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Abstract:

Chemical imaging, electronic structure and optical properties of ZnO/CdS nano-composites have
been investigated using scanning transmission X-ray microscopy (STXM), X-ray absorption
near-edge structures (XANES) and X-ray excited optical luminescence (XEOL) spectroscopies.
STXM and XANES results confirm that the as-prepared product is ZnO/CdS core/shell
nanowires (NWs), and further indicate that ZnS was formed on the surface of ZnO NWs as the
interface between ZnO and CdS. The XEOL from ZnO/CdS NW arrays exhibits one weak
ultraviolet (UV) emission at 375 nm, one strong green emission at 512 nm, and two broad
infrared (IR) emissions at 750 and 900 nm. Combining XANES and XEOL, it is concluded that
the UV luminescence is the near band gap emission (BGE) of ZnO; the green luminescence
comes from both the BGE of CdS and defect emission (DE, zinc vacancies) of ZnO; the IR
luminescence is attributed to the DE (bulk defect related to S site) of CdS; ZnS contributes little
to the luminescence of the ZnO/CdS NW arrays. Interestingly, the BGE and DE from oxygen
vacancies of ZnO in the ZnO/CdS nano-composites are almost entirely quenched, while DE from

zinc vacancies changes little.

KEYWORDS. Luminescence, nano-composites, =~ XANES  spectroscopy, STXM,

spectro-microscopy.
Introduction

The peculiar physical and chemical properties of materials strongly depend on their morphology
and size in nanoscale.! Luminescence is one of the most important methods for studying the
electronic properties of nanostructures. For nano-composites, the luminescence can become quite
complex due to the presence of multiple phases, interfaces and surfaces. Thus, it is a challenge to
analyze the luminescence spectra of nano-composites, particularly when the components exhibit
emissions in the same wavelength region of the spectrum (overlap of luminescence from each
component).” Here we demonstrate how synchrotron-based elemental, site and excitation

channel specific techniques such as X-ray excited optical luminescence (XEOL) and X-ray
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absorption near edge structure (XANES) are utilized to understand the origin of luminescence

from the ZnO/CdS core/shell nanowire (NW) arrays.

ZnO and CdS, important II-VI semiconductors with a direct band gap of 3.37 and 2.42 eV
respectively, have prominent applications in electronic and optoelectronic devices.” At room
temperature, ZnO nanostructures often exhibit a sharp near band gap emission (BGE) in the
ultraviolet (UV) region and a broad defect emission (DE) in the green region that is related to
oxygen/zinc vacancies, and sometimes a broad surface defect peak in the red/infrared (IR)
region.”® While CdS nanostructures with a smaller band gap energy always show green (near
BGE) and IR (DE, cadmium or sulfur vacancies) luminescence.” '© In ZnO/CdS
nano-composites, both ZnO and CdS can contribute to the green (DE of ZnO and near BGE of
CdS) and red/IR (DE of ZnO and CdS) luminescence. It is also possible that the luminescence of
one component is quenched by the other.'""'? Due to the large lattice mismatch between ZnO and
CdS, new defects can be created in the ZnO/CdS interface that will also lead to luminescence.
Therefore, it is difficult to probe with conventional techniques the origin of luminescence in such

ZnO/CdS nano-composites, which is important for their application in solar cells.'*"

Synchrotron-based spectroscopic techniques using a bright and widely energy tunable light
source provide unique capabilities, such as site, element, excitation channel (absorption edge)
and chemical specificity, in studying light emitting materials, especially luminescent

o 11, 16-18
nano-composites.

The techniques we used in this study include scanning transmission
X-ray microscopy (STXM), X-ray absorption near edge structure (XANES) and X-ray excited
optical luminescence (XEOL). STXM employs a nano-sized X-ray beam and provides
spectromicroscopic information by measuring the absolute absorption of the specimen in
transmission mode; thus both chemical images and detailed absorption spectroscopic features of
a single nanostructure (including its thickness) can be revealed.'” XANES probes the local

structure and bonding of the absorbing atom by monitoring the absorption coefficient at an

absorption edge of interest, and can provide information on the oxidation state, coordination, and
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symmetry of the system. XEOL, an X-ray-photon in/optical-photon out technique, has been
shown to be a powerful tool for the investigation of the local chemical environment of a site that
gives rise to a particular luminescence band. Recently, we have used XEOL to probe the origin
of the luminescence from BN nanotubes and the nature of the optical luminescence from
GaN-ZnO solid solution nanostructures.’”*' In the present paper, STXM, XEOL and XANES
measurements were carried out at different absorption edges to reveal the origin of different
luminescence channels and the corresponding electronic structures in ZnO/CdS core/shell NW

arrays.

EXPERIMENTAL DETAILS

Sample preparation. The synthesis of the ZnO/CdS core/shell NW arrays was carried out in a
horizontal furnace via a two-step vapor-phase transport method. ZnO NW arrays were firstly
prepared following a previously reported procedure.”” > Briefly, a mixture of ZnO (> 99.0 %,
Tianjin Zhiyuan Chemical Reagent Co., Ltd.) and graphite (> 99.85 %, Shanghai Huayuan Fine
Chemical Industry Co., Ltd.) powders was used as source materials. Si (100) wafer (Hangzhou
Haina Semiconductor Co., Ltd.) was cleaned by ultrasound in acetone and ethanol, rinsed with
dionized water and dried by N, flow. Then the Si wafer was coated with a layer of gold thin film
(about 10 nm thick with settings of 25 mA, 40 mm, 60 seconds and 8x107 mbar) via K550X
Sputter Coater (Quorum Technologies Ltd.) and used as the substrate placing above the source
materials. The temperature of the furnace was raised to 850 °C and typically kept at that

temperature for 60 minutes under a constant flow of argon (99.99%, 20 sccm). After the furnace

was cooled to room temperature, a layer of gray powder was found on the surface of the Si wafer.

In the following step, 0.2 g of CdS (99.99 %, Alfa Aesar) was placed in the center of a quartz
tube. The Si wafer, already deposited with a layer of ZnO, was used as the substrate and placed
downstream in the quartz tube, 8 cm away from the CdS powder. Prior to heating, the system
was flushed with high-purity N for 10 minutes to eliminate O, from the quartz tube. Then, the
furnace was raised to 750 °C and kept at that temperature for 1 minute under a constant flow of

nitrogen (40 sccm). After the furnace was cooled to room temperature, the colour of the Si wafer
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surface changed from gray to yellow.

Characterization. The crystal structures and morphologies of the products were characterized
by X-ray powder diffraction (XRD; Rigaku RU-200BVH) with Co Ka radiation (A = 1.7892 A),
scanning electron microscopy (SEM; Philips-XL30), and transmission electron microscopy
(TEM; Philips CM 10), respectively. Photoluminescence (PL) spectra were recorded by Mightex

spectrometer excited with the 406 nm laser.

Synchrotron measurements. STXM measurement was conducted at the SM beamline of the
Canadian Light Source (CLS), which is equipped with a 25 nm outermost-zone zone plate (CXRO,
Berkeley Lab). The diffraction-limited spatial resolution for this zone plate is 30 nm. A few mg of
the sample was collected from the substrate and dispersed in methanol by brief sonication, then
deposited on a SizN; window (thickness: 100 nm, Norcada Inc.) and allowed to dry in the air
before transferred into the STXM chamber. Image sequence (stack) scans over a range of photon
energies were acquired for the same sample region at Zn L;,-edge, O K-edge and S L;,-edge.
STXM data were analyzed using the aXis2000 software package,”* which allows for detailed
interactive processing of the images and fitting of the X-ray absorption spectra contained in the

image stacks. More details of STXM measurement and data analysis can be found elsewhere.'’

XANES and XEOL measurements were carried out at the variable line spacing plane grating
monochromator (VLS PGM), high resolution spherical grating monochromator (SGM) and soft
X-ray microcharacterization (SXRMB) beamlines at CLS. The samples were mounted on
conventional carbon tape attached on sample holder with an angle of 45° facing toward the
photon beam. XANES were recorded in total electron yield (TEY), fluorescence yield (FLY),
and photoluminescence yield (PLY). The TEY was detected with the specimen current and the
FLY was measured by detecting the X-ray fluorescence photons from the element of interest
using the Si drift detector. TEY is surface-sensitive, while FLY bulk-sensitive. PLY was
measured by detecting the optical photons emitted from the sample, which can be recorded in

total (zero-order) and partial (wavelength-selective) mode. XEOL spectra were collected using a
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dispersive optical spectrometer (200-960 nm, QE65000, Ocean Optics). All XANES and XEOL
spectra were normalized to the incident photon flux collected on a refreshed Au grid. More

details of XANES and XEOL measurement can be found elsewhere.>

Results and Discussion

Figure 1a and b show the SEM images of ZnO NW arrays before and after CdS coating. The
pure ZnO NWs were grown vertically on the Si substrate with a diameter in the range of 90-200
nm and a length of several micrometers. After CdS coating, the overall wire morphology was
maintained and the average diameter increased to about 250-400 nm (Figure 1b and c). The
surface of the NWs became very rough. Figure 1d and e show typical TEM images of a single
ZnO NW before and after CdS coating, respectively. It is clearly seen that lots of nanoparticles
were deposited on the surface of ZnO NW and formed a thick layer showing very irregular
surface. The XRD pattern of ZnO NW arrays after CdS coating (Figure 1f) shows two sets of
diffraction peaks that correspond to hexagonal ZnO and CdS structures, with no other phases
present. The peaks labeled with “*”” come from Si and Au, which are the substrate and catalyst
used for the synthesis of ZnO NW arrays, respectively. SEM, TEM and XRD results indicate
that a layer of CdS nanoparticles was deposited on the surface of ZnO NWs forming ZnO/CdS

core/shell NWs albeit an irregular shell.

Detailed characterization of the morphology and chemical composition of the ZnO/CdS
nano-composites was carried out by STXM. Figure 2a shows a STXM transmission image of the
ZnO/CdS NWs recorded at the O K-edge (£ = 537.2 eV). The thick NW with high contrast in the
middle has a length of 2.2 um and a diameter of 170-280 nm, which shows the same morphology
as those in the SEM and TEM images (Figure 1c and e). A thin and curved NW with low
contrast is also shown in the STXM image (located at the bottom right corner of Figure 2a),

which has a length of 1 um and a diameter of about 100 nm.
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Zn L3,-edge, O K-edge and S L;,-edge XANES spectra collected from the regions of interest
(ROIs) marked in the STXM optical density image (Figure 2b) by averaging all stack images at
the Zn Ls»-edge, O K-edge and S L;,-edge are shown in Figure 2c¢, e and f, respectively. Let us
first look at the Zn Ls;j,-edge XANES spectra in Figure 2c. For the thick NW, the spectra
extracted from the trunk (ROI-3) and the right-hand side surface (ROI-2) show the features of
ZnO that correspond to Zn 2p—4s/d transitions; and those collected from the left-hand side
surface (ROI-1), the large particle on the right-hand side surface (ROI-4) and the short NW at the
bottom (ROI-5) display very weak Zn signal but have different features (especially for ROI-1).
For the thin NW (ROI-6), almost no Zn signal was found indicating that it may be CdS.

Normalized Zn L;,-edge XANES spectra from the ROIs in the thick nanowire are compared
with that of hexagonal ZnO and ZnS (Figure 2d). It should be noted that the XANES has the
unique ability to distinguish the Zn signal between ZnO (purple curve in Figure 2d) and ZnS
(orange curve in Figure 2d) due to its chemical sensitivity to local environments. The normalized
spectra from ROI-2 and ROI-3 have the same features as that of ZnO. The main features
(1021-1028 eV) in the spectrum from ROI-2 are broadened and less featured, indicating that the
surface of ZnO NW becomes more disordered due to the deposition of CdS (large lattice
mismatch between ZnO and CdS). Besides the features from ZnO, however, the normalized
spectrum from ROI-1 shows an intense feature at 1023.5 eV (marked by the vertical short dotted
line) that agrees well with the main peak in ZnS. It thus indicates that ZnS is present in the near
surface region of the ZnO/CdS nano-composites. During the CdS coating, some CdS powders
decomposed into Cd and S vapor at high temperature, and the surface region of ZnO NWs could
conceivably be firstly sulfurized to ZnS that results in the formation of a ZnS layer (the interface)
between ZnO (the core) and CdS (the shell). Therefore, intense feature of ZnS is found in the
near surface region (ROI-1) of the ZnO/CdS NW. Weak ZnS feature at 1023.5 eV is also

observed in the spectrum isolated from ROI-5.
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Now let us move to O K-edge. The spectrum isolated from the trunk of the thick NW (ROI-3)
shows characteristic features of ZnO that correspond to O 1s—2p transitions, while those from
the surface region (ROI-1 and ROI-2) have relatively weak features of ZnO. It indicates that the
core of the thick NW is ZnO. The spectra collected from the large particle on the surface (ROI-4),
the short NW (ROI-5) and the thin NW (ROI-6) show very weak O signal and exhibit only a
broad peak at 537.5 eV without ZnO signature. In previous studies, weak O signal was often
found in the O K-edge XANES spectrum of the ZnS nanostructures, which indicates that the
surface of ZnS nanostructures was oxidized slightly during their synthesis and storage.”’
Therefore, with the absence of intense O signal, we propose that the thin NW (ROI-6) and the

surface of the thick NW are most likely CdS as the images indicate.

The S L;,-edge XANES spectra of the ROIs labeled in Figure 2b are shown in Figure 2f. All
the spectra except for that from ROI-1 show exactly the same features as that of CdS. It confirms
that the thin NW and the surface of the thick NW are both CdS. However, the spectrum collected
from ROI-1 shows three additional features “a”, “b” and “c” that are from ZnS. Thus ZnS signal
was detected in the XANES of the thick NW surface (ROI-1) at both Zn and S Ls»-edge,
confirming that ZnS was formed on the surface of ZnO NWs during the deposition of CdS.
Combining Zn Lj,-edge and O K-edge XANES results, we can conclude that the thick NW in
Figure 2a and b is ZnO/CdS core/shell structure with ZnS as interface while the thin NW (ROI-6)
and the protruding particle (ROI-4) are CdS.

STXM chemical maps of the ZnO/CdS nano-composites are displayed in Figure 2g-j. The
maps of O (Figure 2i) and S (Figure 2j) clearly illustrate that the core and shell of the
nano-composites are ZnO and CdS, respectively. Since STXM can distinguish the Zn signal
between ZnO and ZnS," the chemical maps of Zn in the core/shell NW are obtained and shown
in Figure 2g and h for the distribution of ZnO and ZnS, respectively. It is interesting to note that
ZnS exits in some surface areas of the ZnO NW, acting as the interface (buffer layer) between

ZnO (the core) and CdS (the shell) that decreases the lattice mismatch between ZnO and CdS
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and reduces the strain in CdS. Due to the fast growth rate of CdS and large lattice mismatch
between ZnO (ZnS) and CdS, CdS nanoparticles were grown disorderly on the surface of ZnO
NWs (Volmer-Weber growth mode).

Zn0O, CdS and ZnS are all important luminescent materials; therefore it is interesting to study
the optical properties of the as-prepared ZnO/CdS core/shell NW arrays, especially the origin of
the luminescence in such ternary nanostructures. Figure 3 displays the XEOL spectra of the ZnO
NW arrays before and after CdS coating excited at different absorption edges. At Zn L;,-edge
(Eex = 1025 V), the spectrum of the ZnO NW arrays before CdS coating (Figure 3a) shows one
sharp UV peak at 375 nm and one broad green peak at 500 nm, which are attributed to the near
BGE and DE (oxygen/zinc vacancies in the near surface region) of ZnO, respectively. The green
emission can be fitted into two Gaussian peaks at 490 and 534 nm, respectively. However, the
spectrum of the ZnO NW arrays after CdS coating (Figure 3b) changes dramatically. Several
features are noted. First, the intensity of the UV peak (the BGE of ZnO) is almost entirely
quenched. It is due to (i) the attenuation length of the incident photon flux by CdS (at 1025 eV,
the attenuation length is ~ 200 nm for both CdS and ZnO.) and (ii) defects created on the surface
of ZnO NWs during the deposition of CdS, resulting in favor of energy transfer in ZnO NWs
from BGE to the competing DE channel. Similar phenomenon was observed in ZnS/ZnO
nano-composites that the BGE of ZnS nanobelts was quenched after the deposition of ZnO."
Second, the green emission is red shifted and becomes shaper compared to that from pure ZnO
NWs. Third, two new broad peaks are observed at the IR region (750 and 900 nm). The Zn
Ls»-edge XEOL spectrum (in the region of 400-1000 nm) of the ZnO/CdS NW arrays can be
fitted using four Gaussian peaks, located at 511, 537, 750 and 915 nm. The sharp Gaussian peak
at 511 nm is the near BGE from CdS (E, = 2.42 eV). While the origin of the other three broad
Gaussian peaks at 537, 750 and 915 nm is more complicated since ZnO (the core), CdS (the shell)
and ZnS (interface) in the ZnO/CdS nano-composites can all contribute to the green and IR
luminescence — (i) both the oxygen/zinc vacancies in ZnO and the sulfur species in ZnS can lead

to the green luminescence at 537 nm;"™?*?” and (ii) the defect states (surface/bulk defects) in
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ZnO, CdS and ZnS can create IR luminescence.”® %282

PL spectrum of the ZnO NW arrays
before and after CdS coating is shown in Figure S1. XEOL and PL spectra show the similar

features.

It should be noted that the complementary nature of the XANES and XEOL techniques which
give site, element and chemical specific measurements allows a better understanding of the
interplay and role of each element in the system, especially with soft X-ray excitation. Let us
first compare the XEOL spectra of the ZnO/CdS core/shell NW arrays excited at different
absorption edges. The O K-edge (Figure 3c) and Cd Ms 4-edge (Figure 3d) XEOL spectra are
identical to the Zn L;,-edge spectrum, showing intense green emission and weak IR emission.
However, S Ls,-edge (Figure 3e) and S K-edge (Figure 3f) XEOL spectra show weak green
emission and strong IR emission. The intensity ratio (peak height ratio) between IR and green
emissions of the ZnO/CdS NW arrays is 5 times larger at S L;j-edge than Zn Ls,-edge. It
indicates that the IR luminescence from the ZnO/CdS NW arrays is related to S site in CdS,

although ZnS may also contribute.

Now, it is desirable to track the XANES with partial PLY (focused on a particular emission
band) as well as total PLY (zero order) to enhance the site specificity (PLY is also known as
XEOL yield). Figure 4a displays Zn L3 >-edge XANES spectra of the ZnO/CdS NW arrays. The
spectra of standard ZnO and ZnS are shown as reference. The bulk-sensitive FLY spectrum is
identical to that of ZnO, while the surface-sensitive TEY spectrum exhibits the features of ZnS.
It confirms that ZnS was formed on the surface of ZnO NWs during the deposition of CdS,
which is consistent with the STXM results (Figure 2d and h). Let us look at the PLY XANES of
the ZnO/CdS NW arrays collected at zero order (250-1000 nm), the UV emission (375 nm), the
green emission (511 and 537 nm), and the IR emission (750 and 915 nm). The total PLY and the
partial PLY recorded at UV and green region mimic the FLY XANES (only showing ZnO
features), illustrating that the UV and green luminescence are related to ZnO. Interestingly, the

partial PLY XANES spectra recorded at IR region track neither FLY nor TEY, and remain
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constant across the Zn Lj,-edge. It indicates that the Zn site (either ZnO or ZnS) in ZnO/CdS
NWs contributes little to the IR luminescence. ZnS does not contribute noticeably to the optical

decay since no ZnS signal was found in the PLY XANES.

Figure 4b shows the O K-edge XANES spectra of the ZnO/CdS NW arrays. TEY and FLY
show characteristic features of ZnO, which comes from the ZnO core. The total PLY is similar to
the TEY and FLY but exhibiting a significant reduction in the feature at 537.2 eV that arises
from the excitation of an O 1s electron to 2p+, orbitals. It is interesting to compare the partial
PLY collected at different wavelength regions. 1) The partial PLY of the UV emission tracks the
FLY although the signal is noisy due to the very weak UV luminescence. 2) The partial PLY of
the green emission is same to the total PLY; there is a decrease of the feature at 537.2 eV relative
to that at 533.8 eV. The above observation agrees well with our previous studies that the partial
PLY of the BGE from ZnO nanostructures always mimics their FLY, but that of the DE (surface
defects) exhibits a reduction in the feature at 537.2 eV (transition to 2p,, the excited state reached
following O s excitation does not couple strongly with the surface defects).” It confirms that
ZnO contributes to the UV and green luminescence from the ZnO/CdS NW arrays. 3) The partial
PLY of the IR emission are inverted (negative edge jump) and look different from that of the UV
and green emission. They are similar to the O K-edge XANES spectra isolated from the CdS
component (e.g.: ROI-4 and ROI-6 in Figure 2¢). Combining this observation with the partial
PLY of the IR emission at Zn L;3j-edge, which indicates that ZnO contributes little to the IR
luminescence from the ZnO/CdS NW arrays. We can conclude that CdS is the origin of the IR

luminescence.

Figure 4c shows Cd Ms4-edge XANES spectra of the ZnO/CdS NW arrays. TEY and FLY
show the features of CdS, which comes from the CdS shell. The total PLY is similar to the TEY
and FLY, but is inverted. The partial PLY collected at different regions give additional
information about the luminescence from the CdS component. The partial PLY of the UV

emission does not track the FLY and TEY, and remains almost constant across the Cd Ms 4-edge,
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which indicates that the Cd site in the ZnO/CdS NWs contributes little to the UV luminescence
that comes from the BGE of ZnO. The partial PLY of the green emission exhibit the features of
CdS, but inverted. Normally, the inversion of PLY is due to that the energy transfer from the
absorption to the optical channel is less efficient when the edge turns on, or the thickness effect
when the X-ray attenuation length is shorter than the sample size. Here we believe the second
one is true. The green luminescence at 511 nm (Figure 3d) is from the BGE of CdS and is related
to the bulk feature of CdS. The thickness of the CdS shell is estimated to be around 150 nm
according to the SEM and TEM images. The X-ray attenuation length is 140 and 60 nm below
and at the Cd M;s 4-edge, respectively. Therefore, more CdS were excited by incident X-ray beam
below the edge than above the edge, leading to the inversion of the partial PLY of the green
emission. The partial PLY of the IR emission do not exhibit noticeable Cd signal due to

relatively weak IR luminescence and small cross-section at Cd Ms 4-edge.

Figure 4d displays S Ls»-edge XANES spectra of the ZnO/CdS NW arrays. TEY, FLY and
PLY (zero order) show characteristic features of CdS from the CdS shell. The partial PLY of the
green and IR emissions are similar to the TEY and FLY, but inverted due to the thickness effect
as described above. The inversion of the partial PLY of the IR emission indicates that the IR
luminescence is also related to the bulk feature of CdS and is proposed to be from the bulk
defects in CdS. The S K-edge XANES of the ZnO/CdS NW arrays is shown in Figure S2. TEY,
FLY and PLY (zero order) are identical to that of CdS.*" The S K-edge PLY exhibits positive
edge jump, indicating that the energy transfer from S absorption to the optical channel is
efficient (thickness effect does not work any more since the X-ray attenuation length is 1 pm at S
K-edge). No ZnS signal was observed in the PLY XANES at both S L;,-edge and K-edge,
illustrating that ZnS does not contribute noticeably to the luminescence of the ZnO/CdS NW

arrays.

Based on the above XEOL and XANES results and analysis, we arrive at the following for the
ZnO/CdS NW arrays: 1) the UV emission (375 nm) comes from the BGE of ZnO; 2) the green
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emission are from both the BGE of CdS (511 nm, narrow) and DE of ZnO (537 nm, broad); 3)
the IR emission (750 and 915 nm) comes from the DE (bulk defects related to S site) of CdS; 4)
ZnS does not contribute noticeably to the luminescence; 5) Compared with ZnO NWs, the BGE
and high-energy DE (the Gaussian peak at 490 nm in Figure 3a, which is supposed to come from
oxygen vacancies) from ZnO component in the ZnO/CdS nano-composites are almost totally
quenched, while the low-energy DE (the Gaussian peak at 534 nm in Figure 3a, which is

supposed to be from zinc vacancies) changes little.

CONCLUSION

We have reported the synthesis and characterization of the ZnO/CdS core/shell NW arrays, and
investigated the origin of their luminescence via synchrotron-based techniques such as STXM,
XANES and XEOL. We have shown that the combined use of XANES and XEOL techniques
provides unique capabilities (site, element and chemical specific) to investigate light emitting
nanomaterials, especially nano-composites with multiple-component (the presence of ZnS
interface in the ZnO/CdS core/shell structure and their luminescence properties in this case).
These techniques should be applicable to the characterization of a wide variety of light emitting

materials.
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Figure 1. a-b) SEM images of ZnO NW arrays before and after CdS coating, respectively. c)
High-magnification SEM image of ZnO NW arrays after CdS coating. d-e¢) TEM images of a
single ZnO NW before and after CdS coating, respectively. Scale bar in d) is 200 nm. f) XRD
pattern of the as-prepared ZnO/CdS nano-composites, hexagonal ZnO (JCPDS 80-0075) and
hexagonal CdS (JCPDS 77-2306).
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Figure 2. a) STXM transmission image of the ZnO/CdS NWs at 537.2 eV. b) STXM optical
density image of the ZnO/CdS NWs (the image was averaged from all stack images at the S
L; r-edge, O K-edge and Zn L; ;-edge). The enclosed color dashed lines indicate the regions of
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interest (ROIs) on the ZnO/CdS NWs for extracting XANES spectra. c-f) XANES spectra
extracted from the ROILs shown in b) at c) Zn L3 ;-edge, e) O K-edge, and f) S L3 ;-edge. d)
Normalized Zn L; ;,-edge XANES spectra from the selected ROIs in b). g-j) STXM chemical maps
of g-h) Zn in ZnO and ZnS, respectively), i) O and j) S in the ZnO/CdS NWs. The scale bars in a),
b) and g-j) are 500 nm.



Page 17 of 21

Nanoscale

a)-
] Zn La‘z-edge
3
&
>
=
2.
c
(]
vt
=
—_ Zn0 nanowires

Intensity (a.u.)

C)

Intensity (a.u.)
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¢) O K-edge (E.. = 535 eV), d) Cd M;s 4-edge (E.. = 408 €V), e) S L3 ;-edge (E.. = 164 eV), and f)
S K-edge (E.. = 2474 eV). The solid, dashed and dotted curves are raw XEOL, Gaussian fitted

XEOL and fitted Gaussian peaks, respectively. The inset of e) is the log scale plot of e).
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Figure 4. XANES spectra of the ZnO/CdS core/shell NW arrays at a) Zn L; r-edge, b) O K-edge,
c) Cd Ms 4~edge, and d) S L; r-edge. Zn L; ;-edge XANES of hexagonal ZnO and ZnS are also
shown in a) for comparison. PLY spectra were recorded in total PLY (zero order) and
wavelength-selected PLY.
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