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ferromagnetic(2C) — Metal(3C). Whereas, in case of dop-
ing at the B-site, we observed transition from Non-Magnetic
Semiconductor(Pristine) — Magnetic Semiconductor(1C)
— Metal (2C, 3C). Analysis from the PDOS plot of car-
bon doped systems reveals that the net magnetic mo-
ments are contributed by the 2p orbitals of carbon and
partial contribution from the neighbouring nitrogen and
boron atoms, respectively. As 1,2C doping at the B-site
reduces the energy band gap to 0.81-1.8 eV which falls in
the visible spectrum and thus such system further opens
up an opportunity to be utilised as a photocatalys mate-
rial. Our carbon doped systems show a magnetic semicon-
ducting behavior with a finite magnetic moment which is
one of the criteria for a spintronic material. So, our sys-
tem looks promising in this regard. Also, Carbon doping
can be considered as a simple approach to tune the band

gap of the Boron Nitride bilayer system.
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1 | INTRODUCTION

Hexagonal Boron Nitride(h-BN) is the lightest Group III-V compound, which shares similar traits to the
thinnest and revolutionary 2D material Graphene. Boron Nitride exists in three phases namely hexagonal,
cubic and wurtzite. From the experimental and theoretical studies, it’s band gap lies in the range of 3.6-
6.2 eV [, 2, 3]. Novoselov et al., using the micromechanical cleavage technique successfully synthesized
hexagonal 2D hexagonal Boron Nitride nanosheets [1]. Latter on successful growth of boron nitride crystals
was conducted by different techniques[5]. Henceforth, there is a current surge of interest on boron nitride
also known as "White Graphene’ due to its common characteristics with graphene [4, 6]. Many other 2D
materials such as Transition Metal dichalcogenides, transition metal carbides, graphitic carbon nitride etc.,
have drawn interest from researchers due to its unique structural, electronic, magnetic and optoelectronic
properties [7, 8, 9]. Monolayer and Multilayer structures show interesting phenomena upon twisting, chemical
functionalisation, doping, variation of interlayer distance, varying the stacking sequence, applying electric
field etc., [10, 11, 12, 13, 14]. Xian et al., on twisting and doping bilayer boron nitride could observe a
superconducting behaviour i.e., a transition from a large band gap semiconductor to a superconductor [15].
Xu et al., with the help of a laser with a selected frequency developed a technique to control any stacking
sequence further keep it in metastable state [L6]. A few layer boron nitride prepared by the dry transfer method
shows a superior thermal conductivity as compared to bulk hexagonal boron nitride [17]. In most cases, doping

affects the overall profile of the nanostructure materials. Oxygen doping on Boron Nitride bilayer modifies the
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interlayer friction properties as revealed by Zhang et al., by performing DFT calculation using Dmol® code
with GGA-PBE as functional [18]. Flourine doping on bilayer boron nitride results in tuning of band gap,
hence enhances its visible light absorption capabilities and shows potential to be utilised in photovoltaic cell
applications [19]. Carbon doping on boron nitride lattices was successfully achieved via in situ electron beam
irradiation [20]. As boron nitride nanosheets has high refectivity, building a Graphene and hexagonal Boron
Nitride multilayer shows metamaterial properties with superior transmission [21]. Experimental evidence
of magnetism induced in light element materials with s and p orbitals has been highlighted by Liu et al.,.
They synthesized BCN nanosheets by high temperature annealing of stacked BN and graphene nanosheets
[22]. Thakur et al., using DFT implemented in SIESTA package studied Graphene and BN hybrid atomic
chains and achieved interesting properties such as transition from large band gap semiconductor to metal upon
applying strain and electric field [23]. From thorough literature review, we realized that studies on Carbon
doped Boron Nitride bilayer has not been performed. So, to explore the effects of carbon doping on the
overall profile of the boron nitride bilayer system, we have investigated Carbon doped Boron Nitride bilayer
in AA’(Boron(Nitrogen) on top of Nitrogen(Boron)) stacked configuration, which is the most stable one as

reported from the density functional theory studies [11, 12, 24, 25].

2 | COMPUTATIONAL DETAIL

We have performed all the calculations using density functional theory(DFT) implemented in Quantumwise
VNL-ATK package [26, 27, 28]. The spin polarized meta generalized gradient approximation (SMGGA)
with the Strongly Correlated and Appropriately Normed(SCAN) functional was used to describe electronic
exchange correlation interaction in all calculations [29, 30]. The sole reason for taking SCAN functional was
because of its advantage over the LDA, GGA-PDE and hybridGGA, which fails to describe the van der Waals
interactions. SCAN functional fits perfectly for layered system in estimation of its overall profile [30]. A
well tested PseudoDojo pseudopotential with medium basis set(similar to double zeta polarized) was used for
Boron, Nitrogen and Carbon throughout our calculation [31]. Our supercell was modelled by 3x3x1, which
generates 18 atoms in an extended hexagonal sheet of BN in one layer. Whereas, the bilayer now comprises of 18
Boron(B) and 18 Nitrogen(N) atoms and 9 Boron and 9 Nitrogen in each layer. The interlayer spacing is 3.34A.
The cell relaxation was obtained using the Force Field Approximation with Stillinger-Weber potential in a self
consistent method with maximum force component on each constituent atom being 0.01 éV/A. Carbon doping
is performed by selectively removing the Boron and Nitrogen atom from its site and substituting it by carbon
(C) atom. To create a doping concentration of 0.05%(1C/18(B/N)), 1 atom out of 18 Boron/Nitrogen atoms
were removed and similarly removal of 2 and 3 atoms create doping concentration of 0.1%(2C/18(B/N)) and
0.16%(3C/18(B/N)), respectively. The density mesh cut-off was set at 75 Hartree. For structural optimization
Brillouin zone integration is performed using 12x12x1 k-point mesh within the Monkhorst-Pack scheme [32].
Whereas,16 x16x1 k-point mesh was used for electronic and optical calculations. Calculation of the electron
localization function is performed using the function defined by Becke et al. as implemented in Quantumwise
VNL-ATK [33]. To check the thermodynamic stability of the doped and undoped bilayer system, we calculated

its adhesion energy using the following equation [34] :

EAd = Ebilaye'r - (E’monolaye'rfpure + Emonolayev‘fdoped)v (1)
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where Epjiayers Emonolayer—pure ad Emonolayer—undoped are the total energies of bilayer, monolayer pure

and doped with carbon atom systems, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Structural Properties

We have presented the optimized atomic structure in Fig.1(a-f). The bond length between B-N, B-B, N-N of
pristine bilayer system are 1.45, 2.50 and 2.50 A, respectively. Also the bond angle between B-N-B or N-B-N
is 120°. We observed a subtle change in the structural properties in case of carbon doping at B(N) site. In
case of 1C doping at B(N) site, N-C(B-C) bond length is 1.48(1.45)A, respectively. Similar changes in bond
length were observed in case of an increase in the C-doping concentration. In case of 2C doping at B(N) site,
N-C(B-C) bond lengths are 1.45(1.46) A, respectively. Upon 3C doping at the B-site, N-C bond length is
1.45A for nitrogen atom enclosed by 3 carbon and 1.49A for adjacent N-C bonds. Whereas, B-C and B-N
bond length are 1.45A and 1.44A when 3C atoms are doped at N-site.

FIGURE 1 . The optimized atomic structure of 1,2,3C doped at B-site(a-c) and 1,2,3C doped at
N-site(d-f). Here, Blue—Nitrogen, Brown—Boron, Grey—Carbon. Red arrow on top of B,N and C atoms
resembles the induced spin magnetic moment upon doping at B and N sites.

In all cases, B-N bond length remained in between 1.43-1.45 A. Bond angle at the C-doped hexagonal site
varied from 119-120.3°. The atomic structure after C-doping remains planar in all cases. The small variation
in the structural parameter(bond-length and bond angle) is due to different atomic radii of the C(dopant), B
and N atoms. The interlayer distance for all systems after optimisation is 3.34A. The structural parameters
are in agreement with the previously reported results [25, 35, 36, 37, 38]. To further check the thermodynamic
stability of the system, we calculated the adhesion energy from Eqn.1, also presented in Fig.2 (a,b). Negative
value of the adhesion energy indicates the stability of bilayer pure(pristine) and doped systems|see Fig. 2(a,b),
Table 1].
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FIGURE 2 Calculated adhesion energies of the C-doped with different concentration at B(a) and
N(b)-sites. 1,2,3C represents the number of C-doped at the respective B(N)-sites. Pure system is labelled as
pristine.

3.2 | Electronic and magnetic properties

We have presented the electronic band structures of Pristine and the C-doped system at B(N)-site in Fig.3,4(a-
d). In Fig.3,4(a-d), C1,2,3 resembles the amount of carbon doped at B and N sites. Red and Black lines are
for spin-down and spin up band lines. Fig.3(a) for pristine system exhibits a perfect symmetry between
spin-up and spin-down channels with an indirect energy band gap of 4.94 eV exhibiting a signature of large
band gap non-magnetic semiconductor. The energy band gap obtained for pristine system is consistent and
within the range with the earlier reported results [2, 10, 25, 36, 37]. From the calculated Partial Density Of
States(PDOS), for pristine system, the top of the valence band is dominated by the N-2p state and the bottom
of the conduction band is dominated by the B-2p state with a perfect symmetry between the spin-up and spin-
down density of states [see Fig.5(a,e)]. The PDOS represents that the hybridisation around the Fermi-level is
due to B,N-2p states. The electronic configuration of Boron, Carbon and Nitrogen are 1s22s22p', 1522522p?
and 1522s22p3, respectively. Carbon doping at B(N)-site can be considered as electron(hole) injection into
the system. So, it is obvious that the doping of C-atom at B(N)-sites will modify the overall properties of the
system.

When a B atom is substituted by a C atom, an extra electron is introduced into the structure. As
observed from the Fig.3,5(b), doping of 1Cpg(1Carbon at B-site) shifts the whole energy bands from higher
energy states to the lower energy states, as a result the energy gap between the Lowest Unoccupied Molecular
Orbital(LUMO) and Fermi-level is reduced, and an additional energy level contributed by C-2p orbital is
found at the top of the valence band and near to the Fermi-level due to which the energy band gap is reduced.
Thus, contribution from the C-2p orbital near the Fermi-level reduces the band gap as well as creates an
antisymmetric density of states (DOS) with two values of energy band gaps at the spin-down and spin-up
channels exhibiting a behaviour of magnetic semiconductor. The total magnetic moment induced in this
system is 1.001pp per supercell. The qualitative representation of the induced magnetic moment for all
systems is presented in Fig.1. The length of red arrows on the top of the individual atoms gives an idea of
strength of the localized magnetic moment. The maximum contribution of the magnetic moment is from the
dopant C-atom [see Fig.1(a),5(b)]. The neighbouring B-atoms contributes a partial magnetic moment in the

range of 0.018-0.037u . Similarly, in the case of 2C g, more impurity states are observed near the Fermi-level
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FIGURE 3 . Electronic band structure of (a)Pristine and (b-d)1,2,3Carbon doped system at B-site. Red
and black colored lines resembles spin down and spin up band lines respectively.
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FIGURE 4 . Electronic band structure of Pristine(a) and (b-d)1,2,3Carbon doped system at N-site. Red
and black color lines resembles spin-down and spin-up band lines respectively.

thus further reducing the energy band gap to 0.809 eV. The total magnetic moment of the system has increased
to 1.998up per supercell. The localized magnetic moment of C-atom atom was found to be 0.813up each. In
both cases, the dopant atom has the major contribution and neighbour atom has marginal contribution to the
total magnetic moment. Similar observations has been made in case of Carbon doped nanosheets, nanotubes
[22, 39, 40]. This observation can be cross verified from the PDOS plot[see Fig.5(b),(c)]. Whereas, in case
of 3Cp, the energy band gap has vanished as the fermi level is populated by the impurity states of C-2p
orbitals[see Fig.5(d)]. Also, the system now has magnetic moment of the order of fourth decimal places. Our
C-doped system at B-site makes a phase transition from Non-magnetic semiconductor(Pristine) — Magnetic
semiconductor(1,2C) — Metal(3C). The calculated total, partial magnetic moment and the energy band gap

has been presented in Tablel.

Similar to Carbon doping at B-site, we doped C-atom at N-site in the same manner. Doping of Carbon
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FIGURE 5 Total and Partial density of states(PDOS) is presented here for all the Carbon doped
system at B and N sites. (a-d) are for pristine and 1,2,3 carbon doped systems at B-site. Similarly, (e-h) are
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for pristine and 1,2,3 carbon doped systems at N-site. Here, black, blue, green and red color denotes the
total density of states, B-2p, N-2p and C-2p orbitals contribution respectively. Dotted black vertical line at
centre represents the fermi-level.
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FIGURE 6 (a-c) represents the Electron Localisation Function of the carbon doped system at B site
and (d-f) represents the Electron localization function at the N-site. Different colors represents different
atoms. Blue-Nitrogen, Brown-Boron and Grey- Carbon.

atom at N-site is similar to injecting a hole into the system, a signature of p-type semiconductor. As observed
from the Fig.4(b), substitution of 1N atom by 1C atom moves the entire energy bands to the upper energy levels.
The impurity states are introduced near the Fermi level contributed by the C-2p orbital [see Fig.4,5(b),(f)]
reducing the energy band gap to 0.830eV. The calculated PDOS shows that the system has now become

magnetic due to the antisymmetric spin-up and spin-down states giving a net magnetic moment of 0.998up
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[see Fig.5(f)]. The contribution of the total and localized magnetic moment is presented in Tablel and can
be visualized from the Fig.l. In case of 2C-doping, we can observe a metallic spin-up and semiconducting
spin-down channel at the Fermi-level [see Fig.4(g)]. This is a characteristic of a half metal ferromagnet. A
net magnetic moment of 1.824up is induced in the system, where majority contribution is from the 2 Carbon
dopant atom and marginal contribution from the neighbouring N and B atoms as presented in Table1[22, 39, 40].
A semiconducting system with a net magnetic moment opens up door for developing of spintronic devices.
Similar to 3C doped at B-site, 3C doped at N-site shows a metallic behaviour with most impurity states
contributed by C-2p orbital at the Fermi level [see Fig.4(h)]. So, our Carbon doped system at N-site makes a
phase transition from Non-magnetic semiconductor(Pristine) — Magnetic semiconductor(1C) — Half-Metal
Ferromagnet(2C)— Metal(3C). Thus, the anti-parallel alignment of the magnetic moment of Carbon as well
as B and N atoms may be the reason for non-magnetic conducting behaviour of the 3C doped system at B

and N sites [20, 40].

TABLE 1 Number of doped carbon, doping site, total and partial magnetic moments, energy band
gap(Egy) and adhesion energy(E 44) is presented below.

No. of C-doped Doping Site Total(np) Partial C (ug) Eaq(eV) Eg4 (eV)

0(Pristine) XXX XXX XXX -0.963 4.94

1 Boron 1.001 0.831 -0.697 1.803

2 Boron 1.998 0.813 -0.555 0.809
0.813

3 Boron 0.000 XXX -1.114 0.00

1 Nitrogen 0.998 0.665 -1.041 0.830

2 Nitrogen 1.824 0.606 -1.024 0.00
0.606

3 Nitrogen 0.000 XXX -0.999 0.00

To have a better understanding of the bonding characteristics in pristine and carbon doped Boron Ni-
tride bilayer, we have presented an Electron Localisation Function and Electron density distribution plots in
Fig.6,7(a-f). The value of Electron Localisation Function lies between 0 to 1. The isovalue for electron density
is taken as 1.95A—3. Information about the localized electrons can be obtained by visualising the region
where the ELF value is high. Green lobe in the ELF distribution plot gives the idea of bonding characteris-
tics and electron distribution. For 1C(Grey in color) doped at B-site, the majority of electrons are localized
around the nitrogen(ionic) atom and small fraction of electron localization is observed between Carbon and
Nitrogen atom(covalent) at the doping site. Some fraction of electron are localised around Carbon atom too
[see Fig.6(a)]. A similar trend is followed in 2C and 3C doped systems at B-site. In case of 1,2,3-Carbon
doped at N-site, we can see small electron localization closer to C atom(similar to Nitrogen atom but less in
quantity) and partially shared between the neighbor Boron atoms resembling admixture of ionic and covalent

bond. The nature of chemical bond between B-N atoms away from the doping site are of partially ionic and
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FIGURE 7 Electron density distribution plot is presented here. (a-c) are for 1,2,3Carbon doped at
B-site and (d-f) are for 1,2,3Carbon doped at N-site.

covalent as evident from the electron localization close to N-atom. Also, this observations is cross-verified from
the electron density plot, where most charge density is around Nitrogen and feeble around Carbon atom [see
Fig.7(a-f)]. Thus, we can conclude that the bonding characteristics between B-N, N-C and B-C are a mixture
of ionic and covalent bonds upon C-doping at B/N sites [see Fig.6(a-c),6(d-f)][36, 41, 42, 43].

3.3 | Optical Properties

Optical properties such as dielectric function and absorption coefficients with respect to the photon energy
are presented in this section for the pristine and bilayer boron nitride system doped with 1,2,3C at B/N-sites.
The theoretical part for calculating the optical properties has been well explained by Marinopoulos et al., [44].

The real part and imainary part of dielectric function can be expressed as,
€ =€ + Leg, (2)

Here €1 and ez are real and imaginary parts of the dielectric function respectively. The imaginary part can be

calculated using Eqn.(2),

h2e?

— — —
el =T /kd%\ <EnBIEn > 21— f(Rn)o(En — Eo , — hw), (3)

— —
where 7 - momentum operator, | kn > - eigenfunction of eigenvalue, f( k n)- Fermi Distribution function. The
Kramers-Kronig transformation helps in finding the real part of the dielectric function from its corresponding

imaginary part as :

W) =1+ 2 / ea(W)w'dw’ ’ (1)

W2 — o2
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The absorption coefficients a(w), which is related to the dielectric function is given as follows;

_ 2u(le(w)| — Ree(w))'/?

a(w) (%)
We have used black, red, green and blue color in all the latter figures to represent the pristine, 1,2 and
3Cp/N carbon doped at B(N) site bilayer systems. The absorption coefficient for the pristine and carbon
doped boron nitrtide bilayer at B-site has been presented in Fig.8. For pristine bilayer system along X-axis
a single peak is observed at photon energy 5.8eV with an absorption coefficient of 3.5 x 10°%cm™! and has
zero adsorption in the photon energy range 0-4eV and beyond 7.8eV([see Fig.8(a)]. Whereas, in case of out
of plane symmetry i.e., along Z-axis double peak at energy 5.4eV and 5.8eV are observed with absorption
coefficient 2.1 x 10%cm~! and 2.25 x 10%cm—!, respectively and zero adsorption remains same as in the case

of in the plane symmetry(along X-axis) [see Fig.8(b)]. The findings are well in agreement with the earlier

reported results [36, 45].  When one carbon(1Cp) is doped at B-site, two peaks are observed at energy
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FIGURE 8 Absorption coefficient of the Pristine and 1,2,3Carbon doped system at the B-site. In above
figures, (a) is for in plane symmetry i.e., along X-axis whereas (b) is for out of plane symmetry i.e., along
Z-axis. Here, 1,2,3Cp denotes the number of carbon doped at N-site. Doping concentration are individually
labelled and presented with respective colors.

2.8eV(small) and 6.2eV(large) respectively. There is a little shift in the absorption peak toward higher energy.
Similarly, in the case of two and three carbon doped at B-site(2,3Cp) large absorption peak lies in 6.0-6.2eV
with small absorption peak at a lower energy range. So, carbon doping at B-site shifts the main absorption
peak toward higher energies, which corresponds to blue shift [46]. The absorption coefficient intensity for
large peaks in case of pristine and 1,2,3Cp system along X and Z lies in the range 2.75 — 3.5 x 10%cm "'
and 0.6 — 2,25 x 10%cm ™1 respectively [see Fig.8(a,b)]. The additional small peaks in 1,2,3C g-doped system,
have been attributed to the C-2p impurity states near the fermi level as observed from the density of states
and band structure [see Fig.3(b),5(b)]. The peaks that has been observed in Carbon doped system is because
of the transition between B, N, C-2p states. Zero absorption is observed beyond 7.0eV for 1,2,3Cpg-doped
system. The real(a,c) and imaginary(b,d) part of the dielectric function for pristine and carbon doped bilayer
at B-site(1,2,3Cp) has been presented in Fig.9. The static dielectric function of the pristine and carbon
doped bilayer system in plane(along X) and out of plane(along Z) symmetry are 1.271, 1.221, 1.223, 27.62
and 1.014, 1.013, 1.016, 1.020, respectively. An interesting observation can be made from Fig.9(a), that at
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FIGURE 9 The (a,c)real and (b,d)imaginary part of the dielectric function for Pristine and 1,2,3Cp
doped at B-site which are measured along X- and Z-axes are presented here. In above figures, (a,b) are for in
plane symmetry i.e., along X-axis whereas (c,d) are for out of plane symmetry i.e., along Z-axis. Here,
1,2,3Cp denotes the number of carbon doped at B-site. Doping concentration are individually labelled and
presented with respective colors
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FIGURE 10 Absorption coefficient of the Pristine and 1,2,3 Carbon doped system at the N-siteS. In
above figures, (a) is for in plane symmetry i.e., along X-axis whereas (b) is for out of plane symmetry i.e.,
along Z-axis. Here, 1,2,3-C denotes the number of carbon doped at N-site. Doping concentration are
individually labelled and presented with respective colors

energy range 0.18-0.36 eV, the static dielectric constant for 3Cp system becomes negative which is an intrinsic
property of metamaterials(negative index materials) [417] and similar observation was made in case of vacancy
defects in h-BN bilayer system at B and N site [36, 45]. In recent studies, Graphene-Hexagonal boron nitride
multilayer has shown negative index properties [21]. It is because of plasmonic vibration created due to the
intraband transitions. Whereas, the real part of the dielectric constant remains positive for all systems along
Z-axis. The imaginary part of the dielectric function is correlated with the absorption coefficient, as seen from
Fig.8(a,b),9(b,d).
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The optical response in terms of absorption coefficient and the dielectric function of the carbon doped bilayer
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FIGURE 11 The (a,c)real and (b,d)the imaginary part of the dielectric function for Pristine and
1,2,3Cn doped at N-site which are measured along X- and Z-axes are presented here. In above figures, (a,b)
are for in plane symmetry i.e., along X-axis whereas (c,d) are for out of plane symmetry i.e., along Z-axis.
Here, 1,2,3Cy denotes the number of carbon doped at N-site. Doping concentration are individually labelled
and presented with respective colors

system at N-site(1,2,3C ) in plane(along X) and out of plane(along Z) symmetry are presented in Fig.10(a,b)
and Fig.11(a-d), respectively. In case of (1,2,3C ) systems, the absorption peak has shifted to higher energy
range resembling a blue shift for both the in plane and out of plane symmetry. Larger absorption peak are
observed at energies 6.2eV, 6.1eV and 6.1eV for (1,2,3Cy) along X-axis, respectively. Few smaller absorption
peaks(0.4-3.0eV and ) are also present due to the transition between the induced defect states near the Fermi-
level due to carbon doping and B and N-2p states along X, Z-axis [see Fig.10(a,b)]. In Fig.11(a-d), real
and imaginary part of the dielectric function for 1,2,3Cx doped at N-site along X and Z-axis is presented.
The static dielectric constants for 1,2,3C doped at N-site along X and Z-axis are are 1.221, 1.351, 61.056
and 1.018, 1.030, 1.051, respectively. Similar to 3Cp system, the real part of the dielectric constant attains
negative value at energy range 0.22-0.0.50 eV for 3Cp doped system along X-axis.

4 | CONCLUSION

A DFT calculation was performed to investigate the effect of carbon doping at B and N-sites on the struc-
tural, electronic, magnetic and optical properties of the AA’ stacked boron nitride bilayer system. We showed
that the C-doping at B and N site is feasible and the structure remains stable as evident from the nega-
tive adhesion energy value. Upon C-doping there is negligible change in bond length and bond angle. The
structural parameters are well in good agreement with the previous results. The increase in doping concen-
tration at B-site(electron injection) induces a phase transition from Non-Magnetic Semiconductor (Pristine)
— Magnetic Semiconductor(1C,2C) — Metal(3C). Similarly, doping at N-site(hole injection) induces a phase

transition from Non-Magnetic Semiconductor(Pristine) — Magnetic Semiconductor(1C) — Half-Metal(2C) —
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Metal(3C). The total magnetic moment for 1,2C doped at B(N)-site are 1.001(0.998), 1.998(1.824) up respec-
tively. In summary, carbon doping at B and N sites favors spin polarization and created partial magnetic
moments. Negative real part of the dielectric function is a property of metamaterials and our system have
such characteristics in some particular energy range. Electron and hole injection into a bilayer boron nitride

system reveals interesting properties and can be further used in building nanoelectronic devices.
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