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The Structure-Dependent Quantum Yield of ZnCdS Nanocrystals

Hong-Shuo Chen,’ Shu-Ru Chung,”" Ya-Ching Chen,’ Tsan-Yao Chen,  Ching-Yuan Liu® and Kuan-
Wen Wang®

In this study, we demonstrate the effect of atomic arrangement and valence band structures on the optical properties of
Zn,Cd1S nanocrystals (NCs) by controlling the Zn ratios. Our results indicate that the increases in coordination number of
Zn-0 bonding within the NCs and structural changes in valence band (VB) would enhance their quantum yield (QY) due to
the influence of the surface states and charge recombination rate in VB, respectively. Consequently, the Zn,Cd;,S NCs with
an optimal x =0.4 have the highest QY about 56 %. By combining structural and optical analysis, we systematically
elucidate the effect of composition on the local structure and the charge distribution in VB of the Zn,Cd;,S NCs. Hereby,

this study provides

Introduction

Semiconductor nanocrystals (NCs) are one of the most
promising candidates for technological applications such as
light-emitting devicesl’z, photovoltaic cellsg, bioimaginga’5 and
laser diodes®’. Recently, semiconductor alloy (A,B,,) or
ternary (AB1,C) NCs have attracted much attention because
of their unique composition and structure-dependent optical
and electronic propertiess'm. Many studies have shown that
some experimental conditions, such as temperatures, ligand
types and concentrations, have great influence on the optical
properties of NCs'™*% Surface ligands are thought to be the
most important factors, because when ligands passivize and
interact with the precursors, the aggregation states and
growth process of NCs can be affected, thus potentially
changing their structure and optical propertiesB'M. The effect
of surface ligands on the quantum efficiency (QY) of CdTe has
been reported 3 |t is noted that both the suitable chain length
and the side group are important to control the growth and to
improve the optical property of NCs in which the 3-
mercaptobutyric acid-modified CdTe NCs exhibit an excellent
optical property13. Besides, it has been reported that CdTe NCs
prepared in trioctylphosphine/dodecylamine are transferred
into water. The photoluminescence QY and exciton lifetime
are increased accordingly due to the change of band-edge
emission™. In terms of the CdSe system, the luminescence

efficiency has been sufficiently improved by a surface
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mechanistic

insight in developing ZnCdS NCs with high Qy.
passivation techniquels. Surfactants can passivate the surface
defects which behave as non-radiative relaxation centers for
the electron-hole recombination. ZnS or ZnSe and alkylamines
are known as typical capping reagents for highly luminescent
cdse NCs'. For the ternary NCs, the QYs are affected by the
different reaction time and the passivation effects of surface
ligands on the NCs surface. Both of the band edge and surface
state emission can be tuned by using alkenes of different
carbon chain lengths as surface Iigandsls.

Moreover, the growth kinetics within NCs including the
surface states and growth process, inevitably affects their local
structure®®. For such NCs, lattice strain caused by lattice
mismatch, the change in valence band (VB) structure, surface
and chemical composition have significant influences on their
optical and electronic propertieszo'zz. Besides, the lattice strain
can also lead to surface or interface trapping and modulate the
lattice parameters, which change the intrinsic bond lengths
and modify the band structure of the NCs. Although the effect
of strain on NCs has been widely studiedzg, only few attentions
have been paid to understand the influence of VB and local
atomic structures on optical properties of ternary NCs, which
dictates the overall efficiency in various optoelectronics,
photovoltaic and light-emitting application524’25.

In this study, highly effective Zn,Cd,.,S NCs with white light
have been prepared and their composition-
dependent lattice strain, VB, and local atomic structure has
been discussed. The white light emission comes from single NC
instead of a mixture of NC sizes has attracted much
2629 hut its mechanism is not yet well established. The
white light may be regarded as by chance from surface states
or by design from band-edge emissions®®. The surface-state
emission of trap-rich CdS and the dual-color emission from the
CdSe core/shell systems show QY of 17 and 30 %,
respectivelyzs. Moreover, by using aberration-corrected
atomic number contrast scanning transmission electron
microscopy, it reveals that the white light emitting CdSe NCs

are crystalline, consist of approximately four lattice planes,

emission
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and likely have defects®. However, there have been few
reports regarding the correlation between QY and structural
properties of white-light emitting ternary NCs. Therefore, here
we have demonstrated the structure-dependent QY of ZnCdS
NCs based on the X-ray absorption (XAS) and ultraviolet
spectroscopies (UPS). It is observed that the surface oxidation
sates, atomic arrangements, QY, and compression strain in NCs
can be manipulated by the Zn addition.

Experimental
Preparation of Zn,Cd,.,S NCs

Cadmium oxide (CdO, 99.998 %) was purchased from Alfa
Aesar. Zinc oxide (ZnO, 99.999 %), stearic acid (SA, 99 %),
sulfur powder (S, 99.98 %), octadecene (ODE, 90 %),
hexyldecylamine (HDA, 90 %), and trioctylphosphine oxide
(TOPO, 90 %) were obtained by Aldrich. Hexane (99.7 %) and
methanol (99 %) were gotten from Mallinckrodt Chemicals. All
chemicals were used as received without further purification.

A series of colloidal ternary semiconductor Zn,Cd,_,S (x=0.2,
0.3, 0.4 and 0.5, named as Znx) NCs was prepared by thermal
pyrolyzed organometallic route. Total amount of 0.3 mmol of
CdO and ZnO were mixed with stearic acid (SA), which served
as complex reagents, in a three-necked flask and then heated
to 230 °C under Ar flow until a clear solution was formed to
prepare the cadmium/zinc-SA precursor. The solution was
then allowed to cool down to room temperature, and a white
solid precipitate was obtained. After cadmium/zinc-SA
precursor was formed, the mixture solvent, 15 mmol of TOPO
and 24 mmol of HDA, was added into three-necked flask and
stirred together under Ar at room temperature for 5 min, then
reheated the sample up to 320 °C to form a transparency
solution. At this temperature, S-ODE precursor, which was 1.5
mmol of sulfur dissolved in 4 mL of ODE, was swiftly injected
into three-neck flask. The nuclei formed quickly and after60
mins, the mixed solution was swiftly cooled down to 150 °C to
stop reaction. Samples were precipitated with hot anhydrous
methanol for purification. The precipitate was dissolved in
hexane to remove unreacted reagents and excess TOPO or
HDA and for further measurement.

Characterization of NCs

The optical properties of samples were measured by
Fluorescence Spectrophotometer (FL, Hitachi F-7000) and UV-
Visible spectrometer (UV-Vis, Thermo Evolution 60s
spectrometer), respectively. Relative QY of samples were
determined by comparing the area under the curve of FL
emission for the Znx NCs with that of fluorescent dye
(Rhodamine 101 in ethanol). Both of sample and reference
have the same absorbance under the same absorption
wavelength. Phases and structures of NCs were examined by
X-ray diffraction (XRD, from Rigaku) with a CuKa (A=1.54 A)
radiation operated at 40 kV and 25 mA. The XRD patterns were
collected by 20 scan from 20 to 60° with the scan rate of
0.125° per step. Transmission electron microscope (HRTEM,
JEOL JEM-2010) was used to analyze the particle size and more
than 100 particles were counted to measure the size
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distribution of samples. The surface chemical states of NCs
were conducted by X-ray photoelectron spectroscopy (XPS,
Thermo VG Scientific Sigma Probe) using an Al Ka radiation. All
binding energies were calibrated with respect to the C 1s line
at 284.6 eV. The surface compositions of NCs were estimated
by calculating the integral of each peak. The exact chemical
compositions of the obtained were measured by inductively
coupled plasma — atomic emission spectrometer (ICP-AES,
France Horiba JobinYvon JY2000-2) using a standard HCI/HNO;
digestion. The valence band structure was characterized by
photoemission valence band (VB) spectroscopy at beamline of
BL24A at National Synchrotron Radiation Research Center
(NSRRC) in Taiwan.

The typical XAS spectra of various NCs were obtained in
fluorescence mode at the BLO1C1 and BL17C1 beamlines at the
NSRRC. The incident beam was monochromated using a
double crystal monochromator equipped with Si (111) crystal.
Si monochromator was employed to adequately select the
energy with a resolution AE/E better than 1 x 10™ at the Cd K-
edge (26711 eV) and Zn K-edge (9659 eV). In general, all NCs
were dispersed uniformly on the tape and prepared as thin
pellets with an appropriate absorption thickness (ux = 1.0,
where [ is the absorption edge and x is the thickness of the
sample) so as to attain the proper edge jump step at the
absorption edge region. In order to acquire acceptable-quality
spectra, each XAS measurement was repeated at least twice
and averaged for successive comparison. Moreover, the
ionization chamber filled with different mixing gases such as
Ar, N,, He or Kr was used to detect the intensities of the
incident beam (l,), the florescence beam (l;) and the beam
finally transmitted by the reference foil (I,). For the EXAFS
analysis, the backgrounds of pre-edge and post-edge were
subtracted and normalized with respect to the edge jump step
from the XAS spectra (x(E)). The normalized x(E) spectra were
transformed from energy to k-space and further weighted by
K to distinguish the contributions of back scattering
interferences from different coordination shells. Subsequently,
the extracted k3-weighted spectra in k-space ranging from 3.0
to 12.9 and 3.3 to 13.0 A™ for the Cd K-edge and Zn-edge were
Fourier transformed into r-space, respectively. The phase
correction was set on all spectra in the r-space. Finally, the
filtered EXAFS data of Cd K-edge were analyzed by a nonlinear
least-squares curve fitting method in the r-space ranging from
1.0 to 3.6 A depending on the bond to be fitted. The
reference phase and amplitude for the Cd-O coordination
were initially acquired from a CdO powder. Normally, the
backscattered amplitude and phase shift functions for specific
atom pairs were theoretically estimated by manner of utilizing
the FEFF7 code®. In addition, the reduction amplitude (Sg,)
value for Cd was fixed at 0.83 in order to determine various
structural parameters for each bond pairs.

Results and discussion

The quantum yields (QYs) of various Znx NCs, calculated by
comparing the emission area with fluorescent dye (Rodamine
101)31 are listed in Table 1. The QY is composition-dependent

This journal is © The Royal Society of Chemistry 20xx
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with the highest value reached to 56 % for Zn0.4. The change
of Zn composition may significantly influence the atomic
arrangements inside the NCs, thus affecting their optical
properties. Fig. 1 shows the emission spectra of Znx NCs, which
can be separated into band edge (narrow peak) and trap state
(broaden peak) emissions. The band edge emission shifts from
440 to 414 nm with increasing Zn content from 0.2 to 0.5,
suggesting the formation of alloyed NCs via the intermixing of
the lower band gap CdS (Eg = 2.5 eV) with the higher band gap
ZnS (Eg = 3.7 eV)1°'32. Meanwhile, the other one at longer
wavelength with much broad emission band becomes more
and more significant with increasing Zn content. It has been
reported that in the colloidal InP NCs, when the surface sates
are passivated, the NCs show only band-edge emission with
very high ay®. Previously, we have also observed that the
surface state emission plays an important role in enhancing
the Qv.* Therefore, the quantitative integral emission area
results of Znx NCs are summarized in Table 1 in order to
investigate the QY enhancement factor. It seems that the area
ratio of surface state to total emissions (A./(A.+A,)) increases
as the Zn content increases, suggesting that either the Zn
content or the atomic arrangement can influence the optical
properties of the NCs™>>. Moreover, the insert in Fig. 1
compares the quantitative emission areas of NCs. The result
implies that this absolute emission area including the surface
states and band edges determines the QY, especially for Zn0.4.
It is worth mentioning that the emission area dramatically
drops for Zn0.5, maybe attributed to the structure-dependent
effect.

The phases and structures of the Znx NCs characterized by
XRD are displayed in Fig 2. The corresponding structural
parameters are summarized in Table S1 in supporting
information (Sl). Clearly, the various Znx NCs possess the face
center cubic (FCC) CdS crystallites, and the diffraction peaks
located at 26.46, 43.89 and 51.98° correspond to the
characteristic signals from (111), (220) and (311) facets,
respectively. For Znx NCs with x = 0.2, 0.3, and 0.4, the upshift
of diffraction peaks is mainly caused by the heteroatomic
intermix of Zn atoms to CdS crystallite with lattice strain in CdS
domains. On the contrary, when Zn composition is increased
from 0.4 to 0.5, the diffraction peak position downshifts to
lower angle region, suggesting that the main phase is changed
from CdS to ZnS, which is also further verified by the results of
ICP and XPS later. It is noted that in ZnS dominate system
(Zn0.5) the QY of NCs is lower than that in CdS system
(Zn0.4)36'37. Besides, the lattice strain of ZnCdS (Szncgs) NCs is
determined by the extent of their characteristic peaks offset
from the peak of CdS crystals, with the careful background

subtraction as estimated by equation 1:
Azncds — Aref(cds) % 100 %

(1

(SZ‘nCdS) =
aref(CdS)

where azncqs and areficas) is the lattice constant of the bulk CdS
and obtained Znx NC, respectively. As listed in Table 1, this
lattice strain is enhanced when Zn content is increased from
0.2 to 0.4, in which the Zn0.4 NCs have the compression as
high as 3.60 %, probably promoting its QY.

This journal is © The Royal Society of Chemistry 20xx

The morphologies of the Znx NCs are displayed in Fig. 3 and
their lattice structural parameters are summarized in Table S2.
The Zn, NCs with a spherical shape have an average particle
size of 3.610.4, 3.1+0.4, 3.110.3 and 2.710.4 nm and the
interplanar spacing is 3.36, 3.29, 3.15 and 3.32 for Zn0.2,
Zn0.3, Zn0.4 and Zn0.5, respectively, As indicated, the
interplanar spacing of Znx NCs, are all smaller than that of FCC
Cds (3.37 A), suggesting the lattice compression in Znx NCs as
compared in Table 1. Moreover, besides the lattice strain, the
atomic arrangement and electronic structures can be
manipulated by controlling the Zn addition. On the other hand,
in order to understand the exact surface and chemical
composition of NCs, XPS and ICP-AES were used and the
results are shown in Table 1. The surface Zn/Cd composition of
Zn0.2, Zn0.3, Zn0.4 and Zn0.5 is 88/22, 87/13, 42/58 and
79/21, respectively. It is interesting to mention that the
surface composition of Zn in Zn0.4 NCs is much higher than the
chemical composition which measured by ICP (65/35),
indicating that the structure of Zn0.4 NCs is Zn-rich on the
outer shell and Cd rich in the inner core. This core/shell
structure significantly different from other samples may be
one of the QY enhancement factor. Fig. 4 displays the Zn and
Cd XANES spectra of Znx NCs,
structures, including the oxidation state and site symmetry of

in which the electronic

the absorbing atom can be clarified. The absorption peak at
9656 eV in Fig. 4 (a) corresponds to the electronic transitions
of Zn 1s to 4p states, and the peak at 26711 eV in Fig. 4 (b) is
ascribed to the transitions of Cd 1s to 5p states®. Herein, the
white-line (WL) intensity is an indication for the oxidation level
of Zn and Cd atoms, which can be caused by the charge
donation from Zn and Cd to their neighbouring atoms. On the
other hand, the energy shift of the WL in Zn and Cd K-edge is
believed to relate with the change in the bond lengths of Znx
NCs at different Zn compositionsls. The XAS determined
corresponding Fourier transformed radial structure function
(RSF) profiles and fitting structural parameters of Zn K-edge
are provided in Fig. S1(a) and summarized in Table S2 in SI,
respectively. For Zng,, the radial peaks at ~1.95, 2.29 and 3.08
A are related to the interferences of photoelectrons by Zn-O,
Zn-S and Zn-Zn bond pairs, and their coordination numbers are
determined to be 2.1, 0.4 and 0.3, respectively. Besides, the
calculated degree of oxidation (i.e. Nz,o and N¢go) shown in
Table 1 of all samples indicates that the coordination of Zn-O
of the NCs can be well-improved after incorporation of Zn
from Zn0.2 to Zn0.4, thus promoting the QY. As compared in
Table 1, this surface reconstruction is optimized for Zn0.4,
resulting in the largest lattice strain within the NCs. In the case
of Cd-K edge, the peak located at ~2.20 and ~2.50 A can be
assigned to the contribution of interference from the Cd-O and
Cd-S bond pairs, respectively. It is interesting to mention that
the atomic arrangement in the Cd pairs has the opposite trend
to that in Zn pairs. For Zn0.4 with the highest N0 in Zn edge
has the lowest N¢yo in Cd edge, suggesting an extremely Cd
core and Zn shell structure with a very large compression.

The proposed valence charge transition induced by the lattice
strain is further investigated by the VB photoemission
spectroscopy. Fig 5 compares the VB spectra of various Znx

J. Name., 2013, 00, 1-3 | 3



CrystEngComm

NCs. The charge distribution area near the VB interface of
Zn0.4 is much higher than that of other samples, resulting in
the high charge recombination rate of NCs. Moreover, it can
be seen that when the composition of Zn is increased to 0.5,
the charge distribution is decreased significantly, also affecting
the QY.

Conclusions

In summary, we demonstrate the correlation between
atomic/VB structure and QY of ZnCdS NCs. Our optical analyses
elucidate that QY of Zn0.4 as high as 56 % is owing to the
largest absolute emission area in FL among all NCs. Moreover,
based on the XAS characterization, Zn0.4 NCs possess the Zn
shell/Cd core structure with the highest and lowest degree of
Zn and Cd oxidation, respectively. In the view point of bulk
analysis, this Zn0.4 NCs have the CdS phase while for ZnO0.5,
the main phase changes to ZnS. This Zn addition from 0.4 to
0.5 results in not only the decrease of lattice strain but also the
core/shell inversion, resulting in the decay of QY. The Zn
addition would manipulate the QY through control of the
surface  oxidation arrangements, and

sates, atomic

compression strain in NCs.
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Table 1. The optical, chemical and structural parameters of Zn, NCs
Quantum Yield al Szncds 6l Surface /Chemical Compositionsm Nz,.old] cho[d]
NCs (%) Al (AstAd) (%) cd:zn (%) (%)
Zn0.2 26 0.37 -1.54 88:12/78:22 0.75 0.29
Zn0.3 42 0.49 -3.08 87:13/67:33 0.80 0.24
Zn0.4 56 0.59 -3.60 42:58/65:35 0.84 0.18
Zn0.5 27 0.65 -2.74 79:21/51:49 0.64 0.34

[a] As: Surface state emission area, Ag: Band edge emission area
[b] Szncas : lattice strain of Zn, NCs

[c] Surface and chemical compositions measured by XPS and ICP.
[d] Degree of oxidation (Nz_,.o: CNZWO/CNTOE and Nego: Cch,O/CNTmﬂ)
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Fig. 1 The emission spectra and luminescent images of Znx NCs. Inset
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