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5.1 Introduction

The semiconductors acquire the paramount position in the present cutting-edge
technologies due to their versatile nature and promising properties.’* Apart from
carbon-based materials, the III-V compounds share the top position in the
nanoelectronics and nanodevice industry.5¢ The journey started with gallium and
indium-based arsenide materials, and following the ladder, the invention of blue light
emitting diode (LED) via incorporation of lighter group V compounds in conventional
III-V materials became the ground breaking contribution to the device industry.”
However, the nanowire (NW) configurations of these semiconductors were not
studied, until the successful nucleation of GaAs and InAs nanowhiskers below 100 nm
was made possible by a research group at Hitachi Central Research Lab.? This led to
the first successful demonstration of the functional LEDs made of GaAs NWs, that
with the realization of the formation of heterostructure.? As far as aluminium is
concerned, the Al-V materials have been explored under various geometric aspects,
for their fundamental and applicative properties,'0-16 yet a systematic investigation on
the aluminium phosphide (AIP) and aluminium arsenide (AlAs) ranging from their
bulk crystal phases to the two-dimensional confined configuration (nanowire) to the
complex nanostructured geometry was missing. However, the AIP and AlAs
compounds have been significantly studied under alloyed/heterostructured
configuration for various device applications.#17-20 Unlike other elements from boron
group, the aluminium being the third most abundant element in earth’s crust draws
significant attention due to its advantages like low cost, light weight, high corrosion

resistance, flexibility and non-toxic nature. These numerous advantages of aluminium
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and its benchmarking properties when combined with group V elements makes it
necessary to study these materials in depth. It is evident from the reports that the III-
V materials prefer cubic zincblende (ZB) phase under bulk and hexagonal Wurtzite
(WZ) phase under confined conditions,?!-?? the fundamental studies!3?425 reporting
the ground state properties of these compounds under WZ phase provided fruitful
insight to the dramatic differences in the phase dependent properties. Under ambient
conditions, except AIN, remaining all Al-V compounds possess cubic ZB phase and
an electronic band gap lying within optical spectral range.?¢ Versatile nature with
diverse applications, and the necessity to understand the energetics of the AIX
(X=P/ As) compounds under different configurations worked as a fuel for the present
study. We have explored AIP and AlAs compounds under two bulk polytypic phases;
(i) cubic zincblende (ZB) and, (ii) hexagonal Wurtzite (WZ). Followed by the
investigation of electronic, optical and vibrational properties of these materials under
bulk configuration, the two-dimensional quantum confinement is applied on these
materials to construct one-dimensional (1D) nanowires (NWs), and the electro-optic
properties under the confined condition are investigated. At the end, the two NWs
were utilized for the construction of the 1D radial and axial heterostructure nanowires
(HSNWs), and the same were considered for studying the modulation in the electro-
optic transport properties due to the complex structural configuration. The state-of-art
transport governing factors under bulk and nano regime are very sensitive to the size
effects and hence crucial to understand for drawing a crystal-clear pathway

connecting the bulk and nano properties.
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5.2 Computational Details

The aluminium pnictides AIX (X=P, As) with cubic zincblende (ZB) and hexagonal
Wurtzite (WZ) bulk phases and their nanostructured configurations were studied
within the state-of-art density functional theory (DFT)?” framework. Primary
optimization of the bulk unit cells was done utilizing the self-consistent total energy
minimization process. The local density approximated pseudopotentials with plane-
wave basis sets were incorporated for describing the atomic cores and valence electron
configuration.?® The optimized kinetic energy cut-off of 1600 eV and the Monkhorst-
Pack scheme? based k-mesh grids of 16x16x16 and 16x16x10 respectively for ZB and
WZ bulk phases were found sufficient to converge the total energy and forces per
atom within the threshold magnitudes. The lattice parameters of the systems were
optimized upto the third decimal place (see Table 5.1). Following this, the optimized
unitcells were considered for investigating the ground state electronic and optical
properties. As mentioned earlier, the electronic band structure of the systems are
computed within pseudopotential approach, and, utilizing the random phase
approximation (RPA),3031 the respective optical transport through the systems was
calculated. For the construction of the NWs the optimized crystal structures of bulk
AIP and AlAs were repeated so as to form a 6x6 supercell, and NWs with desired
diameter were then cut from them in such a way that the growth direction coincides
with the 0001 direction. The unsatisfied valency of the surface atoms of the NWs were
saturated by passivating the surfaces of the NWs with hydrogen adatoms. The so
prepared passivated NWs were then fully relaxed till the convergence conditions were

not satisfied. Akin to the bulk phases, the electro-optic transport under NW
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configuration was also investigated so as to get insight to modifications subjected to
quantum confinement. Followed by this, the last step was to construct
heterostructures (HS) from these NWs and to unravel their electro-optic properties.
HSNWs with radial and axial configurations were studied so as to draw a clear picture
of geometry dependence modulations in the electro-optic transport properties of AIX
compounds. The kinetic energy cut-off and k-mesh grids under NW and HSNW
configurations were kept at 1630 eV and 1x1x8 respectively for obtaining ground state
electronic wave-function, and, for calculating optical properties much denser k-mesh
grids were set. Prior to computation of the ground state properties of the systems, the

stability of the systems was confirmed by means of computing cohesive energy.

EBULK — (naipar+np astip;as) —(E%Tti;z) 5.1
Coh — N ( . )
ENW _ (naiar+np/astpjas+NHIH) —(EPaD) 5.2
Coh — N ( * )
HSNW _ ( MGalga+tnspishtnxix+nuin) —(Efaiel )
EESYW = 53)
N

The equations (1), (2) and (3) are used for calculating the cohesive energy of the bulk,
NW and HSNW configurations respectively. The terms n and x represent the number
and chemical potential of the respective element, with total number of atoms of including
all atomic species is represented by N. EY™¢  ENW and EESNW are the corresponding
total-energy of the systems under bulk, NW and HSNW configurations. It is to be noted

that the equations above do not account for contributions from the vibrational energy of

the system.
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5.3 Results and Discussion

5.3.1 From bulk to Nanowire

5.3.1.1 Structural Properties

The structural properties of the AIX compounds computed under DFT based self-

consistent total energy minimization approach are presented in Table 5.1, and

respective structural analogues of the compounds are presented in Figures 5.1 and 5.2.

As expected, the computed lattice parameters of the compounds show increase with

increase in anion mass subjected to the modification in the atomic radii. It is

noteworthy, that the computed parameters are in good agreement with the reported

experimental and theoretical data.?2 In case of WZ compounds, we could not compare

the results as these compounds under bulk condition prefer ZB phase.

Table 5.1. Computed structural and electronic parameters of AIX (X=P, As) in bulk, nanowire (NW)
and radial (R) and axial (A) heterostructure nanowire (HSNW) configurations.

System

AIP Bulk

AlAs Bulk

AIP NW
AlAs NW
AIP/AlAs

(R)
AlAs/AIP
(R)
AIP/AlAs
(A)

Phase

ZB
WZ
ZB
WZ

WZ

WZ

Lattice

Parameter

A)
5.402
6.264
5.606
6.502

6.138
6.508

6.270
6.297

12.515

Cohesive
Energy

(eV)

5.534
5.531
5.071
5.066
4.808
4.491

4.568

4734

4.652

Valence

band

maxima

(eV)
5.102
5.213
4.864
4971
-3.466
-3.296

-3.248

-3.373

-3.345

Conduction

band

minima (eV)

6.498
6.993
6.215
6.647
-0.716
-0.682

-0.649

-0.660

-0.606

Electronic
bandgap

Nature
Eg

(eV)
1.395
1.780
1.350
1.675
2.749
2.614

>—<Ur—4»—4>—<|——4

2.598 I

2.713 D

2.739 D
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Figure 5.1. Optimized crystal structures of aluminium phosphide (AIP) in bulk (a) cubic zincblende
(zB) and (b) hexagonal Wurtzite (WZ), and (c) nanowire (NW) Phases. The spheres in
blue, brown and yellow represent the atoms of aluminium, phosphorous and hydrogen,
respectivelv.

Figure 5.2. Optimized crystal structures of aluminium arsenide (AlAs) in bulk (a) cubic
zincblende (ZB) and (b) hexagonal Wurtzite (WZ), and (c) nanowire (NW) Phases.
The spheres in blue, green and yellow represent the atoms of aluminium, arsenic
and hydrogen, respectively.
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As mentioned earlier, the energetic stability of the systems is assessed by calculating
the energy of cohesion using equations (5.1), (5.2) and (5.3) for different conditions.
Comparing the bulk polytypic phases, we can see that the difference in energy of
cohesion due to polytypic phases is negligible; however, positive magnitudes of
energy are sufficient to prove the strong covalent nature between the crystal atoms
that also make the system energetically stable. Moving towards the NW configuration,
we can observe that the NWs are also energetically stable with positive yet slightly

lower magnitude of energy of cohesion than the bulk counterparts.

5.31.2  Electronic Properties

Moving towards the electronic properties the electronic band structure of the AIP and
AlAs under bulk and NW configurations are presented in Figs. 5.3 and 5.4. It is
observed that both compounds under two polytypic phases possess indirect nature
with a bandgap lying within the range 1.3-1.6 eV. In contrast to this, the NW
configurations of both compounds possess slightly large bandgap magnitude of 2.74
and 2.61 eV for AIP and AlAs NW, respectively. As expected, the gap magnitude for
AlAs NW is quite lower than the AIP NW due to the inverse correlation between the
lattice parameter and the electronic bandgap which is intact in case of bulk
counterparts (see Table 5.1). Apart from the gap magnitude, it is important to observe
that the effect of quantum confinement does not alter the nature of the bandgap in
case of AIP; however, in case of AlAs, the electronic dispersion transits from indirect
to direct on imposing two-dimensional quantum confinement (see Fig. 5.4). For
optoelectronic and photovoltaic devices, it is of utmost importance that the electronic

and optical bandgaps are alike, i.e. a direct bandgap, which in case of AIAs NW is
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Energy (eV)

observed. Further insight to optical transport can be achieved by calculating the

absorption co-efficient of the systems.
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Figure 5.3. Electronic dispersion curve for aluminium phosphide (AIP) in cubic zincblende (ZB),
hexagonal Wurtzite (WZ) and nanowire (NW) configurations.
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Figure 5.4. Electronic dispersion curve for aluminium arsenide (AlAs) in cubic zincblende (ZB),
hexagonal Wurtzite (WZ) and nanowire (NW) configurations.
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5.3.1.3 Dynamical Properties
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Figure 5.5. Phonon dispersion curve for aluminium phosphide (AIP) and aluminium arsenide
(AlAs) in cubic zincblende (ZB) and hexagonal Wurtzite (WZ) phases.

It is expected that the crystal phase which requires minimum energy of formation or
high energy of cohesion should remain energetically, dynamically and mechanically
stable at ambient conditions. In case of the present compounds AIP and AlAs being
from the famous III-V group compounds possess dual polytypic phases; ZB and WZ
with cubic and hexagonal symmetries, respectively. We therefore, investigated the
dynamical stability of these compounds under polytypic configurations, and as it can
be observed from Figure 5.5, both compounds possess stable dynamic configurations.
The absence of soft phonon modes or any imaginary components of vibrational
frequency in the phonon dispersion curves (PDCs) support this observation. Further,

as reports suggest that the WZ phase with hexagonal symmetry under confined
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geometry is likely to be much more stable than the ZB phase, we have considered the
hexagonal WZ phase only for studying the systems under confined configuration. The
dispersive nature and number of phonon branches reveal the role of symmetry and
crystal phase in dynamic stability. The longitudinal optic (LO) and transverse optic
(TO) phonon modes possess significantly large splitting (see Fig. 5.5) indicating their
capability of interacting with high-energy photons. Comparing the acoustic phonon
modes of both phases, it is clearly observed from the PDCs that the ZB phase possesses
much more pronounced acoustic phonon modes with steep dispersion along the high-
symmetry path of the Brillouin zone indicating large group velocity and hence,
enhanced thermal conductivity. The WZ compounds on the other hand possess
shallow dispersion in case of acoustic phonon modes suggesting much lower thermal
conductivity than the ZB counterparts. However small yet unavoidable contribution
from the optical phonon modes to the thermal conductivity cannot be neglected, and
hence, for qualitatively differentiation full-proof assessment of thermal transport is
mandatory. In present case, our motto is to understand the electro-optic profiles of
both compounds, therefore we limit the investigation and discussion to electro-optic

properties only.

5.3.1.4 Optical Properties

After confirming the dynamical stability of the AIX compounds, we now focus on the
optical properties of the compounds under bulk and NW configurations. Figs. 5.6 (a)
and (b) present the RPA computed real and imaginary components of complex di-
electric function for ZB, WZ and NW configurations. The imaginary part of the

complex di-electric function accounts for the absorption capability of the material
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which suggests a possibility of optical absorption within the optical range of
electromagnetic spectrum for AIX compounds under ZB and WZ phases, while in case
of NW configurations, these systems show possibility of absorption within ultraviolet

regime (see Figs. 5.6(b) and (d)).
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Figure 5.6. Real (&) and imaginary (si) components of complex di-electric function for aluminium
phosphide (AIP) ad aluminium arsenide (AlAs) in cubic zincblende (ZB), hexagonal
Wurtzite (WZ) and nanowire (NW) configurations.

In case of real part of complex di-electric function that accounts for non-linear optical
phenomena, it can be clearly observed that the two-dimensional quantum
confinement strongly affects the di-electric function; the reduction in the intensity of
the function in both cases validates this observation. Utilizing the computed
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components of the complex di-electric functions, further optical properties like
absorption co-efficient and joint density of states (JDOS) are calculated. The computed
absorption co-efficient of the systems under bulk and NW configurations validate the
results on imaginary component of di-electric function and clearly indicate that the
AlIX compounds under bulk polytypic phases show strong absorption of optical
photons, while in case of NW configurations, both systems show peak absorption near
extreme end of optical spectra to the ultraviolet regime (see Figs. 5.7(a) and (c)). To
infer the same, the joint density of states (JDOS) plots of the systems are computed. It

is well-known that the JDOS and absorption have inverse relation, thereby we can
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Figure 5.7. Absorption co-efficient (¢) and joint density of states (JDOS) as a function of
photon energy for aluminium phosphide (AlP) and aluminium arsenide (AlAs) in
cubic zincblende (ZB), hexagonal Wurtzite (WZ) and nanowire (NW)
configurations.
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clearly infer from the Figs. 5.7(b) and (d) that the systems that possess high density
might have less absorption capacity and vice-versa. The NWs of both systems possess
very high intensity in JDOS plots thereby indicating low capacity of absorption; this
fact can be resembled by the lower intensity of absorption co-efficient a of the NW

systems as compared to their bulk counterparts (see Figs. 5.7(a) and (c)).

5.3.2 Heterostructure Nanowire

After understanding the properties of the aluminium phosphide (AIP) and aluminium
arsenide (AlAs) independently in their bulk and NW configurations, we now turn our
attention towards the combined properties of the systems, i.e. the merger of the two
systems so as to form one-dimensional (1D) heterostructure nanowire (HSNW)
configuration. There are two possibilities of combining the NWs to form a HSNW: (i)
covering one NW radially with another so as to have a core/shell like radial HSNW
and (ii) stacking two or more NWs on each other on a fixed axis so as to form axial
HSNW. We have studied in total three different HSNWs, (a) AIP/ AlAs and AlAs/ AIP

radial (R) HSNWs and, (b) AIP/AlAs axial (A) HSNW.

5.3.2.1 Structural Properties

In the present study, we have constructed two kinds of heterostructures using
optimized crystal structures of the AIP and AlAs NWs. To form a heterostructure, the
first condition is that the hetero-materials should possess minimum lattice mismatch
so as to eliminate generation of strain near the hetero-interface; however, the 1D HSs,
have the ability to release strain in radial directions thereby suggesting possibility of
growing heterostructures from different materials with large lattice mismatch.33 In
case of AIP and AlAs NWs, the lattice difference is of 0.37 A (see Table 5.1) that can be
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easily accommodated by the neighbouring surface atoms so as to keep the structure

energetically stable. The construction and optimization of the HSNWs have been done
as per the methodology discussed in Computational Details section (see section 5.2).
Figure 5.8 depicts the optimized crystal structures of three HSNWs; Fig. 5.8 (a) and (b)
show the optimized configurations of AIP/ AlAs (R) and AlAs/AlIP (R) radial HSNWs,

and Fig. 5.8 (c) represents the optimized configuration of AlP/AlAs (A) axial HSNW.

Figure 5.8. Optimized crystal structures of radial heterostructure nanowires (HSNWs) with
core/shell geometry (a) AIP/AlAs (R) and (b) AlAs/AIP (R) and, (c) axial HSNW
AIP/AlAs (A) with AIP and AlAs NWs stacked on top of each other. The atoms in
blue, brown, green and yellow represent respectively the atoms of aluminium,
phosphorous, arsenic and hydrogen.

The energetic stability of the HSNWs is assessed by computing energy of cohesion,
and, as it can be observed from Table 5.1, the energy of cohesion for all three HSNWs
is positive and comparable to NW counterparts. In case of R-HSNWs, it is observed
that the AlAs/AlIP (R) configuration is more stable than the AlP/AlAs (R); the reason
could be the higher ability of AlP-shell NW to accommodate the strain generated by

the AlAs-core NW.
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5.3.2.2 Electronic Properties

Moving towards the electronic profiles of the HSNWs, it is expected to have a hetero-
interface with spatial band alignment so as to achieve high efficiency and controllable
carrier dynamics. Apart from the bandgap of the HSNW, it is very important to
investigate the contributions of individual hetero-layer to the overall electronic
properties. Decomposition of such contributions give clear insight to type of bandgap
together with the band off-sets at the hetero-interface that plays a key role in
optimizing the carrier dynamics. We have first computed the electronic band
dispersion along the high-symmetry k-path Z- I, followed by computation of
individual hetero-layer contribution to electronic dispersion of the HSNW. Figure 5.9
shows the computed band structure of the three HSNWs which clearly depicts that
the AlAs/AIP (R) and AIP/AlAs (A) HSNWs possess direct electronic band gap with
gap magnitude of 2.71 and 2.74 eV, respectively. These two properties indicate that
the HSNWs are capable of absorbing high energy optical photons thereby qualifying
them to be suitable for optoelectronic and photovoltaic devices. In case of AIP/AlAs
(R) HSNW, the gap magnitude is desirable yet, the nature of the gap keeps it away
from directly qualifying for optical devices. Apart from electronic bandgap, the
electronic dispersion reflects the probable charge carrier dynamics of the system. In
present case, it can be observed that the axial HSNW possesses very low dispersion in
both valence band and conduction band regimes, whereas, in case of the radial
HSNWs, the electronic dispersion is quite pronounced. The carrier effective mass that
can be determined from these dispersions are lower than their respective bulk

counterparts. This could be subjected to the presence of flat bands near the electronic

186 |Page



ELECTRO-OPTIC PROPERTIES OF BULK AND NANOSTRUCTURED ALUMINIUM PNICTIDES CHAPTER 5

edge states (see Fig. 5.9). The reduction in carrier effective mass may result in
enhancement of the carrier mobility; however, the carrier mobility is not solely
dependent on the effective mass, rather it crucially depends on the surface scattering

and chemical environment (defects/doping) in the case of such nanostructures.3435
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Figure 5.9. Computed electronic band structure for radial (R) heterostructure nanowires
(HSNWs) with core/shell geometry AIP/AlAs (R) and AlAs/AIP (R), and, axial
HSNW AIP/AlAs (A) with AIP and AlAs NWs stacked on top of one-another.
After understanding the overall electronic dispersion of the AIX compounds under
HS configurations, we then decomposed the electronic band structure into hetero-
layers to study the contribution of individual materials to the total electronic
transport. Figure 5.10 shows the electronic dispersion curves of the constituent hetero-
layers of the HSNWs. As it can be observed from the figure, the alignment of the
electronic band edges in all three cases gives rise to type-II heterostructure (see Fig.

5.10 (a-c)) which is of utmost importance in case of optoelectronic and photovoltaic

devices. This kind of alignment provides opportunity to increase the carrier lifetime
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Figure 5.10. Computed electronic band structures of individual heterolayer core/shell for
radial (R) heterostructure nanowires (HSNWs) (a) AIP/AlAs, (b) AlAs/AIP and,
(c) AIP/AlAs (A) HSNW with bottom/top stacking of heterolavers.
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thereby reducing the carrier recombination rate. This happens due to trapping of
opposite charge carriers in the separate heterolayers, and as a result, the overall

efficiency of the system increases.36:37

5.3.2.3 Optical Properties

The type-II band alignment as observed in the all three cases of HSNWs give
motivation to compute and assess the optical transport through the heterostructures.
Akin to the bulk and NW systems, the optical properties of the HSNWs is computed
under RPA approach. Figure 5.11 represents the computed optical properties of the
HSNWs; as it can be observed, the intensity of the imaginary components of the
complex di-electric function attains prominent magnitude after 2.5 eV suggesting
absorption of high-energy optic photons (see Fig. 5.11 (b)). Out of the three systems,
as expected the AlAs/AIP (R) HSNW shows promising trend, which can be confirmed
from the profiles of the absorption co-efficient of the system (see Fig. 5.11 (c)). The
AlAs/AIP (R) HSNW, apart from moderate bandgap possesses direct nature that aids
in radiative recombination phenomena,?® while in case of AIP/AlAs (R) HSNW,
intensity is quite supressed due to contribution of non-radiative processes. This is
attributed to the indirect nature of the electronic bandgap of the HSNW (see Fig. 5.9
(b)). As far as the axial HSNW is concerned, the absorption intensity acquires
significant magnitude at higher energy scale indicating absorption of high-energy
optic and ultraviolet photons. This result is in the anticipation of quite higher bandgap
of the HSNW (see Fig. 5.9(c)). To support these results the JDOS plots are calculated,
with which the absorption profiles are inversely related. As it can be observed in the

Fig. 5.11 (d), the JDOS curve of the AlAs/AIP (R) HSNW is supressed from the
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Figure 5.11. Real (&) and imaginary (&) components of complex di-electric function (a, b),
absorption co-efficient a (c) and joint density of states (JDOS) (d) for AIP/AlAs and
AlAs/AIP radial (R) heterostructure nanowires (HSNWs) and AIP/AlAs axial (A)
HSNW configurations.

remaining two systems indicating its higher capacity of absorption. The other two
systems show quite higher JDOS population thereby confirming their capacity to

absorb photons from extreme end of the optic spectra.

54 Conclusion

The first-principles calculations of the electro-optic properties of AIX (X=P, As)
compounds under bulk and nanostructured configurations based on DFT is
performed. The considered bulk phases, cubic ZB and hexagonal WZ of both
compounds show indirect nature of electronic bandgap. Interestingly, on imposition
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of two-dimensional quantum confinement results in transition of electronic bandgap
from indirect to direct in case of AIP. As expected, the enhancement in the electronic
gap is observed in both compounds under nanowire configuration. As the electronic
bandgap that was 1.39/1.78 eV and 1.35/1.67 eV in case of the bulk configurations of
AlP and AlAs (ZB/WZ), gets enhanced to 2.74 and 2.61 eV for AIP and AlAs NWs,
respectively. These gaps lie within the visible to extreme end of optical regime of the
electro-magnetic spectrum indicating the absorption of visible-to-high energy
photons by the systems. The computed absorption co-efficient profile of the systems
support this observation. In case of AIP NW, the electronic and optical bandgaps are
same subjected to direct electronic bandgap, thereby providing complete radiative
response. Moving towards the most crucial part of the study, i.e. formation of
heterostructure nanowire (HSNW) from the two distinct NWs, the HSNWs of both
types (radial (R)/axial(A)) were constructed and investigated. In case of radial
HSNWs with core/shell geometry both systems, AIP/AlAs and AlAs/AIP HSNWs
possess type-II band alignment which is of utmost importance in case of optical
devices. As far as gap magnitude is concerned, both HSNWs possess the gap between
2.5 to 2.7 eV indicating their application as high-energy photon absorber layers;
furthermore, in case of AlAs/AIP HSNW, the direct nature of bandgap suggests its
potential as an efficient photo-absorber. Assessing the results in case of axial HSNW,
the gap magnitude of 2.74 eV indicate its utilization as wide bandgap semi-conductor
for tandem solar cells. The bandgap alignment in all three cases is of type-II, indicating
their vital role in separation of charge carriers in separate layers. This technique aids

in increasing the carrier recombination rates by modifying their life-times and
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diffusion lengths. This study suggests possibility of utilizing earth abundant and
robust aluminium based group-V materials in the optical and PV industry. The
incorporation of aluminium in such devices will not only be cost-effective and
promising efficiencies, but also will provide solutions to protect the materials from
corrosion, oxidative and harsh chemical environments. The present study gives
insight to the electro-optic responses of the AIX (X=P/As) materials within the bulk
polytypic phases, NW and HSNW regimes thereby drawing a clear picture of the
electro-optic transport through these materials. The transition from bulk to NW to
HSNW could be an efficient pathway to tune these responses so as to achieve

promising outcomes.
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