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Abstract. In the present study, we report the synthesis of high quality Cd,Zn;_.S nanocrystals alloy at
150°C with changing the composition. The shifting of absorption and emission peak in shorter wave-
length is obtained with increasing the mole fraction of zinc. The quantum yield (QY) value decreases with
increasing the Cd mole fraction and the values are 0-08, 0-13 and 0-40 for Cdy.c2Zno.35S, Cdo.52Zng.4¢S and
Cdo.31Zn9.60S nanocrystals, respectively after 120 min of reaction. However, the full width at half-
maximum (fwhm) values are 45, 34 and 28 nm and the corresponding quantum yield (QY) values are
0-52, 0-17 and 0-13 for 0-5 mM, 1-5 mM and 3 mM of initial S concentrations, respectively. It is interesting
to note that the radiative decay time is dominating with increasing the Cd content. Analysis suggests that

the decay dynamics depends on the composition of Cd,Zn,; .S nanocrystals.
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1. Introduction

Semiconductor nanocrystals have attracted much at-
tention in both fundamental research and technological
applications, owing to their unique size dependent
optical and electronic properties.”” The size depend-
ence of the band gap is the most identified aspect of
quantum confinement in semiconductors; the band
gap increases as the size of the particles decreases.
In alloy nanocrystals, the colour-tuning emission
properties are controlled by changing their constituent
stoichiometry without changing the particle size.'’ '
Zhong et al'""'"* reported ternary alloyed nanocrystals
at high temperature (250-330°C). Ying and co-worker
demonstrated® glutathione capped ZnSe and Zn,Cd, ,Se
QDs with tunable optical properties from 360 to
500 nm with high quantum yields of up to 50%. Bailey
and Nie’ reported ternary CdSe, . Te, alloy nanocrys-
tals with tunable optical properties. They demon-
strated that the composition and internal structure
are two important factors which can tune the optical
properties without changing the particle size. Only a
limited number of studies have been reported for the
synthesis of alloy nanocrystals via wet chemical
methods.>'*'* Therefore, the development of well
controlled synthetic methods by controlling compo-
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sitions remains a challenging problem in materials
chemistry. Generally, most of the cases, the used
chemicals are extremely toxic, expensive and using
relatively high temperature. The synthetic method
reported in this paper differs from earlier reports of
Zn,Cd;_,S nanoalloys. In the present study, the syn-
thesis temperature is 150°C which is below than re-
ported'! synthesis temperature (250-330°C).

No detailed report has been found on the time
resolved spectroscopic study of Cd.Zn; .S alloyed
nanocrystals with changing the composition, to our
knowledge. The detailed understanding of decay dy-
namics is essential because it dictates the overall effi-
ciency of the materials. Time resolved fluorescence
measurement is essential to understand the mecha-
nism of charge carrier relaxation. Furthermore, the
radiative and non-radiative decay rates were calcu-
lated based on the observed lifetime and fluores-
cence quantum yield. Of particular interest of our
research program is how the photo physics vary with
changing the composition, with the hope that such
knowledge will enable us to construct efficient nano-
materials for photonic and biophotonic applications.

2. Experimental
2.1 Materials

Oleylamine (Aldrich), Dodecylamine (Aldrich), Oc-
tylamine (Aldrich), Cadmium acetate (Merck), Zinc
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acetate (Merck) and Sulfur powder were used as re-
ceived. All solvents (n-hexane, toluene, methanol and
ethanol) were of GR grade and were used without
further purification. The spectroscopic grade n-
hexane was used for optical study.

2.1a  Preparation of ternary alloyed Cd.Zn, S nano-
crystals:  The synthesis of ternary alloyed Cd,Zn,; ,S
nanocrystals were based on the reaction of cadmium
acetate and zinc acetate with sulfur powder in presence
of different amine solvents i.e. oleylamine (C18),
dodecylamine (C12) and octylamine (C8). A series
of Cd,Zn, .S samples (x = 0-62, 0-59, 0-31) were also
prepared under the same experimental conditions by
varying the initial amount of precursors. All reactions
are carried out in oxygen free inert atmosphere. For
the preparation of Cdys;Zng4sS sample, 0-066 g cad-
mium acetate, 0-0548 g zinc acetate were added to
5ml amine (oleylamine or dodecylamine or octyl-
amine) in a two-necked round bottom flask, and the
mixture was heated to 150°C under Ar flow for
20 min to form a clear solution. At this temperature,
an excess amount of S powder (dissolved in 2-5 ml
of amine) was swiftly injected into the hot reaction
mixture under gentle stirring. The reaction mixture
was kept at the desired growth temperature (150°C).
Small volume (~0-5 ml) aliquots of sample were
taken at different time intervals after the point of in-
jection and were quenched in 5 ml of cold anhy-
drous toluene (25°C) to terminate the growth of the
particles immediately. The resulting alloyed nanocrys-
tals in toluene solution were precipitated out by using
ethanol and isolated by centrifugation and decanta-
tion. The extensive purification was done prior to
characterization.

2.2  Characterization

A JEOL-TEM-2010 transmission electron micro-
scope (operating voltage at 200 kV) was used to
analyse the size, size distribution and structure of
the resulting nanocrystals. Samples for TEM were
prepared by making a clear solution of samples in
cyclohexane and placing a drop of the solution on a
carbon coated copper grid. The crystalline phases of
the nanoparticles were identified by X-ray diffraction
(XRD) using a Siemens model D 500, powder X-ray
diffractometer using a CuKa source (1-5418 A radia-
tion). The compositions of the alloyed nanocrystals
were determined by means of Shimadzu Atomic Ab-
sorption Spectrophotometer AA-6300, equipped with
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a lamp for Cd and Zn at wavelengths 228-8 and
213-9 nm, respectively. Approximately 1 mg of the
nanocrystals powder was digested in concentrated
hydrochloric acid and then an aqueous solution was
prepared using Mili-Q water for AAS measurement.
Absorption and photoluminescence (PL) spectra
of Cd.Zn; .S QD samples in cyclohexane solution
were obtained at room temperature with a Shimadzu
UV-2450 UV-Vis spectrometer and a Horiba Jobin
Yvon FluoroMax-P fluorescence spectrometer, re-
spectively. Photoluminescence quantum yields (QY)
were obtained by comparison with standard dye
(Coumarine 440 in methanol), using the standard
method. For the time correlated single photon count-
ing (TCSPC) measurements, the samples were ex-
cited at 375 nm using a picosecond diode laser in an
IBH Fluorocube apparatus. The pulse duration is
about 200 ps. The repetition rate is 500 KHz. The
fluorescence decays were collected at a Hamamatsu
MCP photomultiplier (C487802). The fluorescence
decays were analysed using IBH DASG6 software.

3. Results and discussion

Figure 1 represents the XRD pattern of pure ZnS,
pure CdS and Cd.Zn; .S nanocrystals alloy prepared
under different conditions. It clearly shows a zinc-
blend cubic structure of pure CdS, ZnS and the ter-
nary alloyed nanocrystals over all compositions and
exhibit three prominent peaks which are indexed
(111), (220), and (311) planes. It is seen that the
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Figure 1. Powder XRD patterns of the CdS, ZnS and

Cdo.¢2Zny.3sS nanocrystals prepared by different amines.
The line corresponds to bulk cubic CdS.
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Figure 2. HR-TEM images of Cdy.¢Zng.3sS nanocrystals prepared by oleylamine (C18) (a)

and octylamine (C8) (b) at 150°C.

diffraction peaks gradually shift toward larger an-
gles as the Zn content increases.'' The continuous
peak shifting of the mono-dispersed nanocrystals
may also rule out phase separation or separated nu-
cleation of either CdS or ZnS nanocrystals. The
broad diffraction peaks also imply very small parti-
cle size.

Figure 2 shows the HR-TEM images of the as-
prepared Cd,Zn,; S nanocrystals without any size se-
lection after 2 h growth under the above mentioned
synthesis conditions, which reveal nanocrystals with
well-resolved lattice fringes, demonstrating the
highly crystalline nature of the nanocrystals. Nearly
mono-disperse particles are observed in all cases. It
is seen from figure 2a that Cdo.s2Zn¢.35S nanocrystals
are uniform spherical shape in presence of oleyl-
amine (C18). The average diameter of particle is
4.2 nm. However, the rod shape nanocrystal appears
in presence of octylamine (C8) which is shown in
figure 2b. The average diameter of the rod is 3-5 nm
and average length is 8-2 nm. It reveals that the
chain length of amine plays a key role on changing
the shape of particle. Further investigation is needed
to understand the mechanism.

It is already reported'' that cadmium is considerably
more reactive than zinc toward sulfur and the growth
rate of CdS is larger than that for ZnS. In this study,
all reagents are added into a single pot by varying
the initial Cd : Zn molar ratio. The amount of the in-
jected S is either in large excess or in equal supply
relative to the total mole amount of cadmium and

zinc. At the very initial stage of the reaction, the
CdS seeds formation occurs rapidly and then ZnS
deposition starts onto it. The alloyed nanocrystals with
composition fluctuations can grow up at 150°C where
the internal atom diffusion can convert these into a
homogeneous alloy.'' Particle growth will stop only
after the consumption of all free S and yielding ho-
mogenecous alloyed QDs. This alloying process is
clearly demonstrated by temporal evolution of the
absorption and the photoluminescence spectra dur-
ing rapid particle nucleation and growth in figure 3.
It is interesting to note that the absorption onset was
404 nm at 1 min and it was shifted to 415 nm after
60 min which is then fixed even after 6 h (figure 3a).
In the PL spectra, the initial broad emission peak
gradually turns into a narrow one and the emission
peak at 423 nm after 5 min of reaction is shifted to
429 nm after 1 h then become fixed which corresponds
that the initial gradient alloyed QDs converted into
the homogeneous alloy after a certain reaction time.
The time required to form homogeneous alloy also
depends on the initial concentration of S. When a
large excess of S precursor is used, the surface of
initially formed CdS seeds is S-rich. This is helpful
for the deposition of ZnS, which can form alloy simul-
taneously with CdS via the internal self-diffusion.
Figure 4 shows the photoluminescence spectra of
pure CdS, pure ZnS and Cdj¢Zno3sS nanocrystals
prepared by oleylamine, dodecylamine and octyl-
amine, respectively. The PL peaks are 502 nm,
404 nm, 454 nm, 456 nm and 457 nm for pure CdS,
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ZnS and Cdy.c2Zno.35S nanocrystal prepared by oleyl-
amine, dodecylamine and octylamine, respectively.
Figure 5 shows the plot of Cd mole fraction vs PL
peak where the PL peaks are at 502, 454, 437, 425
and 403 nm for purc CdS, Cdo.ﬁzzno.ggs, Cd0.5ZZn0.4gS,
Cdo31Zng6S and pure ZnS nanocrystals, respec-
tively, indicating the shifting of emission peak in
shorter wavelength with increasing the mole fraction
of zinc. It shows a nearly linear relationship of PL
peaks with the Cd mole fraction, which confirms the
formation of homogeneous alloy structure. The ob-
tained systematic composition-controlled shift of the
absorption onset and the emission maxima to shorter
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Figure 3. Temporal evolutions of absorption (a) and
photoluminescence spectra (b) of Cdg.s0Zng.4;S nanocrys-
tals during their growth at 150°C temperature.
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wavelength can be explainable by considering the
formation of Cd,Zn; .S nanocrystals via intermixing
of wider band gap ZnS (3-7 ¢V) with narrower band
gap CdS (2-5 eV) nanocrystals, rather than forming
separate CdS and ZnS nanoparticles or core-shell
structure.'' It is interesting to note that the quantum
yield (QY) value decreases with increasing the Cd
mole fraction and the values are 0-08, 0-13 and 0-40
for Cdo.ﬁzzno.ggs, Cd0.5ZZn0.4gS and Cdo.glzno.ﬁgs nano-
crystals, respectively after 120 min of reaction. The
QY values are 0-08, 0-04 and 0-01 for Cdy.62Zng35S
nanocrystal prepared by oleylamine, dodecylamine
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Figure 4. Photoluminescence spectra of pure CdS, ZnS
and CdoZngssS nanocrystals prepared by different
amines.
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Figure 5. A plot of Cd mole fraction vs PL peak of pure
CdS, ZHS, Cdo.ngIloggS, Cdo.ngIlo.;;gS and Cdo.31ZIlo.695
nanocrystals.
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and octylamine, respectively. Coordinating probabil-
ity increases with increasing the chain length due to
inductive effect. Therefore, oleylamine shows better
capping or coordinating agent than octylamine and
dodecylamine. This may be the reason to produce
higher quantum yield of oleyamine capped nanoparti-
cle. Peng et al'’ also reported that the minimum of
the PL fwhm gradually increases while the initial
Cd: Se ratio of the precursors increased from 1:10
to 2: 1. Meijerink ef al also investigated the tempo-
ral evolution of photoluminescence quantum yields
of colloidal CdSe nanocrystals during their growth
at different temperatures.'® In general, a low PL QY
is considered as a result of the surface states located
in the band gap of the nanocrystals, which act as
trapping states for the photo generated charges. CdS
seeds start nucleation and growth upon injection of
S solution and the ZnS deposited relatively in slower
rate on the surfaces of CdS nanocrystals. At the ini-
tial stage of the alloy formation, there is a genera-
tion of defects on the surface of the nanocrystals by
cation exchange and gets low PL QY. With further
progress of reaction, the internal atom diffusion
helps the formation of homogeneous alloy and the
gradual increase in QY is due to the removal of sur-
face defects from the alloyed nanocrystals.

The influence of the initial molar concentration of
S on the optical properties of Cd,Zn, .S alloyed
nanocrystals investigated for three different values
(0-5mM, 1-5 mM and 3 mM), while keeping the other
reaction parameters same. Figure 6 shows the ab-
sorption and photoluminescence spectra of Cd,Zn; ,S
nanocrystals with different molar concentration of S.
In the absorption spectra, the first excitonic absorp-
tion peaks are at 410, 416 and 427 nm and the corre-
sponding emission peaks are at 426, 431 and 437 nm
for Cd,Zn; S nanocrystals with S molar concentra-
tions are 0-5 mM, 1.5 mM and 3 mM, respectively,
indicating the shifting of PL peak in longer wave-
length with increasing the concentration of S. The
full width at half-maximum (fwhm) values are 45,
34 and 28 nm and the corresponding quantum yield
(QY) values are 0-52, 0-17 and 0-13 for S concentra-
tions 0-5 mM, 1.5 mM and 3 mM, respectively. The
presence of broad PL band emission around 550 nm,
particularly for S concentration 0-5 mM, indicates
the presence of surface states.”” These surface states
have been attributed to S-unsaturated bonds and
serve as carrier traps.”® In the present study, amines
are used as capping agent which forms strong com-
plex with Cd and Zn via nitrogen lone pair and since
nitrogen is strong electronegative, so it does not in-
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troduce hole traps.”” The maximum quantum effi-
ciency at 0-5 mM of S concentration indicates the
perfect passivation effect of Cd,Zn; .S nanocrystals
by oleylamine. Relatively lower quantum efficiency
is observed at higher concentration (1-5 mM and
3mM) of S because excess S° also form surface
states from S-unsaturated bonds which will serve as
carrier traps. Therefore, optimum S* content is re-
quired for making efficient nanomaterials.

To understand the decay dynamics of these na-
noalloys, we measured decay time using pulsed ex-
citation and time-correlated single-photon counting
(TCSPC) at the maxima fluorescence. Figure 7
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Figure 6. Absorption (a) and photoluminescence (b)
spectra of Cd,Zn; ,S nanocrystals with different molar
concentrations of S precursor.
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Table 1. Flourescence decay of Cd,Zn;_,.S nanoalloy with varying composition.
Sample Ve 7 (ns) (o) 73 (ns) (a5) 73 (ps) (o) (T)(ms) 7 (ns) 7y (nS)
Cdo31ZNo.oS (Cis) 117 077 (36.45) 4-11 (31-8) 104-7 31-75) 35 977 533
Cdo.52Zn0.5S (Cis) 102 1-36 (38-07) 7-91 (47-52) 279 (14-42) 7.05 5421 81
Cdos2Zno35S (Cis) 118 1-66 (35-06) 8-94 (51-08) 306 (13-86) 8.05  100-66 875
Cdos2Zno.35S (Ci) 1112 2:24(29:53)  14-17 (58-78) 356 (11-69) 1323 28639  13-87
Cdo2Zno35S (Cs) 1.08 238 (24:03)  15.92 (67-96) 361 (8-01) 1520 9936  15-44
multi-exponential decay in CdSe nanocrystals. There
cd, Zn, S is still some debate on the possible mechanisms of
1000 - Cllyy,ZN; 1S deactivated for photoexcited quantum dot nanocrys-
: Cd,,.Zn .S . . .
oa1 ™ oeo tals. Generally, the photoluminescence originates ei-
ther from band edge or recombination of surface
.2 states energy levels. Surface defects give rise to trap
3 100 T Y states that lie within the band gap and complicate
o ] ‘ A 'MM'WMWWW“”i" il the dynamics. Electron promotes to conduction band
Ny it WM after excitation. Subsequent relaxation to the bottom
il I of the conduction band is rapid. The exciton emis-
104 o W sion arises from radiative relaxation of these elec-
] n -‘lhrlw ‘ trons to the ground state and likely contributes to the
: ..ll\.l\i A fastest decay. These conduction electrons may be

10 20 30 40
Delay Time (ns)

Figure 7. Photoluminescence decay profiles of (a)
Cdo.ngIloggS, (b) Cdo.ngIlo.;;gS and (C) Cdo.31ZIlo.695
nanocrystals at the PL emission peak.

shows the photoluminescence decay curves of dif-
ferent composition of Cd,Zn, .S alloyed nanocrystals.
The PL decay profiles are well described by three-
exponential function, /() = Aiexp(—t/7) + Arexp(—t/ 1) +
Asexp(—t/1;). The photoluminescence decay of Cdy.3;
Zn.sS nanocrystals is tri-exponential with decay
components of (7;) 0-77 ns (36:45%), (72) 4-11 ns
(31-8%) and () 104-7 ps (31:75%) and average de-
cay time is 3-5 ns (table 1). The photoluminescence
decay of Cdo.52Zn.45S nanocrystals is tri-exponential
with decay components of (7)) 1-:36 ns (38-07%),
() 791 ns (47-52%) and (z3) 279 ps (14-4%) and
average decay time is 7-05 ns (table 1). The photo-
luminescence decay of Cdo.s2Zn¢.3sS nanocrystals is
tri-exponential with decay components of (7;) 1-66 ns
(35-06%), () 894 ns (51-:08%) and (=) 306 ps
(13-86%) and average decay time is 8-05 ns (table
1). A variety of relaxation processes that may occur
on a wide range of time scales has been reported.” >’
The most important non-radiative pathway is surface
related defects.”’ Kloepfer et al** already reported

localized in shallow trap states and from there, these
electrons may be repopulated the conduction band or
thermalize to deep trap. The lifetime is extended in
the former case and the latter contributes to non-
radiative mechanisms that lower the overall quantum
efficiency.”” A combination of all these processes
gives raise multi-exponential emission dynamics that
occurs over a nanosecond time scale and is observed
in this experiment. In our study, we recorded the
time resolved spectra at the PL peak, which has been
attributed to recombination from band edge (1s
state). Therefore, we believe that fast process is due
to trapping of carriers in surface state, which may be
a process much faster than the e—/ recombination
process.”® The slower process is related to the e~/
recombination process, which dominates after all the
surface defects states have been saturated. The rela-
tive contributions of the time constants vary with
changing composition, indicating that the trapping
processes are different for different compositions.
The systematic increase in overall decay times with
increasing the Cd content was observed. In the case
of Cd,Zn;_,S nanocrystals, the lattice mismatch bet-
ween ZnS (0-54 nm) and CdS (0-58 nm) would
cause the surface trapping. Such traps are energeti-
cally located in between the valence and conduction
band edge. Recombination of charge carriers in
nanoparticles, involving shallow carrier traps which
will show delayed fluorescence but longer fluores-
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cence lifetimes. In the present study, the lifetime in-
creases with increasing the Cd content, indicating
more energy traps are formed. The radiative () and
non-radiative (z,) lifetimes are calculated from the
observed emission lifetimes (7,,) and the fluores-
cence quantum yield (¢q) using the following equa-
tions.

P = T/ T (b

Vty=1/5+1/7;. 2)

It is interesting to note that the radiative lifetime in-
creases from 9-7 ns to 100-6 ns with increasing the
Cd content from 0-31 to 0-62 (table 1). Bawendi et
al®® already reported that the radiative rate is domi-
nant for decrease in lifetime with increase in PL in-
tensity and quantum yield. In the present study, we
observed the systematic decrease in emission inten-
sity, quantum yield and increase in decay times with
increasing the Cd content, indicating the radiative
rate is dominant.

Figure 8 shows the decay curves of Cdy.s2Zng.35S
nanocrystals prepared by oleylamine, dodecylamine
and octylamine, respectively. It is found that the
fluorescence decay time increases with decreasing
the chain length of amine. In dodecylamine (C12), the
photoluminescence decay of CdgZng35S nanocrys-
tals is tri-exponential with decay components of (7;)
2-24 ns (29-53%), (72) 14-17 ns (58-78%) and (=)
356 ps (11-69%) and average decay time is 13-23 ns
(table 1). However, the average decay time is

a C/H NH,
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Figure 8. Photoluminescence decay profiles of Cdo.s
Zn,.35S nanocrystals prepared by different amines.

15-20 ns for Cdy.s2Zn,.35S (table 1) in presence of oc-
tylamine (C8). It is seen that overall decay time in-
creases with decreasing the alkyl chain length 1i.e.
C18 to C8. Results suggest that surface modification
by different ligands can control the decay dynamics
of the QD’s.

Figure 9 shows the decay curves of Cdy.5,Zn¢.45S
and Cdgy.50Zng.;S for 3 and 0-5 mM concentration of
S. It is found that the fluorescence lifetime increases
with decreasing the S content. The photoluminescence
decay of Cdo.s0Zno.4;S nanocrystals is tri-exponential
with decay components of (7;) 754 ps (5-:9%), ()
4-5ns (11-1%) and () 41 ns (82-9%) for 120 min
reaction time and average decay time is 40-4 ns.
However, the average decay time is 12-7 ns for
Cdo.52Zn0.45S. The calculated non-radiative lifetimes
are 18-1 ns and 132-9 ns for 3 and 0-5 mM concen-
tration of S. It is seen that the fluorescence lifetime,
quantum yield and emission intensity increase with
decreasing the S content, indicating that the non-
radiative rate is dominant. Therefore, we may say
that the carrier trap increases with decreasing the S
content and giving rise to slower decays and longer
fluorescence lifetimes. Analysis suggests that the
radiative and non-radiative relaxation rate depends
on the composition of the nanoalloys.

4. Conclusion

In summary, we reported the relatively low tempera-
ture (150°C) synthesis of Cd.Zn, .S alloyed nanocrys-
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Figure 9. Photoluminescence decay profiles of Cd.Zn,_,S
nanocrystals with different molar concentrations of S
precursor (a) 0-5 mM and (b) 3 mM.
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tals having PL quantum yields of 23-52% with
highly narrow luminescence spectral width of 22—
38 nm and study their photophysical properties by
steady state and time resolved spectroscopy. Nearly
mono-disperse particles are observed for Cdy.s,Zng 35S,
Cd0.5ZZn0.4gS, Cdo.glzno.ﬁgs and Cdo.592n0.4ls nano-
crystals, respectively. The full width at half-maximum
(fwhm) values of photoluminescence spectrum are
45, 34 and 28 nm and the corresponding quantum
yield (QY) values are 0-52, 0-17 and 0-13 for S con-
centrations 0-5 mM, 1-5mM and 3 mM, respec-
tively. In the present case, we have also observed that
the systematic decrease in emission intensity, quan-
tum yield and increase in decay times with increasing
the Cd content, indicating the radiative rate is domi-
nant. The carrier trap increases with decreasing the
S content and giving rise to slower decays and
longer fluorescence lifetime.
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