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A novel paradigm for the fabrication of highly
uniform nanowire arrays using residual
stress-induced patterningf

Zhi Zhao,” Nan Wang,” Hanging Nan,? Li Shen,? Colm Durkan® and Ximin He**°

Patterned low-dimensional (1-D or 2-D) nanomaterials have recently drawn tremendous attention due
to their unique properties. To realize their wide range of potential applications in electronics, sensing
and energy storage, it is critical yet still challenging to fabricate highly uniform 1-D material arrays
(e.g. nanowire arrays) that simultaneously feature high resolution, large scale and tunable geometric
parameters. Herein, we report a novel method for the fabrication of large-area, highly aligned nanowire
arrays using the combination of one-step residual-free nanopatterning via pressure-induced instabilities
and low-temperature hydrothermal synthesis. We demonstrate that the fabrication of highly tunable,
vertically aligned single-crystal zinc oxide (ZnO) nanowire (NW) arrays can be achieved on arbitrary
substrates. The height, diameter, locations and orientations of ZnO NWs are precisely controlled
through the spatial confinement effect of the spontaneously formed polymer masks. The high qualities
of the as-prepared NW arrays have been revealed by the systematic characterization of the morphology,
crystallinity, and electronic properties of single ZnO NWs. Conductive atomic force microscopy (cAFM)
measurements show Schottky barrier characteristics in the /-V curves and a clear registration of the
detected current signal with individual NWs. Mechanically-induced currents are observed to change with
the deformation magnitude of NW, directly indicating the generation of piezoelectricity. This work provides
a novel universal paradigm for patterned 1-D nanomaterial fabrication and opens up unprecedented
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Introduction

Nanomaterials such as one-dimensional metal (oxide) nano-
wires or two-dimensional atomic layers have been identified as
useful building blocks for nanoscale electronic devices, when
they are grown or aligned in a controlled structure.'™ Zinc oxide
(ZnO) nanowires (NWs), for example, have attracted extensive
research interest because of their semiconducting-piezoelectric dual
properties,” direct bandgap and large exciton binding energy,>” and
the diversity of synthetic and processing strategies.® ZnO NWs
grown perpendicular to the substrate with uniform morphology
and good alignment are particularly useful in applications
including antireflection optics, ZnO-polymer hybrid photovoltaic
devices, and chemical/biochemical sensors.”*' The foremost
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opportunities for more design innovations and applications in nano-devices.

promising application of ZnO NWs in piezoelectricity genera-
tors is based on large-area highly-aligned arrays of piezoelectric
NWs, which convert mechanical energy into electrical energy
when they are uniaxially compressed.'>'? Thus the controlled
growth of well-aligned nanomaterials in predetermined config-
urations is the critical prerequisite for realizing the advanced
functions of many 1-D materials.’*" In particular, the morphol-
ogy control of NW materials includes NW shape, diameter, height
and crystallinity, as well as the arrangement of NW arrays, such as
the periodicity and symmetry of NW arrays. Consequently, there is
a strong demand for nanopatterning schemes compatible with
a wide variety of geometric parameters and device fabrication
processes.*?

Wet chemical synthetic routes to many metal oxide NWs at
low temperature (<100 °C) are favorable for their compatibility
with broad choices of substrates and electronics manufacturing in
comparison with high-temperature (>600 °C) vapor-liquid-solid
(VLS) growth methods,?*® but the diameter and orientation of
the as-grown NWs vary significantly.”” Therefore, several pattern-
ing methods have been employed to confine the NW growth via
masking. For example, a patterned photoresist has been used to
define nucleation regions to produce single crystal ZnO disks of

This journal is © The Royal Society of Chemistry 2016
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4 pm width with an aspect ratio <0.5, which as the building
blocks created light emitting diodes and UV photovoltaic cells.*®
Recently, wafer-scale aligned NWs have been fabricated with
polymer masks patterned by laser-interference lithography.>*°
Moreover, electron beam lithography (EBL) has been used to
produce well-aligned patterned ZnO nanowire arrays.”* A com-
mon issue in those methods is the potential contamination from
the post-development residue on substrates,** which may affect
the uniformity of NW alignment. Meanwhile, lack of tunability is
another drawback of those methods, in which only one pattern
can be generated from each photomask. In addition, the pattern-
ing resolution is limited for photolithographic methods, while
EBL is not feasible for economic large-scale fabrication. The
current challenge is how to develop a residue-free, tunable mask
fabrication technique that simultaneously satisfies the resolu-
tion and large-scale requirement in ZnO NW synthesis.

We previously reported a non-conventional nanopatterning
technique based on pressure-induced instabilities in polymer
thin films.>®* Herein, we have employed this technique to
synthesize highly uniform, vertically aligned ZnO NWs at
nanometer resolution. In contrast to conventional lithography
techniques, our method is able to produce patterns with
residual-free surfaces in a single step. By controlling the
patterning parameters or applying post-thermal annealing,
the surface pattern sizes can be tuned between ~20 nm and
hundreds of nm. Using this technique, we have demonstrated
that ZnO NWs of various sizes can be prepared from a single
stamp. The as-prepared ZnO NWs showed characteristic
semiconducting-piezoelectric dual properties and promises
for future electronic applications. As our method obviates the
subsequent etching or developing steps required in other
lithography techniques, which significantly simplifies the fabri-
cation process and reduces the cost, we believe this strategy
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provides a universal, cost-effective paradigm applicable to
many other nanomaterials.

Experimental
Polymer mask fabrication

A detailed polymer patterning method has been described in our
previous publication.>® The polymer that we used in this work
was polystyrene (PS, M,, 50k, PolyScience Inc.). Briefly, a PS film
spun cast onto a single crystal ZnO (sc-ZnO) substrate (Semi-
conductor Wafer, Inc.) or a textured ZnO seed layer chemically
grown on a Si substrate'® was approached by a fluorinated Si
stamp containing 2D conical-shaped sharp tip arrays, with a tip
radius of <10 nm, tip length of 0.5-1.5 um, and periodicity of
2.12 pm (Fig. 1). When the stamp gently touched the film surface
by applying a mild pressure for tens of seconds, hollow circular
patterns were formed simultaneously under the areas in contact
with the stamp. In order to obtain appropriate hole size and well
define the orientation of ZnO NWs grown from the substrate,
the thickness of the PS film was controlled to be 50-80 nm.
Particularly, the 50 nm-diameter circular hole array was made by
imprinting a freshly prepared 60 nm thick PS film at 60 °C under
3 bar pressure for 30 seconds. In order to control the NW
diameter, subsequent thermal annealing was applied on the
patterned PS film containing 50 nm holes at 75 °C for 15 and 30 s
in air to tune the opening diameters to 100 and 300 nm. The
accuracy we have reached in tuning the hole diameter by thermal
annealing was about 5 nm.

Growth of ZnO NWs

The ZnO NW arrays were synthesized in the nutrient aqueous
solution of 20 mmol L' 1: 1 zinc nitrate hydrate (Zn(NOs),-xH,0)

(4) t Removing polymer

TS Es e

nanowire
growth

Fig. 1 Schematic of the fabrication of 2-D patterned well-aligned ZnO NW arrays. (1) A 40—60 nm thick polymer film, spun cast on the ZnO substrate,
is approached by a fluorinated Si stamp containing conical-shaped sharp tip arrays, with a tip radius of <10 nm, tip length of 0.5 um, and periodicity of
2.1 um. The stamp gently touches the film surface by applying a pressure of 3-5 bar. A 20—70 nm diameter circular opening array forms under the areas
in contact with the stamp. After 50-60 seconds, the stamp is lifted from the film. (2) The diameter of the as-produced openings in the polymer film was
increased from 50 to 100 and 300 nm by using thermal annealing at 75 °C. (3) Growth of single ZnO NWs by hydrothermal synthesis. (4) Removal of the

polymer film by soaking the sample in a solvent.
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and hexamethylenetetramine (HMTA). The substrates were
vertically placed in the nutrient solution. The whole system
was heated in a water bath up to 96 °C for 20 and 120 minutes
respectively for growing the 0.65 and 3.2 pm long NWs.

Morphology and crystal structure characterization

The morphologies of the as-produced ZnO NW arrays were
studied by SEM (Variable pressure, Leo) and AFM (Molecular
Force Probe MFP-3D, Asylum Research) under tapping mode.
The crystal structures of the ZnO NWs were studied by TEM and
XRD (Philips/Panalytical PW3050/65 X’Pert). TEM samples were
prepared by transferring the as-grown ZnO NWs to a carbon
film on a copper grid. A Phillips CM30 microscope, equipped
with a LaB6 thermionic gun and a 300 keV acceleration voltage,
was used to perform conventional TEM including bright field,
dark field and diffraction on individual ZnO NWs.

Electrical property characterization

The morphology and piezoelectric properties of the as-produced
ZnO NW arrays were studied by using the conducting AFM
(Molecular Force Probe MFP-3D, Asylum Research) with a
Pt/Ir-coated Si probe (tapping probe, probe tip height: 10-15 um,
tip radius of curvature: 10-20 nm, cantilever: Si, resistivity:
0.01-0.02 Q cm, resonance frequency: 204-497 kHz, spring
constant: 0.1 N m~", nanosensors). The I-V spectra at contact
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mode was recorded under dark conditions at a voltage sweep
rate of 3 mV s~ using a constant normal force of 6 or 8 nN. The
piezoelectric responses via single NW manipulation or during
AFM scanning at contact mode were measured without any
external voltage. When the tip scanned over the top of the ZnO
NWs, the position of the tip was adjusted according to the
surface morphology and local contacting force. A metal pin
fixed on the metal sample holder was used to fix the sample
and connect the substrate to the measurement circuit for their
electric contact. Silver paint was applied between the bottom of
ZnO substrate and the sample holder to make sure a good
electric contact. The electrode at the base of the sample was
grounded. For single NW piezoelectricity measurements, multi-
ple experiments (20-30 times) were performed with the cAFM
cantilever tip pressing at all positions (position 1, 2, 3 and 4 as
shown in Fig. 5) in order to investigate the repeatability and
reliability of the cAFM piezoelectric experiments.

Results and discussion
Morphology of ZnO nanowires

Perfectly aligned and highly uniform ZnO NW arrays, as shown
in Fig. 2, were successfully fabricated on sc-ZnO substrates using
this approach, with each opening containing a single NW. The
TEM images have shown very good crystallinity and a close match

Zone axis [1210]
0001

1010

0 2 4 6 8 10
X (um)
Fig. 2 SEM (a—c and f), TEM (d) and AFM (e) images of 2.12 pm pitch patterned nanowire arrays grown in 20 mmol L™* nutrient aqueous solution for
20 minutes, on patterned ZnO crystal substrates. (al)—(c1) are plane view images. Insets: magnified image of a single NW; (a2—-c2) are 45° tilt view images,
corresponding to (al-cl). The opening diameters in (a), (b) and (c) are 50, 100 and 300 nm, respectively. (f) is the 45° tilt view panoramic SEM image of a
1 x 1 mm patterned NW array, corresponding to (c1) and (c2). (d1) is a weak beam dark field TEM image of a NW grown identically for 120 minutes, with
red arrows pointing out possible planar defects and green arrow the thickness fringes. Corresponding diffraction patterns taken on the zone axis [1210]
are shown in (d2), with two typical diffraction spots labeled. (el-e3) are (tapping mode) AFM 3-D height image, plane-view height image, and cross-
section profile of the NWs grown from 100 nm openings under identical conditions for 20 minutes.
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between the (0001) crystal plane of the sc-ZnO substrate and the
NW lattice. This is good proof of the fact that the polymeric
materials were spontaneously excluded from the contact area
during the stamping step, leaving a neat and clean substrate
surface. Meanwhile, the polymer surrounding the hole formed
a slightly elevated rim, provided effective spatial confinement
to guide the NW growth. For comparison, ZnO NW arrays were
also synthesized on ZnO seed layers deposited on Si substrates
(Fig. S1, ESIY). Interestingly, the opening size affected the number
of the as-prepared ZnO NWs grown from a single opening.
Vertically aligned single NW was observed to grow out of 50 nm-
diameter PS holes. On the other hand, multiple ZnO NWs were
seen in holes with 100 and 300 nm openings. The number
of NWs was likely determined by the number of ZnO seeds
exposed in each opening. Previous research has shown that when
the accessible nucleation sites increased, denser but smaller ZnO
NWs would form.>* In our case, more ZnO seeds would be
contained in larger PS holes, resulting in the phenomenon we
observed (Fig. S1, ESIT). Appropriate treatment of the ZnO seed
layer has been demonstrated to be able to control the density of
ZnO NWs, which can be potentially applied in our method to
produce single ZnO Nws.**?>

Fig. 2a-c shows the top-view (Fig. 2a1-c1) and 45° tilted-view
(Fig. 2a2-c2) SEM images of highly uniform ZnO NW arrays
grown on sc-ZnO substrates. Thermal annealing of the nano-
patterned PS film induced an expansion of the hole size due
to the increased polymer chain mobility and removal of the
remaining solvent.>® As the opening size increased from 50 to
100 and 300 nm, the NW top diameters increased from 144 nm
to 211 nm and 380 nm, respectively, and the bottom diameters
from 400 nm to 560 nm and 600 nm; while the height remained
the same at 3.2 um for 120 minute growth and at 0.65 um for
20 minute growth, as measured by AFM (Fig. 2e1-e3). Their
shapes and sizes were very uniform, with only 0.8% standard
deviation (STD) for their diameters, for example, in the case of
the NWs grown from 300 nm openings. The result showed that
both the hole size and the lateral growth of ZnO nanowires were
highly uniform and reproducible. The NWs were regular hexa-
gonal pillars with a uniform conical shape, whose diameter
gradually decreased from the bottom to the top (approx. half of
the bottom size). The top/bottom outer diameter of the NWs,
grown from the 100 nm openings for example, was 211/560 nm,
respectively. It should be noted that their diameters exceed the
size of the openings in polymer films as a result of overgrowth
in lateral directions.*® Using the polymer mask, the NWs were
placed with a minimal positional deviation of 0.9% (18 nm STD for
the 2.12 pm pitch), calculated by measuring the center-to-center
distance between the ZnO NWs (Fig. 2el1-e3). Additionally, the
panoramic view image in Fig. 2f reveals that the area of uniformly
aligned NWs can reach 1 x 1 mm?, showing the excellent large-
scale patterning capability of our method.

The TEM diffraction patterns (Fig. 2d2) indicate that the
NWs are single crystalline with hexagonal symmetry, consistent
with the wurtzite structure of ZnO. Together with the SEM images,
we can infer that the NWs grow along the [0001] direction and are
enclosed by six facets.*® In the weak beam dark field image taken

This journal is © The Royal Society of Chemistry 2016
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with a reflection g = 10-10, we observe the thickness fringes along
the NW, as shown by the green arrow in Fig. 2d1, which is due to
the 2D projection of the crystal facet and indicates the good
crystalline quality of the NWs. Planar defects are also observed,
as pointed out by the red arrows in Fig. 2d1. The good
morphology and crystallinity indicated that high-quality ZnO
NWs were achieved during the synthesis and that the PS
film, with a T, of ~100 °C, survived the NW growth without
deformation or decomposition. The ZnO NW fabricated on ZnO
seed layer-covered Si generally showed the same structure/
crystallinity as those obtained from the sc-ZnO substrate,
with some slight differences in NW geometric parameters
(Fig. S2, ESIY).

Characterization of piezoelectric properties

The semiconducting-piezoelectric dual properties are charac-
teristic for ZnO NWs and required for many applications.” It is
highly desirable that the patterned NWs are able to yield stable
and uniform piezoelectric output current over a large surface
area. To characterize the piezoelectric properties of thus-prepared
NW arrays, the electric responses to the mechanical deformation
of the NW arrays were measured using cAFM. When the cAFM tip
scanned across the as-grown ZnO NW array, the output current
signals were simultaneously collected along with the height
signals. The current was defined in such a way that positive
current represented that the electrons moved from ZnO NWs to
the AFM tip.”” We observed regular current signals clearly
registered to the NW location, as shown in Fig. 3. The output
current was almost identical for all the NWs, indicating that the
consistently high quality of individual nanowires led to uniform
piezoelectric properties across the sample. The current signals
were comparable to the (disordered) output signals from homo-
geneously grown ZnO NW arrays reported previously,’”° but
the uniform bending distance recorded in the topography image
(Fig. 3a) was observed much more clearly.’’ From the output
current, the ZnO NWs can be identified as n-type.*®*?” The
observed positive current was in line with theoretical studies
on potential and electron distributions in bent ZnO NWs, where
the charge carriers were accumulated at the stretched side of the
ZnO NW, while the electrons at the compressive side were largely
depleted.?”®

It is important to note that, despite the good matching
between the topography and current, the measurements given
above and also in previous reports involved complicated move-
ments of both the cAFM tip and NWs: as the cAFM tip scanned
laterally across such high aspect-ratio features, sudden vertical
movements of the scanner were required to maintain the con-
stant contact force.’’>**® Depending on the particular micro-
scope used, this could induce both topographic and electrical
artifacts. This inevitable problem, together with the complexity
of the varying contact interface and mechanics in the lateral scan
measurement, made the data analysis and explanation of the
NW piezoelectric behavior complicated.”’ To avoid scanning-
related artifacts, we further vertically compressed individual ZnO
NWs with a constant force or bias to investigate their electrical
and piezoelectric properties, as illustrated in Fig. 4a. Since the
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Fig. 3 Topographic (a and c) and current (b and d) images of NW arrays as
shown in Fig. 2b2 in contact mode. The height and top diameter of the
NWs are 3.2 um and 250 nm, respectively. (c) and (d) are 3D images of
(@) and (b) respectively. (e) shows the corresponding topographic and
current profiles. Scan area: 20 pum. Scan speed: 25 um s~ The AFM data
were analyzed using WSxM 4.0.%2

measured current was produced without the interference from
any lateral force as reported before,*>*° other complicating factors
that might affect the analysis of the data, such as displacement
current,” changes in capacitance/resistance of the tip-sample
contact, and triboelectric effect,** could be ruled out.

All the single NW characterizations were performed with
330 nm-wide (top diameter) and 3.2 um-tall ZnO NWs. First, I-V
curves of individual ZnO NWs were recorded (Fig. 4a). These I-V
curves showed a typical Schottky contact behavior.** The recti-
tying behavior of the I-V curve indicated the existence of the
Schottky barrier across the tip-nanowire, which was important
for piezoelectric charge preservation.*® From the I-V curves, we
plotted In|I| oc |V]**,*® and obtained a good linear relationship
as shown in Fig. S3 (ESIt). This result verified that the piezo-
electric potential was generated at the metal tip-semiconductor
NW interface under external mechanical force, which had been
known as piezotronic effect and utilized to fabricate strain-
gated piezotronic transistor arrays using vertical ZnO NWs.***”
The very uniform and aligned ZnO arrays produced here are
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Fig. 4 (a) Schematics of the cAFM measurement on individual ZnO NW.

(b) I-V curves obtained by aligning the AFM tip on the top of a ZnO NW

(position 1) with the applied force of 6 and 8 nN respectively and bias

sweeping a cycle between —2 and 2 V: starting from 0 to 4, back to 0, and

then to —4, finally back to 0 V. Rate: 3 mV s™2,

expected to further improve the performance of such transistor
arrays and their potential application in high-resolution strain
and pressure mapping.

Based on this finding and using the same setup, we further
studied the piezoelectric characteristics of single ZnO NWs in
the way as illustrated in Fig. 5a, right panel. A cAFM tip was
repeatedly brought into contact at different positions on the top
of individual vertically aligned ZnO NWs without any applied
bias. The current response and cantilever deflection upon verti-
cally pressing at each position on the NW top surface illustrated
in Fig. 5b were simultaneously recorded, as shown in Fig. 5c1-c4.
All measurements were repeated for 100 cycles and the average
data are presented with STDs in the range of 0.2-8%.

A control experiment was conducted on the substrate
(position 0), with the AFM cantilever deflected by an identical
amount as when on the top of a NW; no detectable current
response (<1 pA) was observed, as shown in Fig. 5¢0, which is
consistent with the fact that no piezoelectricity was generated.
In contrast, a small amount of pA current was observed upon
vertically pressing onto the center of the NW (position “1” as
shown in Fig. 5c1). When the tip is pressed slightly off-center
(38 nm, position “2”), a higher current was observed at the
moment when the cantilever deflection was 46 nm, and the
current increased to 46-68 pA (56 pA on average) at a deflection
of 80 nm, which corresponds to an applied force of 8 nN. When
the tip was moved further towards the edge, the current response
increased to 95 and 136 pA, at positions “3” and ““4”, 76 and
114 nm away from the NW center. Such vertical pressing at a
series of different positions on the NW top surface with precise
distances from the center resulted in well-controlled deflection
of NWs. This was indicated by the different deflections of the
cantilever under the same pressing force (Fig. 5c0-c4) and also
previously observed from the bending distance recorded in the
topography image (Fig. 3a). The generation of output current
directly and clearly revealed the piezoelectricity of ZnO NWs,
which was in agreement with a previous result obtained by
laterally scanning across ZnO NWs.”® The vertical loading
generated dipoles in the bent NW, which in turn created a
potential difference perpendicular to the axis of the NW. The
clear position-dependence of output current we observed
was attributed to the larger deformation of ZnO NW under an

This journal is © The Royal Society of Chemistry 2016
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Fig. 5

(a) Schematics of single NW bending using cAFM. (b) Positions probed (cO—-c4) current—force curves showing the current response (upper) and

the deflection of cantilever (lower) as the function of vertical distance of the AFM tip. Recorded without bias applied, and while vertically pressing (red curves)
and subsequently withdrawing (blue curves) away from the substrate at various positions (c0).

off-center force. Such a property is highly valued and may be
applied in sensing, high-resolution strain, pressure mapping,
etc. The statistical data for different positions at 80 nm deflec-
tion are summarized in Table S1 (ESIt{). Our results can be
rationalized by a simple calculation on the relationship of the
piezoelectricity versus force applied on the center of the ZnO
(see the ESIf for more details). Briefly, the piezoelectric effect
came from a change in the dimension of the NW under com-
pression (note, we assume a vertical compression for simplicity,
rather than bending of the NW). By taking into account the
Young’s modulus, the aspect ratio of the NW, and the ZnO
c-axis piezoelectric constant, we can plot the voltage output as a
function of compressive force (Fig. S4, ESIt). The order of
magnitude of the predicted voltage produced compares reason-
ably well with experimental data taken at 8 nN (after converting
the current to voltage).

Conclusions

In conclusion, we have demonstrated how one-step residual-
free nanopatterning in combination with hydrothermal synthe-
sis under mild conditions can be used as a cost-efficient
method to fabricate highly vertically aligned and uniform NW
arrays with good positional and dimensional accuracy. As
a proof-of-concept example, ZnO NWs with top diameters
ranging from 144 nm to 300 nm and lengths from 0.65 to
3.2 um were obtained with good crystallinity. The control over
the geometric parameters and spatial distribution of ZnO NWs
greatly facilitated the study of electromechanical properties of
individual ZnO NWs using cAFM. Large-area scanning yielded

This journal is © The Royal Society of Chemistry 2016

an output current pattern matching the vertical displacements
of the AFM tip. Closer characterization of individual ZnO NWs
revealed that the increase in the bending of the NW induced by
compressive force applied on the NW resulted in an increase in
the output current. The magnitude of the output current
appeared to be related directly to the degree of NW bending
determined by where and how hard the AFM tip pressed onto
the NW. These comprehensive studies on synthesis, fabrication
and characterization provide an ideal platform for further
investigations into the fundamentals of many other types of
1-D materials and offer a route to the incorporation of NWs
with desired electrical properties into a variety of devices.

The perfect uniformity of the patterned 1-D nanomaterials,
in terms of the geometric shape, diameter, height and crystal-
linity, would lead to highly uniform physical properties and
functions such as the bending induced current. Particularly, a
consistent electric power generated by uniaxially compressing
a highly aligned array of piezoelectric nanowires (e.g. ZnO,
PbZr,Ti; ,O3, etc.) of the same height prepared by this method
would dramatically improve the feasibility and efficiency of
using nanogenerators for powering mobile and even personal
microelectronics.”® Also, patterned and well-aligned high
aspect-ratio nanostructures grown in this way allow the precise
control of the interaction between incident light and micro-
structures and thus help improve optical function, such as the
antireflection efficiency.*® Controlling the spacing between
nanostructures could solve the problem of insufficient infiltra-
tion of conjugated polymers into the nanostructured semi-
conducting matrix when fabricating hybrid polymer photovoltaic
devices. These well-controlled arrays may serve as scaffolding
for the deposition of other materials for an even wider range
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of applications. Such in-site growth control can be applied to a
broad range of materials, including metals, metal oxides and
polymers. For example, PbSe nanorods and CuS nanowires have
been synthesized via low temperature hydrothermal processes,
which should be compatible with our method.>*>" This will aid
the incorporation of nanomaterials into a variety of devices.
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