Downloaded via CORNELL UNIV on March 22, 2021 at 03:41:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.. .5

pubs.acs.org/NanoLett

Local Electronic Properties of Coherent Single-Layer WS,/WSe,

Lateral Heterostructures

Charlotte Herbig, Canxun Zhang, Fauzia Mujid, Saien Xie, Zahra Pedramrazi, Jiwoong Park,*

and Michael F. Crommie*™

Cite This: https://dx.doi.org/10.1021/acs.nanolett.0c04204

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

Q Supporting Information

ABSTRACT: Lateral single-layer transition metal dichalcogenide
(TMD) heterostructures are promising building blocks for future
ultrathin devices. Recent advances in the growth of coherent
heterostructures have improved the structural precision of lateral
heterojunctions, but an understanding of the electronic effects of
the chemical transition at the interface and associated strain is
lacking. Here we present a scanning tunneling microscopy study of
single-layer coherent TMD heterostructures with nearly uniform
strain on each side of the heterojunction interface. We have
characterized the local topography and electronic structure of
single-layer WS,/WSe, heterojunctions exhibiting ultrasharp
coherent interfaces. Uniform built-in strain on each side of the
interface arising from lattice mismatch results in a reduction of the
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bandgap of WS,. By mapping the tunneling differential conductance across the interface, we find type-II band alignment and an
ultranarrow electronic transition region only ~3 nm in width that arises from wave function mixing between the two materials.
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wave function hybridization

emiconductor heterostructures (HSs) are composed of

two different semiconducting materials that make contact
at a junction interface. While most heterojunctions in van der
Waals materials occur in the vertical (out-of-plane) direction, a
number of atomically flat lateral heterojunctions have also been
characterized.'~” For example, WS,/WSe, and MoSe,/WSe,
heterojunctions made using chemical vapor deposition (CVD)
techniques have been observed to exhibit diode-like responses
and photovoltaic effects.”*® Lattice-mismatched in-plane HSs
have also been shown to provide a platform for altering TMD
electronic structure by means of strain engineering.””"
Irregular MoSe,/WSe, interfaces have been observed to
exhibit type-II band alignments and narrow transition regions,
but this system does not allow intrinsic strain engineering due
to the nearly identical lattice constants of TMDs with the same
chalcogen atoms (i.e, Se in MoSe, and WSe,).'” HSs of
WSe,/MoS,, on the other hand, have a lattice mismatch of
approximately 4% (sulfides smaller than selenides) which has
resulted in strong spatial variation in the electronic structure of
MoS, caused by the irregular interface strain field.” Recently Li
et al.” and Xie et al.'"’ have shown that it is possible to fabricate
lateral heterojunctions between different TMD materials that
are defect-free despite large lattice mismatches. These
“coherent” interfaces are grown using two-step CVD or
metal—organic chemical vapor deposition (MOCVD) and
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have been shown to exhibit uniform strain distributions on
either side of the heterojunction.'’ Although the electronic
effects of such strain have been investigated using photo-
luminescence, the limited spatial resolution of this technique
has not allowed the local, nanoscale interplay of interface
electronic structure and strain effects to be investigated yet for
coherent heterojunctions.

Here we present a combined synthesis and scanning
tunneling microscopy/spectroscopy (STM/STS) character-
ization study of single-layer WS,/WSe, lateral HSs with
coherent interfaces more than 50 nm in length. Atomic-scale
characterization via STM/STS allows us to identify both the
effects of lattice-mismatch-induced nearly uniform strain and
the effects of “wavefunction tailing” ' across the interface. At
large distances from the interface (IAxl > 1.5 nm) we identify a
strain-induced reduction of the bandgap in WS, by 240 meV,
as well as a charge-transfer-induced rigid band shift on each
side of the heterojunction. In the near-field region (IAxIS1.5
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Figure 1. Lateral heterostructure of single-layer TMD. (a) SEM image of a coherent single-layer WS,/WSe, superlattice on SiO,. (b) Large-scale
STM topograph of a coherent single-layer WS,/WSe, superlattice after transfer from SiO, to graphite (HOPG). Scanning parameters: 10 pA, —1.8
V, T = 47 K. (c) Atomically resolved STM image of the coherent single-layer WS,/WSe, interface (marked by dashed blue line). Scanning
parameters: 50 pA, 1.5V, T = 4.7 K. (d) Atomic model of the WS,/WSe, heterojunction shown in (c). Tungsten atoms are black, sulfur atoms are
yellow, and selenium atoms are pink. The interface is marked by a dashed blue line.

nm) we observe type-II band alignment and rapid electronic
evolution arising from wave function mixing at the interface.
We have spatially mapped these eftects using dI/dV spectros-
copy and are able to disentangle the effects of strain from our
measurements to determine the intrinsic electronic length scale
associated with wave function mixing between the two
materials.

Coherent WS,/WSe, superlattices were grown by modu-
lated MOCVD on 300 nm SiO,/Si wafers via the growth
method previously reported in ref 10. At coherent interfaces
the 4% lattice mismatch between WS, (a, = 0.315 nm) and
WSe, (a, = 0.328 nm) is not released by dislocation defects;
instead, nearly uniform strain is generated on each side of the
heterojunction since the lattice constant parallel to the
interface is held constant across the entire HS. Figure la
displays an SEM image of a representative WS,/WSe,
superlattice with a large-scale triangular morphology and
alternating stripes of dark and bright regions that correspond
to WS, and WSe, single-layers, respectively (the width of the
stripes is controlled by the growth time). To facilitate STM
measurements, a modified growth procedure was adopted to
ensure a high density and coverage of triangular WS,/WSe,
superlattices. This resulted in partial coalescence of the
triangular islands and partial disruptions to straight interfaces
at their outer edges compared to the well-separated super-
lattices in ref 10. Overall lattice coherency, however, was
maintained. After growth and SEM characterization the
triangular islands were transferred to highly oriented pyrolytic
graphite (HOPG) using a water-assisted transfer method for
STM/STS measurement (see Methods in the Supporting
Information; a representative SEM image of transferred
heterostructures on HOPG is shown in Figure SI).

A large-scale STM topograph of the transferred WS,/WSe,
HS is displayed in Figure 1b. The period of the WS,/WSe,
superlattice is approximately 70 nm with slightly wider WSe,
regions. The origin of the topographic contrast between the
two materials is mostly electronic due to different band offsets
that provide a lower (higher) apparent height for WS, (WSe,)

at a sample bias of —1.8 V (see the Supporting Information
and Figure S2 for bias-dependent measurements). However, an
abrupt interface can be found that is independent of the bias
and so indicates a sharp chemical transition. Depending on the
tunneling conditions, irregular features in the form of bright or
dark dots are visible on both TMD materials with largely
uniform density, which we ascribe to the surface adsorbates
introduced during the growth and transfer. Comparison of
atomic-resolution images (Figure 1c) obtained over the same
area at different biases suggests the atomic interface model
displayed in Figure 1d. We identify a zigzag interface that is
interrupted by short armchair segments (dashed blue line)
consistent with previous reports.w

The WS,/WSe, HS maintains lattice coherence over a
length scale of at least SO nm (~150 unit cells (Figure 2a). No
misfit dislocation can be found along the interface (red dashed
line in Figure 2b) in the filtered inverse fast Fourier transform
(FFT) of the area shown in Figure 2a. In the inverse FFT
procedure the WS, and WSe, Bragg peaks in one direction
(marked by blue circles in the FFT in Figure 2c) are isolated
and inverted. In an incoherent superlattice an additional
atomic row would be expected on the WS, side of Figure 2b at
least every 25 unit cells to compensate for the lattice mismatch.
Previous studies of incoherent HSs report even higher defect
densities.”

We now analyze the strain distribution in the WS,/WSe, HS
based on structural characterization. The FFT peaks in Figure
2c¢ all exhibit “doublet” behavior due to contributions from the
two different materials. Quantitative determination of atomic
lattice values from the doublet separation is difficult since the
Bragg peaks of WS, and WSe, are too close for the largest k-
values. On the other hand, the HS forms a moiré pattern with
the underlying HOPG lattice due to lattice misfit and a
rotation angle of ~10°. The moiré pattern is reflected in the
FFT as doublet peaks that form at smaller k-values in Figure
2¢, and they typically show a larger separation between the
WS, and WSe, signals since they originate from higher order
Bragg peaks (see Figure 2d). Projecting this separation onto
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Figure 2. Coherent single-layer WS,/WSe,interface. (a) STM image
of the coherent interface between WS, (left) and WSe, (right) for a
single-layer heterojunction. Scanning parameters: 20 pA, =800 mV, T
= 4.7 K. (b) Inverse FFT of area shown in (a) based on the two
circled WS,/WSe, Bragg peaks in the FFT shown in (c). Red dashed
line indicates the position of the heterojunction interface. (c) FFT of
the image shown in (a). (d) Color-coded graphical explanation of the
FFT in (c). WS, Bragg peaks are green, WSe, Bragg peaks are pink,
HOPG Bragg peaks are white, WS,/HOPG moiré peaks are blue,
WSe,/HOPG moiré peaks are orange. The origin of the moiré peaks
can be seen by the lines connecting TMD and HOPG Bragg peaks.

two orthogonal directions, we estimate the relative lattice
mismatch between WS, and WSe, parallel to the interface to
be

3WSe2) = 4(WS,) _ 08 + 03)%

q (1)

and perpendicular to the interface to be

a(WSe)) = aWSy) _ 35 4 0.4y
- 2)

Previously reported coherent WS,/WSe, superlattices grown
by a similar method show a lattice mismatch close to zero
along the interface and a lattice mismatch of 1.2%
perpendicular to it.'"” We attribute the difference here to our
slightly adjusted sample preparation procedures, including the
growth recipe which yields a higher coverage to accommodate
STM characterization as well as possible relaxation during the
transfer to HOPG and annealing (including formation of some
irregularities and cracks in the HS). Nevertheless, the lattice
mismatch in the parallel direction in our sample is still much
smaller than the pristine value of 4% (consistent with the
coherent nature of the interface) and suggests a large mostly
uniaxial built-in strain for both materials. No obvious rippling
has been observed in our sample that could partially relax this
strain (see the Supporting Information for details). The
resulting parallel (&) and perpendicular (¢;) components of
the strain tensors for the two materials can be written as

“H,i(wsz) — ay(WS,)
ao(WS,)

g, 1L (WS,) =

ay, 1 (WSe,) — ag(WSe,)
ay(WSe,) (3)

Since (ag(WSe,) — a,(WS,))/a, = 4%, we have (to first order)

g),1(WSe,) =

£, (WS,) — £ (WSe,) = 4% — 3.7% = 0.3% (s)

Both the atomic and moiré lattices remain uniform as one
moves across the interface (Figure S3), consistent with an
abrupt strain transition at the interface and also corroborating
the uniformity of strain within each material.

After establishing the coherent nature of our TMD HS, we
characterized the effects of the built-in mostly uniaxial strain on
the band structure of WS, and WSe,. To accomplish this, we
first compared STS measurements that we acquired far (>7
nm) from the HS interface with STS measurements performed
on pristine WS, and WSe, samples grown and transferred to
HOPG in the same manner (i.e., “pure” single-layer WS, and
WSe, without any heterojunctions). This ensures that the band
renormalization effect from the substrate as well as possible
artifacts in the gap determination procedure applies to both
samples, and thus observed changes reflect the true difference
between the HS and pristine single-layer TMD.'" Figure 3b
and Figure 3c show representative spectra of the valence and
conduction bands of the HS obtained at the positions
indicated by the green (WS,) and pink (WSe,) dots in the
STM image in Figure 3a. In order to correctly identify the
band edges, constant-height (dI/dV), spectra were taken over
limited energy ranges. The position of the valence and
conduction band onsets was determined by averaging over
several spectra and utilizing the method established in ref 15.
The conduction band minima (CBM) for WS, and WSe, are
located at 0.64 and 1.1S5 eV above the Fermi level, whereas the
valence band maxima (VBM) reside at —1.54 eV and —0.81 eV
below the Fermi level, respectively (the bright or dark spots
visible in the STM image had no noticeable effect on the STS).
This results in a bandgap of 2.19 eV for WS, and 1.96 eV for
WSe, in the heterostructure.

STS results for the pristine TMD single-layers are shown in
Figure 3d,e. Here the CBM for WS, and WSe, are found at
0.91 and 1.16 eV while the VBM are found at —1.51 eV and
—0.79 eV, yielding bandgaps of 2.42 and 1.95 eV for WS, and
WSe,, respectively. Our bandgap values agree well with some
found in the literature,"*™"” but a larger bandgap of 2.12 €V for
single-layer WSe, on HOPG has also been reported.”” We
attribute this discrepancy to the different methods utilized in
determining band edge positions. Comparing our energy gap
values for both the HS and pure materials, we deduce that WS,
experiences a reduction in bandgap of 240 meV when it is
incorporated into a coherent HS relative to a uniform material.
The bandgap of WSe,, on the other hand, is unchanged by
incorporation into a coherent HS (see Table 1).

We next visualized the band structure across the coherent
HS interface in order to map out the intrinsic length scale of
the electronic transition. This is challenging due to the high
dynamic range (several orders of magnitude) that is required in
the tunnel current measurement to resolve all of the various
features of the HS band structure. The problem is best
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Figure 3. Determination of single-layer band edges. (a) STM image of the interface region of a coherent single-layer WS,/WSe, heterojunction
(WS, left; WSe, right; scanning parameters 20 pA, —800 mV). Constant-height STS spectra are shown for (b) valence bands (I, = 100 pA, V,,oq =
20 mV, WS, V. = =2V, WSe, V,, = —1.5 V) and (c) conduction bands (I, = 100 pA, V,,q = 20 mV, WS, V. = 1.2V, WSe, V,,, = 1.5 V)
obtained in the WS, (green dot in (a)) and WSe, (pink dot in (a)) regions away from the interface. Constant-height STS spectra are also shown for
(d) valence bands (I, = 100 pA, V,,.q4 = 20 mV, WS, V. = —1.9 V, WSe, V,,, = —1.2 V) and (e) conduction bands (I, = 100 pA, V,,.q = 20 mV,
WS, Vo = 1.2V, WSe, V., = 1.5 V) of uniform single-layer WS, (blue curve) and uniform single-layer WSe, (orange curve) on HOPG. Black

arrows indicate the positions of band edges. T = 4.7 K.

Table 1. Electronic Features: Conduction Band Minima
(CBM), Valence Band Maxima (VBM), and Bandgap for
Single-Layer WS,/WSe, in Coherent HSs and Pure Single-
Layer WS, and WSe,

CBM (eV) VBM (eV) bandgap (eV)
WS, (HS) 0.64 —1.54 2.19
WSe, (HS) 115 —0.81 1.96
WS, (pure) 091 -1.51 242
WSe, (pure) 1.16 —-0.79 1.95

illustrated by looking at HS dI/dV spectra over the full energy
range —2 V < V}, < 2 V shown in Figure 4a. Here a tip height
was chosen to give a high dI/dV signal at the voltage end
points (+2 V) and the tip was held at constant height during
an open-feedback voltage scan. The problem occurs near the
band edges where the dI/dV signal falls too low for detection.
This reduction in signal strength is due to the fact that WS,
and WSe, band edge states arise from the K- or Q-points of
their respective band structures (see, for example, the band
structures shown in ref 21). Band states with high parallel
momentum, such as occur at the K-point, penetrate less into
the vacuum than states that have low parallel momentum, such

as occur at the I-point.”> An STM tip must therefore be
brought much closer to the surface to detect K/Q-point states.
This is straightforward to accomplish but has the unfortunate
side effect of then causing the dI/dV signal coming from the I'-
point states to rise too high, thus overloading the STM
preamp. This can be seen from the dI/dV spectra of Figure 4b
which were obtained at the same locations as in Figure 4a but
with the tip brought closer to the surface by ~1.6 A. The filled-
state spectrum taken on the WSe, side is now seen to have
significant state density at V}, = —1 V that could not be seen in
the spectrum of Figure 4a (marked by a vertical dashed line).
Much of the I'-point state density, however, is now lost, since
the signal from the I'-point states is too high for detection at a
single gain setting (i.e., the signal for V},, < —1.5 V overloads the
STM current preamp). A similar effect can be seen for
conduction band states on the WS, side of the HS.

Such behavior has been noted before in single-layer
TMDs,"¥*>*® and strategies have been developed to mitigate
this issue and to increase the dynamic range of dI/dV
sweeps.' ¥ ?%** One strategy explored by several groups
involves keeping the feedback loop closed during dI/dV
measurement so that the tip height changes during the voltage
scan to keep the dc tunnel current constant.”* States that do
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Figure 4. Comparison of constant-height and constant-current
scanning tunneling spectroscopy. (a) Large-range constant-height
dI/dV spectra obtained at the color-coded WS,/WSe, HS positions
shown in Figure 3a and plotted on a log scale (I, = 100 pA, V, = —2
V, Vioa = 20 mV). (b) Smaller energy range constant-height dI/dV/
spectra obtained for the same positions as (a) but with a smaller tip—
surface separation (I, = 100 pA, V04 =20 mV, WS, VB V,,, = -2V,
WSe, VB V,,, = —1.5 V, WS, CB V,,, = 1.2V, WSe, CB V,,, = 1.5 V).
(c) Constant-current dI/dV spectra from the same positions plotted
on a linear scale (I, = 10 pA, V,,,q= 10 mV, VB V,,,= =2V, CB V,,
= 1.5 V). Band-edge features in the spectra are marked by dashed
lines that also indicate the band structure momenta identified with the
marked states. T = 4.7 K.

not penetrate far into the vacuum are then detected as the tip
naturally moves toward the surface. Quantitative analysis of
such dI/dV spectra is complicated by convolution of the effects
of tip motion, but states having very different vacuum
penetration factors can be nicely observed in this way via a
single dI/dV sweep. Zhang et al. have shown that this constant-
current dI/dV technique ((dI/dV);) is effective for detecting
K-point states in TMD layers that coexist with I'-point
states.””” We have employed this technique to detect
electronic states near the band edges in WS,/WSe, HSs as
shown in Figure 4c (the corresponding (Z—V); curves are
shown in Figure S4). Comparison of Figure 4c to Figure 4a,b
shows that (dI/dV); is effective at simultaneously detecting
both K/Q-point and I'-point band-edge states (which appear
as resonances) over a wider range of energy than is possible
with single-sweep constant-height dI/dV measurement.

We utilized this technique to map the evolution of single-
layer WS,/WSe, coherent HS electronic properties as a
function of distance across the heterojunction interface (Figure
S). Figure Sb (empty states) and Figure Sc (filled states) show
the result of constant current (dI/dV); sweeps at different
points along the trajectory shown in the STM topograph of
Figure Sa (the HS interface lies at x &% 5 nm). On the WS, side
of the HS (left side) far from the interface (e.g, at x = 0) two
distinct resonances are seen in the conduction band (empty
states) that arise from states at the Q- and K-points of the WS,
band structure. These can also be seen in the green spectrum
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Figure S. Heterojunction electronic structure evolution visualized by
constant current spectroscopy. (a) STM topograph of coherent
single-layer WS,/WSe, interface (scanning parameters 20 pA, —800
mV, T = 4.7K). (b) and (c) show spatial dependence of constant-
current dI/dV spectra of the CB and VB, respectively, obtained across
the heterojunction interface along the trajectory marked by pink dots
in (a). White line marks the interface, and red arrows indicate the
near-field transition region. Yellow vertical dashed lines mark line-cuts
corresponding to spectra shown in Figure 4c. Spectroscopy
parameters: I, = 10 pA, V.q = 10 mV. T = 47 K.

of Figure 4c which corresponds to the yellow dashed line at x =
0 in Figure Sb (the filled states at x = 0 show a merged
resonance arising from states at the I'- and K-points that can
also be seen in the green spectrum of Figure 4c). On the WSe,
side of the HS (right side) far from the interface (e.g, at x =
10.5 nm) K- and Q-point states are seen to merge into a single
resonance in the conduction band while the filled states show
two widely separated resonances identified as K- and I'-point
states. These features are more clearly resolved in the pink
spectra of Figure 4c.

Inspection of Figure S shows that the electronic states of
WS, and WSe, smoothly merge as the interface is approached
from either side. Two regimes can be identified with behavior
near the interface (IAxlS1.S nm) differing significantly from
behavior far from the interface (IAxl > 1.5 nm). In the far-field
regime the rate of change of the electronic states is more
gradual and the bandgap does not significantly change with
position (i.e., the bands shift rigidly). In the near-field regime,
however, a rapid merging of some states can be seen. On the
WS, side, for example, the states associated with the K- and Q-
points in the conduction band shift up sharply in the near-field
region with the K-point states fully merging with the Q-point
states as the interface is approached. The valence band states
on the WSe, side exhibit an even more dramatic behavior.
Here the states associated with the K- and I"-points of the band
structure which are strongly split in the far field regime quickly
merge in the near-field region due to a fast collapse of the
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energy of the K-point states. Overall, a type-II band alignment
across the interface is observed.

An understanding of the physical origin of the interface
behavior observed in coherent single-layer WS,/WSe, HSs
must begin with the effects of strain. Unlike a conventional
lateral HS, the coherent interface in our HSs induces spatially
uniform strain on each side of the junction (evidence
supporting this arises from our observation of spatially uniform
moiré patterns at different distances from the HS interface).
Because WS, has a lattice constant 4% smaller than WSe,, we
expect the WS, to experience tensile strain and the WSe, to
experience compressive strain. One of the most significant
effects of the strain is to reduce the energy gap on the WS, side
of the interface by 240 meV, as deduced from our
measurements on “pure” single-layer WS, in the absence of a
heterostructure. This gap reduction is also corroborated by
comparing constant-current (dI/dV); spectra obtained from
both an HS (Figure 4c) and pristine WS, (Figure SS). We note
that first-principle calculations indicate that strain-induced
bandgap modification of TMD single-layers such as this is
largely insensitive to strain anisotropy.” In other words, the
change of energy gap is solely determined by the fractional area
change AA/A (defined as the trace of the two-dimensional
strain tensor). This enables us to directly compare our
measurements in the presence of a nearly uniaxial strain with
numerical calculations assuming different strain configurations.
For example, Defo et al.”® show that tensile strain in a single
layer of WS, should lead to a 170 meV reduction in energy gap
per 1% isotropic strain (ie., 2% fractional area change). This
suggests that the WS, regions of our HS superlattice are
subjected to a fractional area change

AA

240
(—) = 240 X 2% = 2.8%
A WS, 170 (6)

Our FFT analysis of WS,/WSe, HSs is only able to provide
strain differences rather than absolute magnitudes, but by
knowing the strain in WS, from this bandgap reduction, we can
estimate the strain on the WSe, side of the junction from the
following relationship:

AA AA
(—) - (—) = (e[(WS,) — (WSe,))
A ws, A WSe,
+ (g (WS,) — & (WSe,)) = 3.5% (7)
Since (AA/A)WS2 = 2.8%, we must have (AA/A)WSez = —0.7%

(the negative sign denotes compressive strain). This level of
compressive strain in single-layer WSe, has been predicted to
have a negligible effect on the WSe, bandgap.”> This is
consistent with our experimental observation that the bandgap
of WSe, in a strained coherent HS is essentially identical to the
bandgap of a uniform single-layer WSe, van der Waals coupled
to the same substrate.

The length scale over which the electronic properties of a
coherent single-layer WS,/WSe, HS change is likely not set by
strain since that is mostly uniform but rather must be caused
by some other physical mechanism. From Figure S we see that
although there is some slight far-field band bending probably
due to charge transfer, the most important length scale occurs
in the near-field of the interface where the energy of the HS
states changes rapidly over a distance of only ~3 nm. This is
most dramatically seen by the collapse in energy of the K-point
valence band edge as the interface is approached from the

WSe, side (with little strain), but the K-point states at the
conduction band edge on the WS, side (with uniform tensile
strain) merge with Q-point states over a similar length scale.
Because it cannot be explained by strain, this length scale must
be electronic in nature and so is likely determined by wave
function penetration from one side of the HS into the
other."”'* Here the electronic wave function sets a natural
length scale as it decays exponentially from one material to
another, hybridizing with states across the interface. Such
behavior has been predicted in related systems as shown in ref
26.

In conclusion, we have characterized the structural and
electronic properties of a coherent single-layer WS,/WSe,
lateral HS. We observe atomically sharp chemical transitions
at the interface and a reduction of the bandgap in WS, as a
result of mostly uniaxial tensile strain induced by the lattice
mismatch of WS, and WSe,. The electronic transition at the
interface occurs over a very narrow width of ~3 nm that is
caused by wave function hybridization across the interface. The
ability to tune the electronic properties of HS superlattices by
design”’ should help pave the way for future applications
involving ultrathin TMD-based electronic and optoelectronic
devices.
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