusion in the solvent. Figure 6c presents the simulated
conductivities for the three different charge conditions of the BN nanotube (neutral, - 0.07
C.m2 and - 0.48 C.m™?) as a function of the salt concentration. The experimental curve is also
reported in the graph. It is clear from the Figure 6¢ that the conductivities obtained from the
simulated highly charged nanotube (-0.48 C.m?2) do not fit with the experimental data
obtained for the nanopore studied, nor does the simulated neutrally charged nanotube.
However, when the simulations were performed for a BN nanotube presenting a global
charge of -0.07 C.m?, the agreement between the experimental and the simulated
conductivity is fairly good. Considering our experimental data and the aforementioned
simulations, the surface charge density can be considered equal to -0.07 C.m™2 at pH=7 for
the BN nanopore prepared by ALD. This simulation result comforts the theoretical
calculations previously given and opens perspectives for BN ALD as a new route for the large
scale implementation of BN nanoporous membranes in different applications such

ultrafiltration, osmotic energy or ionic separation applications.

CONCLUSIONS

An atomic layer deposition (ALD) process based on BBr;and NH3 has been developed
and used to prepare boron nitride films and to coat nanoporous membranes. The data show
that the BN film thickness is linearly proportional to the number of cycles, with a GPC of
~0.08 nm. The deposited films were smooth, presented a turbostratic microstructure and
very low contamination level. The scalability of the process for the manufacturing of
membranes was demonstrated by the conformal BN coating of carbon fibers and anodic

aluminium oxide (AAO) nanoporous templates. The films were successfully deposited within
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pores presenting aspect ratios of L/D~20, and we believe that this coated aspect ratio could
be further enhanced by increasing the ALD cycle exposure times. The ALD process was also
used to tune the diameter of fabricated transmembrane nanopores by adjusting the BN
thickness, so that the fundamental aspect of the ionic transport of the BN nanopore could be
studied. The IV curves were measured depending on the salt concentrations for a nanopore
presenting a diameter of ~10 nm. The conductivity values are in the same order of
magnitude from NaCl concentration from 10 to 1 mol.L'* which is mainly due to a relatively
high surface charge density. The latter is estimated to -0.16 C.m2 without slip and -0.07 C.m"
2 with a slip length of 3 nm. In addition, molecular dynamics simulations have been
performed using elementary cells of a BN nanotube mimicking the experimental nanopore.
Different situations were modeled in which the charge conditions on B and N atoms were
modified, and the simulations confirmed the estimated surface charge value. The high
surface charge evaluated in the BN nanopore and the ability to design nanoporous
membranes by such a scalable method paves the way for the integration of ionic separation
and ultrafiltration devices, and provides a roadmap for the large scale fabrication of BN

membranes.
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