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The electronic structure and optical properties of a series of iso-electronic and iso-structural

CdSxSe1�x solid solution nanostructures have been investigated using X-ray absorption near edge

structure, extended X-ray absorption fine structure, and X-ray excited optical luminescence at

various absorption edges of Cd, S, and Se. It is found that the system exhibits compositions, with

variable local structure in-between that of CdS and CdSe accompanied by tunable optical band gap

between that of CdS and CdSe. Theoretical calculation using density functional theory has been

carried out to elucidate the observations. It is also found that luminescence induced by X-ray exci-

tation shows new optical channels not observed previously with laser excitation. The implications

of these observations are discussed. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902390]

I. INTRODUCTION

Tailoring the physical properties of semiconducting

nano-materials is critical for the development of new func-

tional nano-scale devices. One goal is to have the ability to

control the composition of semiconductor alloys and effec-

tively tune the band-gap of a material for a specific function.

As a result, various ternary alloys have recently attracted a

great deal of attention for their ability to achieve a wide

range of band-gaps,1–12 Additionally, nano-materials, such

as nano-wires and nano-ribbons, offer greater versatility by

providing a wider range of alloy composition and band-gap

modulation which is unachievable using traditional epitaxial

film materials due to lattice strain at the substrate interface.13

Ternary chalcogenide semiconductors, particularly cad-

mium sulpho-selenide (CdSxSe1�x) alloys, have been

intensely studied8,14–19 in part due to the remarkably broad

range of stable stoichiometries that can be attained, owing to

the small lattice mismatch among the constituent anions.14

CdS has a wurtzite (hexagonal) crystal structure with lattice

parameters of a¼ 4.16 Å and c¼ 6.76 Å, while CdSe, also a

wurtzite, has lattice parameters of a¼ 4.30 Å and

c¼ 7.02 Å.20 The lattice constants of the ternary CdSxSe1�x

alloys are known to closely follow Vegard’s law21 and are

nearly equal to the concentration weighted average of the lat-

tice constants of the binary compounds.22 As a result of the

easily varied stoichiometries of crystalline wurtzite

CdSxSe1�x alloys, a continuous spectrum of direct band-gaps

from 1.74 eV (CdSe) to 2.43 eV (CdS) (510–712 nm) can be

readily obtained. A variety of CdSxSe1�x alloy nano-material

morphologies have been synthesized, including nano-wires,

nano-ribbons, nano-belts, nano-sheets, nano-crystals, and

nano-particles with a variety of aspect ratios and stoichiome-

tries.3,14,16,18,19 The diversity of electronic and spectral proper-

ties of CdSxSe1�x alloy nanostructures has great potential

applications in tunable optoelectronic devices, such as color

engineered displays and lighting,19 multi-spectral detectors,13

full-spectrum solar cells,23 and broadly tunable nano-

lasers.8,15,24 Therefore, a detailed examination of the electronic

structure and corresponding optical emission is essential to

determine the full potential of these functional materials.

Using tunable X-rays from a synchrotron light source, the

individual elements in the ternary CdSxSe1�x matrix can be

selectively measured by looking at the dipole transitions of the

absorption edges specific to that element, e.g., X-ray absorption

at the Cd K-edge involves the dipole transition of a Cd 1s elec-

tron to an unoccupied 5p3/2,1/2 or np3/2,1/2 orbital. X-ray absorp-

tion fine structure (XAFS), especially its near edge region, X-ray

absorption near edge structure (XANES) probe the unoccupied

density of states in the conduction band and provide a detailed

understanding of the oxidation state, coordination, and local

chemical environment of the specific element being probed.25

X-ray excited optical luminescence (XEOL) has been

shown to be a powerful tool for investigating the local chem-

ical environment of a site that gives rise to a particular
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luminescence band.26 It has successfully been used to study

the chemical origin of luminescence in porous Si, Si nano-

wires, SnO2 nano-ribbons, Ga2O3 nanostructures, and ZnS

nanostructures as well as ZnO-ZnS and Si-CdSe nano-heter-

ostructures.27–34 In XEOL, one monitors the intensity of the

luminescent bands as the X-ray energy is raised above the

core level binding energy of a particular element in the sys-

tem, thereby exciting an electron from a core level to a previ-

ously unoccupied state in the conduction band. The decay of

the excited state can give rise to more intense luminescence

via energy transfer to the optical channel. Therefore, an

increase in signal is seen at an energy corresponding to a par-

ticular local environment of the probed element.

In the present work, the electronic and optical properties

of CdSxSe1�x nanostructures with varying alloy composi-

tions are examined with XEOL together with X-ray absorp-

tion near edge structure (XAFS) spectroscopy, including

both the near edge region, XANES, and the extended X-ray

absorption fine structure (EXAFS) region at the Cd, Se, and

S K-edge, and Cd, Se, and S L3,2-edges. The interpretation of

the data is supported by theoretical simulations. It is found

that the optical band-gap emission of these CdSxSe1�x nano-

ribbons can be tuned to the range between that of pure CdS

(2.43 eV) and CdSe (1.74 eV) by changing the S and Se ratio.

This gradual shift in (optical and structural) properties from

CdS character to CdSe character is also seen in the electronic

structure. Furthermore, excitation by an X-ray source was

shown to result in defect emission not seen by excitation

from a UV or laser source.8,15,18 The wavelength and inten-

sity of defect emission are also shown to be dependent on

the S to Se ratio. These results demonstrate the nature of the

dopant-host relationship in mixed CdSxSe1�x systems.

II. EXPERIMENTAL

The CdSxSe1�x nanostructures were prepared in a hori-

zontal tube furnace as previously described in litera-

ture.2,8,15,35 The as grown CdSxSe1�x alloy products formed

along a temperature gradient are depicted in Figure 1. The

morphology and composition of the CdSxSe1�x nanostruc-

tures were characterized by Scanning Electron Microscopy

(SEM) with an Oxford Instruments INCA X-ray detector and

Energy Dispersive X-ray Spectroscopy (EDX) on a LEO

(Zeiss) 1540XB FIB. Detailed characterization of the com-

position and morphology is given elsewhere.2,8,15,35

The XAFS and XEOL experiments at the Cd and Se K-

edge were conducted at Pacific Northwest Consortium and

X-ray Science Division (PNC/XSD), Sector 20, bending

magnet beamline 20-BM (3–27 keV, DE� 1 � 10�4 keV) of

the Advanced Photon Source (7 GeV, 100 mA in top-up

mode) at Argonne National Laboratories. Cd L3- and S

K-edges were performed at the Soft X-ray Micro-characteri-

zation beamline (SXRMB) 06B1-1 (1.7–10 keV, DE/E� 1

� 10�4). Se L3,2-edge was performed at the Spherical

Grating Monochromator (SGM) beamline11ID-1

(250–2000 eV, DE/E� 1 � 10�4) and S L3,2-edge was done

at the Variable Line Spacing Plane Grating Monochromator

(VLS-PGM) beamline 11ID-2 (5–250 eV, DE/E> 1 � 10�4)

of the Canadian Light Source (2.9 GeV, 250 mA) at the

University of Saskatchewan, Saskatoon, Canada. The inci-

dent X-rays irradiated the sample at normal incidence and

the emitted photons were detected at 45� from the incoming

beam. The XEOL spectra were recorded using a USB400

Scientific-grade spectrometer (Ocean Optics) and a network

CCD camera (Axis 2120). XANES spectra were recorded in

total electron yield (TEY) and total fluorescence yield

(FLY), using specimen current and a multi-channel plate de-

tector, respectively. The optical-XAFS was recorded in pho-

toluminescence yield (PLY) using an optical detector. All

spectra were normalized to the incoming photon intensity

(I0) and the XAFS spectra were set to a uniform edge-jump.

III. THEORETICAL CALCULATIONS

The theoretical XANES spectra of core levels of interest

for representative compositions and structures are calculated

by the Density Functional Theory (DFT) using the WIEN2k

program. The Generalized Gradient Approximation (GGA)36

or the modified Becke and Johnson (mBJ) exchange-

correlation potential37 has been applied. The full potential

augmented plane wave method has been used in the numeri-

cal calculation.38,39 The code has been built based on the den-

sity functional theory40,41 which provides an ab-initio method

for calculating matter with a relatively homogeneous distribu-

tion of electrons around the atomic sites, together with the

generalized gradient approximation having a first derivative

correction. The crystal under consideration is divided into

two regions: the atomic sites and the interstitial regions. For

the atomics sites, it is described by a linear combination of

the radial wave function and the energy derivative of this ra-

dial wave function multiplied by the non-overlapping spheri-

cal harmonics Ylm. The interstitial regions are expressed by

sets of 20 000 plane waves. The boundary condition is satis-

fied by matching the function describing the atomic sites and

the plane waves of the interstitial area at the boundary. Self-

consistent minimization of energy was achieved with 1000 k

points to obtain an equilibrium state of the material. The the-

oretical XANES spectra have been calculated using the elec-

trical dipole transition and convoluted by instrumental

Gaussian and core-hole lifetime Lorentzian broadenings.42

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A representative SEM image and EDX spectrum of the

CdSxSe1�x nanostructures are displayed in Figure 2 for the
FIG. 1. Optical image correlating the composition of the CdSxSe1�x nano-

structures with the growth temperature gradient.

193709-2 Murphy et al. J. Appl. Phys. 116, 193709 (2014)
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CdS0.65Se0.35 (Red) sample. SEM images and EDX spectra

for the remaining nanostructures can be found in the supple-

mental material (Figures S1 and S2).61 The compositions for

the CdSxSe1�x obtained from the EDX are CdS0.99Se0.01

(yellow), CdS0.81Se0.19 (orange), CdS0.74Se0.26 (red-orange),

CdS0.65Se0.35 (red), and CdS0.25Se0.75 (brown) denoted by

the color of appearance (Figure 1) and referred to hereafter

as yellow, orange, red-orange, red, and brown, respectively,

as the content of Se increases. The composition of the

CdSxSe1�x nanostructures varies with growth temperature

and x decreases with growth temperature from 400 �C to

600 �C (Figure 1). The color change from yellow to brown as

the content of Se increases in CdSxSe1�x is due to the change

of light absorption with the incident visible wavelength as x

changes. The color is affected by particle size, shape, and

method of preparation (band gap change). Cadmium selenide

and cadmium sulfide form continuous solid solutions of the

substitution type. The color formed and other physical prop-

erties are a linear function of the solvent-to-solute propor-

tion.43 Additionally, the morphology of the nanostructures

varies slightly with composition and growth temperature.

The middle of the temperature gradient is dominated by a

nano-ribbon morphology while both ends of the temperature

range contain a mixture of nano-ribbons and nano-wires. A

more detailed analysis of the structure and morphology can

be found in the literature.2,8,15,35

A. The Se K-edge EXAFS

Figure 3(a) shows the Se K-edge FLY EXAFS. The

backscattering amplitude of the CdSxSe1�x nanostructures is

similar from the mid to high k region and therefore results in

similar EXAFS signal.44 The Fourier transforms of the Se K-

edge EXAFS performed over the range of 3� k� 10 Å�1 are

FIG. 2. SEM image and EDX spectrum

(10 keV excitation) of CdS0.65Se0.35

nanostructure (Red).

FIG. 3. (a) Se K-edge EXAFS in FLY

of CdSxSe1�x nanostructures. (b)

Fourier Transform of the Se K-edge

EXAFS of CdSxSe1�x nanostructures

plotted in radial distribution (no phase

correction, k3 weighted).

193709-3 Murphy et al. J. Appl. Phys. 116, 193709 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

131.169.95.181 On: Tue, 03 Feb 2015 07:56:26



shown in Figure 3(b). The strong peak at 2.52 Å is ascribed

to the nearest Se-Cd bond while the side lobe at 1.88 Å arises

from the nonlinearity in the phase-shift of the Cd scatterer in

k space.22,44,45 These results are consistent with previous

studies of Se EXAFS in CdSe.22,45,46 This suggests that the

distance to the first neighbour shell around Se (Se–Cd pair)

in the CdSxSe1�x samples corresponds to the Se-Cd pair dis-

tance in CdSe. This similarity is expected given that the dif-

ference in nearest neighbour distance in bulk CdSe (2.630 Å)

and bulk CdS (2.542 Å) is only �0.1 Å.47,48 This suggests

the incorporation of Se into a CdS matrix and S into a CdSe

matrix results in minimal local distortion and disorder to the

lattice and minimal change in the Se-Cd bond distance. The

insertion of Se into CdS does not cause any phase change of

the composite CdSxSe1�x material.

V. THEORETICAL XANES IN COMPARISON WITH
EXPERIMENTAL XANES

A. The Cd K and L-edge XANES

The XANES edges of CdS, CdSe, and a representative

solid solution, CdS0.5Se0.5 (henceforth denoted CdSSe) have

been evaluated by WIEN2k. The results with GGA calcula-

tion have been previously reported by Yiu et al.49 The self-

consistent calculation with mBJ potential is incorporated

here. Representative values of the core-hole level widths are

Cd K, 7.28 eV; Cd L3, 2.5 eV; Cd L2, 2.62 eV; S K, 0.59 eV;

S L3 and L2, 0.05 eV; Se K, 2.33 eV; Se L3, 1.0 eV; and Se

L2, 1.13 eV.42

Fig. 4(a) shows the Cd K edge and Fig. 4(b) illustrates

Cd L3 edge of CdS and CdSe with the theoretical XANES

spectra calculated by DFT together with the mBJ potential.

With GGA calculation, the experimental Cd L3 edge of both

CdS and CdSe favours the B4 wurtzite structure as the pre-

edge region indicates the presence of small peaks, peak A

and peak B.49 They compared favourably to the theoretical

GGA curves of the B4 structure. However, with mBJ poten-

tial, there is neither peak A nor peak B in the calculated Cd

L3 edge. Peak C of the Cd K edges of CdSe in Figure 4(a)

moves closer to the edge compared to that of CdS due to the

larger Se atom and thus longer Cd-Se inter-atomic distance.

Peak E of the Cd L-edge of CdSe in Figure 4(b) also gets

closer to the edge than that of CdS.

The XANES of the CdSxSe1�x nanostructures at the Cd,

S, and Se, K-edge (1s ! np dipole transitions) and L edge

(2p3/2! nd) have been accumulated and analyzed.49 For Cd

K-edge, the energy of the white-line is consistent for all sam-

ples. However, a change in the multiple scattering and early

EXAFS region, where peaks can be seen with a dampening

in peak intensity, is moving from CdS toward CdSe in com-

position particularly in the peak at �26 785 eV. This is

accompanied by the emergence of a weaker peak at lower

energy. This change can be understood in terms of the back-

scattering amplitude of S and Se, of which Se has a notice-

ably smaller amplitude in the low k region, and the larger Se

atom (a longer Cd-Se inter-atomic distance).44

Although previous studies have shown that there is a

shift in the edge position to higher energy going from Cd2þ

ion in solution to CdO to CdS, there appears to be no notice-

able difference in the edge position when moving from CdS

to CdSe.50,51 Similar results have been seen in mixed

CdTexS1�x systems where there is no change in edge posi-

tion with composition.52 The edge shift relates to the ionic

and covalent nature (and related crystal structure) of the

compounds where Cd2þ and CdO (rock-salt) are ionic-like in

character while CdS (wurtzite), CdSe (wurtzite), and CdTe

(wurtzite) systems are covalent-like in character. This indi-

cates that the net charge transfer from the Cd to S or Se in

the CdSxSe1�x nanostructures is very similar; that is, that the

Cd2þ is much better screened in the covalent system and can

be denoted as Cd(II).

B. The S K and L-edges

S K edge and L3,2 edges of CdS are shown in Figs. 5(a)

and 5(b), respectively. The theoretical XANES spectra have

been calculated by the mBJ potential. Peak E of the

FIG. 4. Experimental and theoretical

XANES of CdS and CdSe: (a) Cd K
edge and (b) Cd L3 edge using mBJ

potential.
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theoretical S K edge XANES in Figure 5(a) is in good agree-

ment with the experimental TEY, indicating that no surface

oxidation occurs in these samples since the theoretical CdS

and CdS0.5Se0.5 models are hexagonal B4 crystals with no

oxides. Peak A preceding the S L edge region of CdS in

Figure 5(b) corresponds to the Se M3 peak. In Figure 5(b),

peak B is attributed partly to Se M2 and S L3 edges, where

Peaks C and D are due to the S L3 edges.

Figure 5(a) shows the TEY XANES, taken at the S K-

edge of CdS, and CdSSe samples. A few important features

are noted: First, the intense peak A seen in all three spectra,

at 2470.5 eV, corresponds to the S K-edge jump of the sul-

phide (S2�) species, assigned to an electron transition from

the S 1s core to an empty S 3p-like state in the valence

band.53 Similarly, peaks B, C, and D are also related to

dipole transitions from the S 1s to unoccupied orbitals that

are S p-like in character.53 The spectral features at energies

higher than peak E are most likely from single-scattering

events (EXAFS). Since the spectral features of the yellow

and orange match that of CdS, the local environment of the S

is very similar in all three systems.49 Although, closer exam-

ination of the multiple scattering peak of the orange reveals

that it is shifted closer to the threshold, which qualitatively

indicates a slightly longer S bond when Se becomes a more

dominant component in the lattice. The appearance of a

sharp intense peak slightly blue shifted relative to peak E has

been previously attributed to the oxidation of the sulphide

forming S-O bonds probably in the form of sulphate (SO4
2�)

upon exposure to air,54–57 however no such surface oxidation

occurs in these samples.

Figure 5(b) shows the FLY-XANES spectra of the

CdSxSe1–x nanostructures at the S L3,2-edge (S 2p3/2,1/2! 4s,

3d transitions). At the L3 (163.5 eV) absorption edge, there

is an intense absorption (white-line) in the FLY. The peak

profile at the S L3,2-edge is very similar for all CdSSe sam-

ples providing evidence that the S is in a comparable local

environments for all the systems. The main difference

observed in the CdSSe nanostructures is the intensity of the

pre-edge peak at 158.5 eV. This pre-edge peak is due to the

presence of surface defect states which exist just below the

conduction band. It is also possible that they arise from the

L1-edge of Si from the substrate or the M3,2 edge of Se

although Si is not detected from EDX (Figure 2) and theoreti-

cal calculation suggests the latter. The intensity of the pre-

edge feature is the highest for the nanostructures with the

highest surface area to volume ratio, and it is most intense for

orange than brown which consist of small nano-wires.49 The

pre-edge decreases for the small yellow nanostructures and

more so for the larger red-orange and red nano-ribbons, then

almost disappears for the bulk CdS powder.

C. The Se K and L-edge

Figs. 6(a) and 6(b) show the Se K and L3,2 edges of

CdSSe nanostructures, respectively, and the theoretical spec-

tra have been calculated by the mBJ potential. Whitelines of

the theoretical Se K-edge XANES spectra are more pro-

nounced than the experimental FLY. The reduction of the in-

tensity of FLY may be in some case due to the thickness

effect of the samples. Since our samples are only a few

microns thick, the reduction of FLY is not due to the thick-

ness of the samples. The area under the whiteline is propor-

tional to the densities of states of p holes in the Se p band

that crosses the Fermi level. This indicates that there may be

less un-occupied p state in the experimental CdSe sample.

However, experimental broadening due to photon resolution,

which is often small compared to corehole lifetime cannot be

totally ruled out. Whiteline is slightly less pronounced for

the theoretical Se L3 XANES spectra which show that there

are more unoccupied s and d states of the experimental sam-

ples. This indicates that the s-p hybridization of Se in the va-

lence band is in favor of larger p character.

The Se K-edge FLY XANES of the CdSxSe1�x nano-

structures are displayed in Figure 6(a). The Se 1s ! np
dipole transition at the Se K-edge threshold results in a sharp

absorption peak (white-line). The position of the white-line

is related to the formal charge at the Se site and the area

under the peak is representative of the densities of

FIG. 5. Experimental and theoretical

(by mBJ potential): (a) S K and (b) S

L3,2 and Se M3,2 XANES of CdS and

CdSSe.
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unoccupied states of primarily Se 4p character (amount of Se

4p holes in the conduction band). The multiple scattering

resonance features up to 50 eV beyond the white-line are

characteristic of the local environment of the absorbing Se

atom.58,59 Comparing Se K-edge XANES of the CdSxSe1�x

nanostructures and with CdSe powder, there is a noticeable

shift in the white-line to higher energy with increasing S con-

tent moving from CdSe (12661.2 eV) to yellow

(12662.0 eV).49 The binding energy of the Se increases from

CdSe to yellow, when it is incorporated in a less favorable

environment, such as a more CdS like wurtzite matrix. S is

more electronegative than Se and will act as an electron

withdrawing group and thus Cd will donate more electron

density to the surrounding S than the Se. Therefore, the

higher the S content in the system the lower the electron den-

sity of the Se and the higher the Se binding energy.

Additionally, the resulting removal of electron density from

the Se through the addition of S as well as the increase in

surface Se with dangling bonds due the decrease in size of

the nanostructures compared to bulk CdSe means there is an

increase in the Se 4p holes. These holes are unoccupied

states of 4p character in the conduction bands. This results in

an increase in the white-line intensity as seen in Figure 6(a).

Similar shifts in the white-line to higher energy and intensity

can be seen in CdSe nano-particles capped with electron

withdrawing ligands.59 The position of the multiple scatter-

ing resonances is identical for all the CdSxSe1�x samples and

the CdSe powder standard indicating that the Se is tetrahe-

drally coordinated to Cd in a wurtzite crystal structure for all

samples.

The theoretical calculation of DFT together with GGA

or mBJ potential gives a consistent interpretation of the

XANES edges of CdSSe samples at Cd K, Cd L3,2, S K, S

L3,2 and Se K, Se L3,2, and Se M3,2 edges. The experimental

Cd L3 edge of both CdS and CdSe compared favourably to

the theoretical DFT together with GGA curves of the B4

hexagonal structure, as the pre-edge region indicates the

presence of small peaks, peak A and peak B.49 These small

peaks are also present in all the CdSxSe1�x samples and

indicate that these samples are all in hexagonal phase and

that no phase change occurs for these CdSxSe1�x samples

during preparation. At S L3,2 and Se M3,2 edges, DFT theory

shows the contribution of Se M3,2 edges near S L3,2 edges.

The theoretical calculation of DFT is based on model

crystals with no thermal motion of the material, considering

the nuclei at their equilibrium positions. In general, the in-

tensity of the dominant main-edge peak in ordered materials

appears to be greater, relative to the edge jump, than in disor-

dered materials of a given composition. Disorder due to fi-

nite temperature typically broadens spectra without altering

the overall integrated strength as is shown in the experimen-

tal XANES spectra.

VI. EXPERIMENTAL XEOL RESULTS AND
DISCUSSIONS

All the XEOL spectra (Figures 7(a)–7(c)) exhibit two

emission bands. The sharper band is the band-gap emission

(excitonic), while the broad band is the defect emission of

the CdSxSe1�x nanostructure. The broadening and slightly

varying centroid position are due to the distribution of the

defects in contrast to a well-defined near band gap optical

emission. This defect emission has not been previously

observed in conventional PL studies using laser excita-

tions.8,15,18 This implies that the use of X-rays opens the pos-

sibility of new de-excitation channels inaccessible by laser

sources which do not provide enough energy transfer to pro-

duce defect luminescence. XEOL is largely based on ther-

malization of energetic electrons produced locally at the site

of interest. From the XEOL spectra in Figure 7, there is a

tunable red shift in both the band-gap and defect emissions

with decreasing S or increasing Se content in the CdSxSe1�x

nanostructures. It is known that the band-gap of CdSxSe1�x

alloys can be determined by an interpolation between those

of the two binaries (CdS and CdSe) with an additional non-

linear bowing parameter60 according to the following

equation:

FIG. 6. Experimental and theoretical

(by mBJ potential): (a) Se K and (b) Se

L3,2 XANES of CdSe and CdSSe.
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EgðCdSxSe1�xÞ ¼ xEgðCdSÞ þ ð1� xÞEbðCdSeÞ � xð1� xÞb
(1)

where, Eg(CdS) is 2.43 eV, Eg(CdSe) is 1.74 eV, and the

bowing parameter b is 0.54 for CdSxSe1�x at room tempera-

ture. Using the alloy composition x determined by EDX, the

theoretical band-gap values of the nanostructures for each

composition x can be determined. The theoretical band-gap

energies (blue triangles) along with the experimental band-

gap energies (black squares) and defect emission energies

(red circles) are plotted in Figure 7(d). The theoretical val-

ues are in good agreement with the experiment band-gap

energies. The small deviation in the red-orange and red sam-

ples can be attributed to different sampling depths/sizes

between the EDX (micrometers). XEOL at the S L3-edge

(tens of nanometers) results in a minor discrepancy in com-

position which could be slightly different at the surface of

the nanostructures and vary along the length of the substrate

(Figure 1).

The peaks of the band gap emission from the XEOL

spectra of CdS, yellow, orange, red-orange, red, and brown

samples are at 511.32 nm, 551.446 nm, 562.984 nm,

587.541 nm, 612.02 nm, and 678.19 nm, respectively. The

peak positions of the band gap emission of these samples

do not change when the excitation energy is tuned through

the S L-edge, changing from 155 eV, 163.5 eV, and

170 eV. The corresponding band gaps of CdS, yellow,

orange, red-orange, red, and brown samples are 2.43 eV,

2.25 eV, 2.20 eV, 2.11 eV, 2.03 eV, and 1.83 eV,

respectively.

The band gaps of CdS, CdSSe and CdSe have also been

calculated using the mBJ exchange-correlation potential37

within the frame work of WIEN2k. The calculated band gaps

are Eg(CdS-B4)¼ 2.55 eV, Eg(CdS0.5Se0.5-B4)¼ 2.25 eV,

Eg(CdSe-B4)¼ 1.77 eV, Eg(CdS-B3)¼ 2.42 eV, Eg(CdSe-B3)

¼ 1.74 eV. Both the local density approximation (LDA) and

GGA underestimate band gaps49 and the mBJ potential

improves the band gaps estimates, and the calculated mBJ

band gaps are closer to the experimental data.

Additionally, it is clear that there is an increase in the

branching ratio between the band-gap and defect emissions

of the CdSxSe1�x nanostructures with a decrease in the S to

Se ratio. By probing the change in optical emission across

the S L3-edge (Figure 7) of CdS and yellow, the defect

emission decreases across the S L3-edge, whereas for or-

ange, red-orange, and red, the defect emission increases

across the S L3-edge. Moreover, there is a decrease in

band-gap intensity moving from below the edge to the

edge-jump (163.5 eV) for the yellow, orange, red-orange,

and red nanostructures and an increase for the brown. It is

evident from these results that with deviation from pure

CdS, the S takes a more dominant role in defect emission.

FIG. 7. S L3-edge XEOL spectra of CdSxSe1�x normalized to the maximum band-gap intensity when excited at 155 eV (a), 163.5 eV (b), 170 eV (c), and the

maximum of band-gap and defect emission energy as a function of mole fraction Se for the 163.5 eV excitation (d). Note: The spectral response observed at

�930 nm is an artifact of the detector.
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The decrease in band-gap emission across the S L3-edge

indicates that the band-gap luminescence from the nano-

structures is either more likely to originate from the Cd

sites than the S sites or an abrupt change in sampling depth

above the edge. The radiative channel is suppressed by the

increasing presence of Se.52

FIG. 8. S L3-edge XEOL spectra for (a) CdS, (b) yellow, (c) orange, (d) red-orange, (e) red, (f) brown. The XEOL spectra are all corrected to the intensity of

the incoming photons. Note: The spectral response observed at �930 nm is an artifact of the detector.

FIG. 9. Se L3,2-edge XEOL of

CdSxSe1�x nanostructures: (a) yellow,

(b) orange, and (c) brown. Note: The

spectral response observed around

930 nm is an artifact of the detector.
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Figure 8 shows the S L-edge XEOL excited across the

edge. Of particular interest is the organge sample which

exhibits a shoulder at shorter wavelength region in the near

band gap emission when the system is excited at the S L3

edge resonance. See supplemental material Figure S3 for the

spectral fits.61

Figures 9(a)–9(c) show the XEOL spectra taken at exci-

tation energies below the Se L3-edge (1405 eV) and above

the Se L2-edge (1500 eV) for the yellow, orange, and brown

CdSxSe1�x nanostructures. The peak positions of the band

gap emission below the Se L3-edge (1405 eV) and above the

Se L2-edge (1500 eV) are 510.5 nm, 543 nm, and 657.7 nm

for the yellow, orange, and brown samples, respectively. The

corresponding band gap energies of the yellow, orange, and

brown samples are 2.43 eV, 2.28 eV, and 1.89 eV, respec-

tively. The peak positions in the XEOL at the Se L3,2-edge

differ slightly to those at the S L3,2-edge because they were

recorded at different spots on the respective yellow, orange,

and brown samples which have a minor variation in compo-

sition along the sample due to the growth gradient (see

Figure 1). At the Se L3,2-edge, there is a decrease in defect

emission going from below to above the edge. The yellow

and orange samples, which are closer to CdS, show a

decrease in band-gap emission and band-gap to defect

branching ratio. The brown sample, which is closer to CdSe,

shows an increase in band-gap emission and band-gap to

defect branching ratio. These results demonstrate that when

Se is the dominant anion, its excitation will result in a large

increase in band-gap emission since energy is transferred

directly to the emission sites. However, in CdSxSe1�x sys-

tems in which Se is the non-dominant anion, Se excitation

will decrease the optical emission by transferring energy

away from luminescence sites and de-excitation will occur

through non-radiative paths.

VII. CONCLUSION

We have used a local probe, XAFS at the Cd, S, and Se

K and L3,2-edges to track the structures and electronic prop-

erties of the CdSxSe1�x solid solution nanostructures. It is

found that the structure and bonding are dependent on the S

to Se ratio and display properties that are between that of

pure CdS and CdSe. The local environment of the minority

anion is similar to that in its pure CdS or CdSe form. The

minimal distortion of the local environment in the wurtzite

crystal structure upon solid solution formation has been

observed by XANES and EXAFS. The CdSSe system favors

the wurtzite (B4) crystal structure than the cubic (B3) struc-

ture. The use of a tunable X-ray source to examine the opti-

cal emission of CdSxSe1�x by XEOL has probed new de-

excitation channels which show a defect emission band not

previously seen with a laser source. These new energy path-

ways are related to the morphology, size, and crystallinity of

the nanostructure and provide new insight on the optoelec-

tronic properties of CdSxSe1�x nanostructure alloys.
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