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ABSTRACT Fabrication of superlattice nanowires (NWs) with precisely controlled segments normally requires
sequential introduction of reagents to the growing wires at elevated temperatures and low pressure. Here we
demonstrate the fabrication of superlattice NWs possessing multiple p—n heterojunctions by converting the initially
formed (dS to Cu,S NWs first and then to segmented Cu,S—Ag,S NWs through sequential cation exchange at low
temperatures. In the formation of Cu,S NWs, twin boundaries generated along the NWs act as the preferred sites to
initiate the nucleation and growth of Ag,S segments. Varying the immersion time of Cu,S NWs in a AgNO; solution
controls the Ag,S segment length. Adjacent Cu,S and Ag,S segments in a NW were found to display the typical

electrical behavior of a p—n junction.
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I(nA)

n the past decade, synthesis of new

heterojunction' ™ and superlattice®™'°

NWs has been an exciting and challen-
ging development owing to their versatile
properties in nanoelectronic and nano-
photonic functions.'~'® Previously, the main
concept for the formation of heterojunc-
tion superlattice NWs is alternating the reac-
tant precursors consecutively with varying
time."”~"® A critical step is to use different
structural transformations locally in a NW to
create a desirable heterojunction superlattice
NW. By precise control of the process, differ-
ent kinds of heterojunctions and lengths
of heterosegments can be formed which
can substantially increase the applicability of
NWs. Robinson et al. synthesized CdS—Ag,S
superlattice (n—n junction) nanorods under
low temperature and pointed out that
this self-organization is driven by lattice-
mismatch strain.?® Here we report a sequen-
tial cation exchange process which trans-
forms single-crystal NWs to twinning NWs
and eventually to superlattice p—n hetero-
junction NWs. Specifically, CdS NWs were
used as a template to form CdS—Cu,S core—
shell NWs and subsequently twinning Cu,S
NWs through cation exchange. The twinning
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Cu,S NWs were then transformed to Cu,S—
Ag,S p—n heterojunction superlattice NWs
with tunable segment lengths via further
cation exchange of Cu™ by Ag™ with precise
control of reaction time. Features of selective
facet reactivity’*? and sequential cation
exchange ability are exhibited. Hetero-
junctions in NWs are facilitated due to higher
endurance of lattice mismatch and a lower
density of dislocations than those in thin
films.2> The neighboring segments of Cu,S—
Ag,S superlattice NWs display typical electri-
cal behavior of p—n junctions. The process
represents a novel route to tailor-made
heterojunction NWs.

A new approach for synthesizing super-
lattice NWs is to spontaneously introduce
local structural defects, such as twins, along
the length of a single-component NW. Twin
is a common defect in atomic replacement
reactions,”® and we utilized twin boundaries
as preferred sites for the cation exchange
process to form heterojunctions. Precise
control of the ionic diffusion process enables
the formation of heterosegments with tun-
able lengths. Proper selection of the materi-
als to constitute the alternate segments can
realize the generation of p—n junctions in
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Figure 1. Chain cation exchange process to form super-
lattice NWs with multiple p—n heterojunctions. lllustration
of the complete experimental process for the formation of
Cu,S—Ag,S superlattice NWs.

the NWs. Figure 1 illustrates the synthetic sequence
to form Cu,S—Ag,S superlattice NWs from CdS NWs.
Twins are introduced in the Cu,S NWs after exchanging
Cd* with Cu™. The locations of these twin boundaries
are sites for preferential Cu™ replacement with Ag*
and dictate the initial separation of the Ag,S segments.

RESULTS AND DISCUSSION

Single-crystalline CdS NWs, of P65/mmc space group,
were grown by the vapor—liquid—solid (VLS)*” process
(see Supporting Information Figure S1). The CdS NWs
were converted to CdS—Cu,S core—shell NWs in the
first cation exchange process. After 1 min reaction, Cu™
efficiently replaces Cd*" to form Cu.S shells over the
CdS NWs (see Supporting Information Figure S2).
Scanning transmission electron microscopy energy-
dispersive spectroscopy (STEM-EDS) mapping images
clearly reveal this core—shell structure. When this
cation exchange process is maintained for 25 min,
the core—shell NWs transform completely into pure
Cu,S NWs. X-ray diffraction (XRD) patterns of the NWs
confirm the conversion from CdS to Cu,S (see Support-
ing Information Figure S3), of F43m space group, with
a face-centered cubic (fcc) crystal structure. From
the partial Cu—S phase diagram, fcc Cu,S is a stable
phase at temperatures greater than 435 °C. It indicates
that cation exchange is a method to fabricate a
high-temperature phase in a lower temperature envi-
ronment (see Supporting Information Figure S4 and
Figure S5) .

Transmission electron microscopy (TEM) images of a
single Cu,S NW reveals the presence of extensive
twinning with twin planes perpendicular to the growth
direction of the NW (Figure 2a). A selected-area elec-
tron diffraction (SAED) pattern obtained from the NW
taken along the [110] zone axis with fast Fourier trans-
form (FFT) process indicates that the twin planes are
the (111) planes with streaking along the [111] direc-
tion (Figure 2b). Figure 2c is a FFT-processed TEM
image of the red framed region in Figure 2a. The
(111) lattice planes (yellow line) make zigzag changes
to mirror planes along the length of the NW at the (111)
twin boundaries (green lines). The formation of these
twins is induced by large strain energy accompanied
by not only the conversion of hexagonal close-packed
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Figure 2. TEM characterization of single Cu,S NWs. (a) TEM
image of a Cu,S NW transformed from a CdS NW. The twin
planes are the (111) planes. (b) FFT pattern of a Cu,S NW
recorded along the [110] zone axis, revealing streakings
owing to the presence of a high density of twins with the
(111) twin plane. (c) FFT-processed HRTEM image of the
framed region in panel a. Twin structures are clearly visible
in this image. (d) SAED pattern of a Cu,S NW recorded along
the [111] zone axis. The appearance of streaks in addition to
the diffraction spots shows multidomain structure of the
NW. (e) SAED pattern of a Cu,S NW recorded along the [112]
zone axis. Streaks are also present. (f) Dark-field TEM image
of a single Cu,S NW viewed along the [110] zone axis and
presented by selecting the (111) diffracted beam. The green
arrows indicate locations of the (111) twins.

CdS into fcc Cu,S but also the large cation diameter
difference (109 pm for Cd*" vs 91 pm for Cu™). When
SAED patterns of the NW were taken along the [111]
and [172] zone axes, streaks could be clearly seen in
addition to the regular single-crystalline diffraction
spots (Figure 2d,e), suggesting that the NW possesses
lattice domains with slightly misaligned lattice planes,
as seen in the high-resolution (HR) TEM images.
Figure 2f is the dark-field image of the twinned Cu,S
NW imaged with a (171) diffraction beam. The (111)
twins are evident with bright contrast and are pointed
out by green arrows.

The Cu,S NWs were converted to Cu,S—Ag,S super-
lattice heterojunction NWs in the second cation ex-
change process. Ag,S is an n-type semiconductor with
a monoclinic crystal structure belonging to the P2,/c
space group. Figure 3 illustrates the formation and
gradual elongation of Ag,S segments in the Cu,S NWs
after Ag™ exchange for 6, 24, 48, and 60 s. Cu,S and
Ag,S show substantial contrast difference in the TEM
images, which facilitates the direct monitoring of the
rate of Ag,S segment growth. By STEM-EDS mapping,
the brighter region is confirmed to be composed of
Ag,S and the darker regions around it as Cu,S
(Figure 3f). Remarkably, large and uniform Ag,S blocks
about 100 nm in length were observed after 24 s of
reaction. This indicates that the Ag,S segments grow
rapidly; many of the Ag,S segments merge to form
long but clearly separated Ag,S blocks. A precise
control of the time of the cation exchange process is
critical in producing such superlattice NWs. After 48 s
of reaction, the Ag,S segments lengthened further
and became the dominant component of the wires
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and only narrow strips of Cu,S remained. Complete
conversion of the NWs into Ag,S NWs was achieved
after 60 s of reaction. XRD patterns were taken to verify
the composition of the Cu,S—Ag,S superlattice NWs
and the final Ag,S NWs (see Supporting Information
Figure S3). From Figure 3b, it is apparent that the newly
formed Ag,S segments are largely parallel to the
twin boundary planes, which are perpendicular to
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Figure 3. Cu,S—Ag,S superlattice NWs with different Ag,S
segment lengths. (a—e) STEM high-angle annular dark-field
(HAADF) images of the Cu,S—Ag,S superlattice NWs formed
after Cu,S NWs react with the Ag cation at room tempera-
ture. The times used for the cation exchange process are (a)
0s,(b)6s,(c) 245, (d) 48, (e) 60 s. (f) STEM-EDS mapping for
the framed region shown in panel b. Ag signals are confined
to the bright stripe regions. Cu signals are located in the
darker regions. Sulfur is uniformly distributed throughout
the entire NW.
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the growth direction of Cu,S nanowires. From an
energetic point of view, twin boundaries are likely to
be the preferred sites for cation exchange. Supporting
Information Figure S6 illustrates the cation exchange
process to generate Ag,S segments on a Cu,S NW. Ag
ions diffuse through the (171) twin boundary sites into
a NW and form thin Ag,S strips initially. Continuous Ag
ion migration outward from the thin strips and Cu ion
dissolution into the solution leads to the elongation of
the Ag,S segments.

The structures of Ag,S—Cu,S heterojunctions were
examined by TEM and diffraction analysis of FFT
patterns (Figures 4a and S7). The red dashed line in
Figure 4a indicates the border between Ag,S (left) and
Cu,S (right) segments with clearly different lattice
structures for the two regions. FFT patterns taken from
both regions show that the Ag,S (002) lattice planes
are parallel to the (111) planes of Cu,S. Additional
examination of the transitional region by FFT proces-
sing of the HRTEM image reveals the presence of
dislocations in both the Cu,S and Ag,S segments
(see Supporting Information Figures S8—S11). The
Cu,S segment contains dislocations along the [220]
direction, while the Ag,S segment has dislocations
along the [002] direction. The large and rapid lattice
change from a fcc structure to a monoclinic structure
leads to these imperfections throughout the Ag,S
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Figure 4. Crystal structure model of the Ag,S—Cu,S heterojunction and electrical measurement of the NW. (a) HRTEM image
and FFT patterns of a Ag,5S—Cu,S heterojunction. Zone axes for these FFT patterns are given. The left portion of the red
dashed line is the Ag,S region, while the right portion is the Cu,S region. The arrow indicates the NW growth direction.
(b) Crystal structure model of a Ag,S—Cu,S p—n heterojunction. The crystal lattice directions are indicated. (c) STEM (top)
and SEM (bottom) images of a single superlattice NW before and during the contact of tungsten probes. The red circle
(or darker region) refers to the Cu,S segment, while the yellow circle (brighter region) indicates the Ag,S region. The light
purple frame indicates dirt near the NW as a marker to ensure that the right p—n position is probed. (d) /- V curve of the p—n
heterojunction.
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segments and the Cu,S regions near the heterojunc-
tions. The presence of a high density of dislocations
also accounts for the low peak intensities in the XRD
patterns of the NWs. Figure 4b presents an atomic
model of the Ag,S—Cu,S heterojunction, showing that
the (002) lattice planes of Ag,S are aligned to the (111)
planes of Cu,S.

To confirm that the present two-step process forms
the Cu,S—Ag,S superlattice structure, monoclinic
structure Cu,S NWs were grown by a hydrothermal
process.?® Twins were also observed in the monoclinic
Cu,S NWs. In contrast to that of fcc NWs, twin planes
are not perpendicular to the growth direction, as seen
in Supporting Information Figure S12. The observation
of irregular segments of Ag,S in monoclinic Cu,S,
through cation exchange, is consistent with the sug-
gestion that twin boundaries are preferred sites for
cation exchange. Examples are shown in Supporting
Information Figures S13 and S14. The finding further
shows the present two-step ion exchange process
forming first fcc Cu,S NWs as desirable templates for
successful generation of a regular Cu,S—Ag,S super-
lattice structure.

The presence of alternating Cu,S segments and
Ag,S segments results in the formation of NWs with
many p—n heterojunctions. To verify the formation of
p—n heterojuctions, /—V measurements were carried
out on adjacent Cu,S and Ag,S blocks in a superlattice
structure. Figure 4c shows that two tungsten tips are
in contact with the darker Cu,S and brighter Ag,S

EXPERIMENTAL METHODS

CdS NW Synthesis. CdS NWs were grown along the [110]
direction with a VLS process. CdS powder (99.999%, Alfa Aesar)
and the Au-coated (10 nm) Si substrate were placed, respec-
tively, at the 800 and 650 °C zone with Ar flow (100 sccm).

Chain Phase Transformation. CdS NWs were dipped into ethy-
lene glycol (99.5%, Sigma-Aldrich) containing 0.5 M CuCl (99%,
Alfa Aesar) at 75 °C. After 25 min, the CdS NWs completely
transformed to Cu,S NWs with a high density of twins. The Cu,S
NWs were then dipped into ethylene glycol containing 0.05 M
AgNO; (99.8%, Showa) at room temperature and formed Ag,S
segments in Cu,S NWs within 1 min.

Instrumentation. XRD patterns were recorded using a Bruker
D2 phaser X-ray diffractometer. FE-SEM images were obtained
with the use of a FEI Helios 1200™. TEM images were obtained
using JEOL ARM200F and 2010F electron microscopes.>

Electrical Measurements. Tungsten wires (99.95%, Alfa Aesar)
were used to make 100 nm tungsten tips by electro-
decomposition in a 2 M KOH (Sigma-Aldrich) solution under
DC power. I-V measurements were performed with a Keithley
model 4200-SCS source measurement unit. Tungsten tips were
installed on a nanomanipulator (Kammrath & Wiess GmbH).
The nanomanipulator was loaded inside a JEOL 7000F scanning
electron microscope.
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regions. The brightness difference is due to Z-contrast
in scanning electron microscope (SEM) imaging. Such
tungsten probes, although having quite large tips,
have been used to measure electrical conductivity of
a single Cu,O nanocube and octahedron.?® The re-
corded /—V curve, as shown in Figure 4d, is typical for
a p—n junction with a turn-on voltage of 0.6 V under
forward bias. Under reverse bias, the p—n heterojunc-
tion has a very low leakage current, and breakdown
occurs at around —1.25 V. The results show that multi-
ple p—n junctions within a NW can be directly fabri-
cated by sequential cation exchange processes, and
the p- and n-type segment lengths can be controlled
by terminating cation exchange at precise times.

CONCLUSIONS

In summary, we have demonstrated that twins
created in the cation exchange process of NWs
can be utilized to generate heterostructures in the
chain cation exchange steps. By properly choosing
the compositions of the heterojunctions constituting
the NWs, such as the formation of (111) twins in Cu,S
NWs from CdS NWs, and conversion of the Cu,S NWs
to Cu,S—Ag,S NWs, superlattice NWs with multiple
p—n junctions can be fabricated. The precise control
of the extent of n-type and p-type segments of the
NWs by a solution method at room temperature with
varying reaction time has the potential to be general-
ized as a facile method to form various functional
heterojunctions.
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