3028 Chem. Mater. 2002, 14, 3028—3033

Room-Temperature Synthesis and Characterization of
Nanocrystalline CdS, ZnS, and CdxZni1—xS

Wenzhong Wang, Igor Germanenko, and M. Samy EI-Shall*

Department of Chemistry, Virginia Commonwealth University,
Richmond, Virginia 23284-2006

Received January 30, 2002. Revised Manuscript Received May 1, 2002

A novel and simple chemical reduction route at room temperature is described to synthesize
nanocrystalline CdS, ZnS, and CdyZn;—S. In the method, anhydrous CdCl,, or ZnCl,, S,
and KBH, powders react at room temperature in various organic solvents, and the effect of
the solvent on the quality of the nanoparticle product is investigated. Among the solvents
used, tetrahydrofuran is shown to produce the highest quality single-phase nanoparticles.
The nanoparticles are characterized by X-ray diffraction, transmission electron microscopy,
UV—vis absorption, and photoluminescence. The particle size ranges from 4 to 8 nm. In the
CdyZn; S, the lattice structure gradually changes from cubic to hexagonal with increasing
percentage of Zn in the ternary compound CdsZn;—S. The nanoparticles exhibit broad
emission peaks that shift to shorter wavelength with increasing percentage of Zn in the
ternary compound CdyZn;—,S. The control of the composition of CdyZn;—«S nanoparticles may
lead to the development of ideal materials for short wavelength diode laser applications.

Introduction

The synthesis and characterization of semiconductor
nanoparticles have attracted much interest because of
their novel properties as a consequence of the large
number of surface atoms and the three-dimensional
confinement of the electrons.>~7 Altering the size of the
particles alters the degree of the confinement of the
electrons and affects the electronic structure of the solid,
especially the band gap edges, which are tunable with
particle size. Among a variety of semiconductor materi-
als, the binary metal chalcogenides of group Il have
been extensively studied.2° They have outstanding
potential applications, owing to their nonlinear optical
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and luminescence properties,1~1° quantum size effect,1 13
and other important physical and chemical pro-
perties.’*~20 For example, nanocrystalline thin films of
CdS and ZnS are attractive materials in photoconduct-
ing cells and optoelectronic devices such as solar cells
and photodetectors.?1723 Also, the related ternary com-
pounds CdyZn;—S are promising materials for high-
density optical recording and for blue or even ultraviolet
laser diodes.?4~28 These applications are based on the
guantum-well structures of CdyxZn;—,S, which exhibit
fundamental absorption edges that can be varied from
green to UV.24 Unlike the quaternary MgyZn; ,ScSe; x
compounds where controlling the composition is a
challenging requirement for attaining a lower lasing
wavelength, the CdyZn;—4S composition can only be
controlled by the lower vapor pressure of the cationic
constituents and is thus expected to be more precise and
reproducible.24=31 These properties suggest that nano-
crystalline CdyZn; xS may be an ideal material for short
wavelength laser diode applications.
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To date, various methods have been developed to
synthesize nanoparticles of Group 11—-VI semiconduc-
tors. Conventionally, ionic reactions in liquids ,*32 gas—
liquid precipitation,® and solid-state reactions3*3> have
been utilized to prepare CdS. Other methods involve
arrested precipitation from simple inorganic ions using
polyphosphate®® and low molecular weight thiols®7:38 as
stabilizers. Polymers, dendrimers, and block copolymers
have also been used as specific stablizers for the solution
synthesis of CdS nanoparticles.?*~4! Qian and co-work-
ers developed a solvothermal method to obtain many
kinds of semiconductors including CdS.#243 The reac-
tions were carried out at relatively high temperature
and pressure in nonaqueous solvents using an auto-
clave. However, it is well-known that group I1-VI
materials form defects and interdiffuse at temperatures
above 500 °C. Therefore, low-temperature growth of
group I1—VI semiconductors provides several attractive
advantages.** Parkin and co-workers reported a liquid
ammonia method for synthesizing metal chalcogenides
at room temperature.*>% In this method, the initial
solvation process should be conducted at —77 °C, and
such reactions in liquid ammonia may lead to explo-
sions. The products obtained, ZnE and CdE (E = S, Se,
Te), were X-ray amorphous and crystallized above 300
°C. Recently, O'Brien used tri-n-octylphosphine oxide
to prepare CdS nanoparticles via the thermolysis of
CdCl, at 250 °C.*” Although most of the methods
developed to synthesize nanocrystalline CdS and ZnS
are of widespread importance,there are some limitations
to their utilities. For example, some methods require
relatively high temperature for crystallization or employ
toxic agents such as H,S or require organometallic
precursors that are always toxic, air, and moisture
sensitive.*>~48 Recently, the room-temperature synthesis
of nanocrystalline selenides has been reported.*® The
method is based on the coordination of Lewis base
solvents with the metal ions where the reaction with
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Se?~ can occur at room temperature. This soft chemical
route does not require organometallic precursors or the
use of any complicated equipment.

In this paper, we report a novel chemical reduction
route to CdS, ZnS, and CdyxZn;—4S nanocrystals at room
temperature. Anhydrous CdCl,, or ZnCly, sulfur, and
KBH, powders are used as reactants. The reactions are
carried out in a variety of solvents, and the effect of the
solvent on the product quality is investigated. The room-
temperature synthesis produces high-quality nanocrys-
tals as revealed by electron microscopy, optical, and
photoluminescence measurements. We also report the
photoluminescence properties of five different controlled
compositions of CdyZn;—4S nanocrystals. These materi-
als could have important applications for the develop-
ment of short-wavelength optoelectronic devices.

Experimental Section

Typically, an appropriate amount of sulfur powder was
added to a flask containing 50 mL of tetrahydrofuran (THF).
After being stirred magnetically for 5 min, the mixture became
a colorless transparent solution. A stoichiometric amount of
CdCl; was added to the flask and a white suspension formed
upon stirring. After the addition of KBH,, the suspension
turned light yellow. After the mixture was stirred for 12 h, a
yellow precipitate formed, which was filtered and then washed
with CS;, ethanol, and distilled water in sequence several
times to remove possible impurities such as KCI and excess
sulfur. Then the precipitate was dried at room temperature
for 12 h and collected for characterization. For the preparation
of nanocrystalline ZnS, the process was the same as above
except that anhydrous ZnCl, was used instead of CdCl,. For
the preparation of Cd«Zn;—«S, stoichiometric anhydrous ZnCl,
and CdCl, powders were used according to the molar ratios
in the target compounds Cdo.95ZN0.05S, CdosoZNo20S, Cdo72-
Zno28S, Cdo22ZN0.78S, and Cdo.10ZNo 90S.

The X-ray powder diffraction (XRD) was obtained using a
X'Pert Philips Materials Research Diffractometer using Cu Kaa
radiation and employing a scanning speed of 0.02° s™* in the
26 range 5—75°. Electron diffraction (ED) and transmission
electron microscope (TEM) images were obtained using the
JEOL JEM-200FXII TEM operated at 200 kV. UV—vis ab-
sorption spectra were recorded using a Shimadzu UV-265
spectrometer with a 1-cm quartz cell at room temperature.
Colloid solutions in ethanol were prepared ultrasonically for
the UV—vis and the photoluminescence (PL) measurements.
The PL of CdS and CdyxZn;—S nanoparticles were measured
using pulsed laser excitation (355 and 266 nm, the third and
fourth harmonics, respectively of a Nd:YAG laser). Dispersed
PL spectra were obtained on a SPEX 1403 double-arm mono-
chromator, detected by an RCA C31034 photomultiplier, and
recorded with a computer.

Results and Discussion

Figure 1 displays the XRD patterns obtained from (a)
CdS nanoparticles prepared using different solvents as
indicated and (b) ZnS nanoparticles prepared using THF
as a solvent. Itis clear that the XRD pattern of the CdS
nanoparticles exhibits prominent peaks at scattering
angles (20) of 25, 28, 45, 48, and 53, which could be
indexed to scattering from the 100, 101, 110, 103. and
112 planes, respectively, of the hexagonal CdS crystal
lattice.50 This indicates that the CdS nanoparticles have
the hexagonal phase with no evidence for the incorpora-
tion of the cubic phase. In particular, the XRD peaks
at 28.4 and 53 are associated only with the hexagonal

(50) JCPDS File No. 2-549.
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Figure 1. XRD patterns of the prepared (a) CdS and (b) ZnS nanocrystals in different solvents.

phase. The absence of the peak at 31.5 also provides
good evidence for the absence of the cubic phase. The
unit cell constants a = 4.161 A and ¢ = 6.698 A,
calculated from the XRD pattern of CdS nanoparticles
shown in Figure la, are in good agreement with the
reported values of bulk CdS with a wurtzite structure
(a=4.142 A and ¢ = 6.724 A).5° From the half-width of
the XRD peaks, the average particle size is estimated
as 5 nm, based on the Scherrer equation (D = 0.94/B
cos 6, where D is the crystal diameter, 4 is the X-ray
wavelength 1.5408 A, and 6 is the diffraction angle).?
The XRD pattern of the as-prepared ZnS nanocrystals
using THF as a solvent is shown in Figure 1b. The
pattern matches well with the reference XRD of bulk
ZnS.5! The cell constant a = 5.34 A, calculated from the
XRD of the ZnS nanoparticles, is also in good agreement
with the reported value of cubic ZnS (a = 5.345 A).51
Different Lewis base solvents were examined to study
the effect of solvent on the quality of the CdS nanopar-
ticles. Both sulfur and anhydrous CdCl, powders dis-
solve completely in THF, ethylenediamine, and pyridine
after magnetic stirring for 5 min. A mixed solvent of
30% ethanol and 70% CCIl, was also used because
anhydrous CdCl; powder could not be dissolved in pure
CCly. The XRD patterns of as-prepared CdS nanopar-

(51) JCPDS File No. 80-20.

ticles showed that the samples obtained from THF,
ethylenediamine, and a CCly/ethanol mixture match
well with the XRD pattern of bulk CdS. The use of
ethylenediamine as a solvent results in a smaller grain
size of the CdS nanoparticles as indicated by the width
of the diffraction peaks based on the Scherrer equation.
As a result of the extensive peak broadening, the XRD
pattern of CdS nanoparticles prepared in ethylenedi-
amine shows the merging of the (100), (002), and (101)
diffraction peaks into one broad peak and the disap-
pearance of the (102), (203), and (114) diffraction peaks
as shown in Figure 1a. The XRD of the product obtained
using pyridine as a solvent (not shown) is relatively
complicated and does not match well with the reference
pattern of CdS. Possibly the final product is a complex
of Cd and S with pyridine. There is also evidence for
the presence of a small amount of sulfur in the final
product.

The solvent effect observed in the preparation of ZnS
nanoparticles was similar to the trend observed with
CdS, thus suggesting that the role played by the solvent
is the same in the preparation of CdS and ZnS nano-
particles.

From the above, we conclude that the selection of the
solvent is a key factor for obtaining high-quality CdS
and ZnS nanocrystals via the room-temperature reduc-
tion route. The reactions between CdCl, or ZnCl; and
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Figure 2. TEM images and ED patterns of (a) CdS and (b) ZnS nanocrystals prepared using THF as a solvent.
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Figure 3. (a) UV—vis absorption spectrum of CdS nanocrystals. Photoluminescence spectra of CdS nanocrystals measured at
different delays with respect to the laser excitation pulse of (b) 266 and (c) 355 nm.

S can be initiated at room temperature only in homo-
geneous solutions by using the appropriate solvent.
Some mixed solvents such as CCls/ethanol allow the
reactions to take place homogeneously. The role of KBH,4
is to reduce S to S?~ first so that S>~ can then react with
Cd?* or Zn?* to form CdS or ZnS, respectively, at room
temperature. The critical role played by the solvent
appears to be the complex formation with Cd?* or Zn2*,
which prevents the reduction of the metal ions by KBH,.

The TEM images of the as-prepared CdS and ZnS
nanoparticles are presented in parts a and b of Figure
2, respectively, along with the corresponding electron
diffraction (ED) patterns. The CdS nanoparticles appear
aggregated with an average particle size of about 4—5
nm. On the other hand, the TEM image of the ZnS
nanoparticles (Figure 2b) shows much less agglomerated
particles with an average size of about 4—6 nm. EDAX
results confirmed that the CdS and ZnS nanoparticles
are composed of Cd/S and Zn/S, respectively.

Figure 3 displays the absorption and PL spectra of
the CdS nanoparticles. As shown in Figure 3a, the
nanoparticles exhibit a well-defined absorption feature
at 445 nm, which is considerably blue-shifted relative

to the bulk band gap for hexagonal CdS crystals (515
nm), indicating quantum size effect.136 The PL spectrum
obtained upon the 266- and 355-nm pulsed laser excita-
tions are shown in parts b and c¢ of Figure 3, respec-
tively. The spectra differ by the position of the boxcar
gate, which ranges from 0- to 500-ns delay with respect
to the laser excitation pulse. As the boxcar delay
increases, the PL intensity decreases depending on the
lifetime and decay profile of the PL. The observed broad
PL peak centered between 556 and 560 nm is commonly
attributed to the recombination of the charge carriers
within surface states. The 355-nm excitation results in
PL spectra with significant peak broadening at longer
wavelengths. This is probably due to the excitation CdS
nanoparticles with different particle sizes where the
larger particles emit more to the red. On the other hand,
the 266-nm excitation selects the smaller particles,
which emit at shorter wavelengths. Further experi-
ments to obtain narrower size distributions of the CdS
nanoparticles are currently in progress. The narrow size
distribution is expected to result in narrow PL peaks
with improved efficiency. The PL decay results in a
short lifetime (nanosecond range), which could not be
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Figure 5. Photoluminescence spectra of CdsZn;-,S nanocrystals upon 266-nm excitation.

Table 1. Comparison of the Lattice Parameters of the Prepared CdyZn;-xS Nanoparticles with the Corresponding Bulk

Materials
composition calculated parameters reference parameters JCPDS file no.
Cdop.95ZN0.05S hexagonal, hexagonal, 40-834
a=411A c=6.70A a=4112 A c=6.686 A
Cdo.80ZN0.20S hexagonal, hexagonal, 40-835
a=405Ac=662A a=4.069A c=6.621A
Cdo.72ZNo.28S hexagonal, hexagonal, 40-836
a=406A c=663A a=404A c=6588A
Cdo.22ZNo.78S hexagonal, hexagonal, 35-1469
a=393A c=652A a=392A c=6.405A
Cdo.10ZN0.90S cubic, a=5.38 A cubic, a=5.43 A 24-1137
measured reliably using our nanosecond laser system. absence of long-range order in these samples and reflect
Figure 4 displays the XRD patterns obtained from the the small particle size (less than 4 nm as estimated from
Cdo.95ZN0.05S, Cdo.50ZNo 20S, Cdo 72ZN0.28S, Cdo.22ZNg 78S, the Scherrer equation). The vertical lines displayed in
and Cdo.10Zno.90S nanoparticles prepared using THF as each pattern represent the peak positions of the corre-

a solvent. Broad XRD peaks are attributed to the sponding bulk material with the same composition as
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the nanopatrticles. It is clear that the prepared CdyZn;—S,
nanoparticles have the same crystal structures as the
corresponding bulk materials.

In a comparison of the XRD patterns of the five
prepared CdyZn;—xS nanoparticles, it is clear that, at
lower Cd:Zn ratio, as in Cdp1Zno S, the crystal structure
is similar to that of the cubic ZnS lattice. On the other
hand, at higher Cd:Zn ratio, as in Cdo.gsZnoosS, the
crystal structure becomes similar to that of the hexago-
nal CdS. It is also interesting to note that the diffraction
peaks in CdyZn;—«S gradually shift to lower 26 values
(compared to the CdS pattern) as the percentage of Cd
increases in material. These changes indicate that
lattice structure of CdyZn;S changes from hexagonal
to cubic as x goes from 1 — 0. The lattice parameters of
the prepared nanoparticles compare well with the
reference bulk data as shown in Table 1.

The above results reveal that we successfully obtained
cadmium zinc sulfide nanoparticles at room tempera-
ture and that the compositions have been controlled. To
our knowledge, there is no report that nanoparticles of
the five phases, Cdo_g5zno,05s, Cdo_sozno,zos, Cdojzzno_zgs,
Cdo.22ZNnp 78S, and Cdo.10ZNo.90S, have been prepared. In
our experiments, by changing the ratio of ZnCl,:CdCl,
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in the reactants, we only obtain the above five phases,
and no other CdyZn;—«S phases with flexible x values
are obtained.

Figure 5 displays the PL spectra of CdxZn;—«S nano-
particles following the 266-nm pulsed laser excitation.
The PL emission was collected with a wide gate of 5 us
following the excitation pulse, and therefore, it repre-
sents the steady-state PL. The center of the emission
peak shifts from 480, 505, 540, and 543 to 550 nm for
Cdo.10ZN0.90S, Cdo.22ZN0 78S, Cdo.72ZN0.28S, Cdo.80ZNo.20S,
and Cdo.g5ZNo.05S, respectively.

In conclusion, well-defined compositions of nanocrys-
talline CdS, ZnS, and Cd«Zn;—«S have been prepared
by a novel and simple chemical reduction route at room
temperature. The control of the composition of CdyZn;—4S
nanoparticles may lead to the development of ideal
materials for the short wavelength diode laser applica-
tions.
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