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Abstract

In the present work, we report our results for the sol–gel preparation and optical properties of CdS nanometer sized

particles and Mn2þ-doped CdS particles in silica-type glass matrices. Gels containing 4.5 wt.% CdO in 95.5SiO2 and

4.5Na2O–18B2O3–73.5SiO2 matrices were prepared through a hydrolysis of tetraethoxysilane, cadmium acetate and, in

the sodium borosilicate composition, boron ethoxide and sodium acetate. We designed several heat treatments in H2S

to convert CdO to CdS in the gels. The influence of the heat treatment conditions on the optical properties of the

nanoparticle semiconductor materials was studied using transmission electron microscopy, absorption, and tempera-

ture-dependent photoluminescence. A model of the photoluminescence processes was proposed to explain the observed

emission bands. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 81.20.Fw; 78.67.Bf; 78.55.Et

1. Introduction

Polycrystalline semiconductors composed of na-
nometer sized crystallites have recently attracted
interest because of their properties that result from
spatial quantum confinement and their potential
range of technological applications [1–4].

Among nanocrystalline semiconductors, studies
of cadmium sulfide (CdS) have been done because
of its relatively large nonlinear optical response [5]
and photocatalytic activity [6] which are techno-
logically relevant to optoelectronic devices [1,7],

optical data storage [1], and high-speed optical
communications [7,8]. Similarly, attention has been
given to the mixed Cd1�xZnxS [9], Cd1�xMnxS, and
CdSxSe1�x nanoparticle systems [3,10,11] because
of their suitability for optical devices from the near-
ultraviolet to the near-infrared [12,13]. Recently,
spectroscopic studies of transition-metal and rare-
earth doped nanocrystalline CdS have been moti-
vated by an effort to develop new and more efficient
multicolor phosphor materials [14].

Since the properties of CdS and related nano-
particle materials are dependent on the size, shape,
and composition of particles, effort has been di-
rected toward developing processing techniques for
obtaining better control of the size and distribution
of nanoparticles [15–17]. These techniques include
chemical colloid techniques, reverse micelle tech-
niques [9,18,19], sol–gel process [20], hydrothermal
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microemulsion techniques [21], and polymerization
processes [22]. The sol–gel process is one promising
technique for practical applications because of size
control and uniform size distribution in a low-
temperature processing environment.

In this paper, we investigate CdS nanoparticles
and Mn2þ-doped CdS nanoparticles dispersed in
silica (SiO2) and sodium borosilicate (Na2O–B2O3–
SiO2 ) glass matrices prepared by the sol–gel pro-
cess. The prepared CdS nanoparticle materials are
characterized by transmission electron microscopy
(TEM), optical absorption, and photoluminescence
(PL) spectroscopy. We also discuss the influence of
heat treatment conditions on the properties of CdS
and CdS:Mn2þ nanoparticle materials.

2. Experimental procedure

2.1. Sample preparation

We have prepared two groups of CdS-con-
tained glasses, silica and sodium borosilicate, by
the use of the sol–gel technique [20].

Silica gels containing 4.5–5.0 wt.% CdO were
prepared by hydrolysis of Si(OC2H5)4 (TEOS),
and CdðCH3COOÞ2 � 2H2O (CdðOAcÞ2 � 2H2O).
The Si(OC2H5)4 was first partially hydrolyzed in a
mixed solution of H2O, C2H5OH (TEOS/H2O/
EtOH ¼ 1=1=1) and enough HCl to achieve an
initial solution pH of 1.5–2.0. After the solution
was stirred for 1 h, CdðOAcÞ2 � 2H2O, previ-
ously dissolved in CH3OH, was added to it and
the resulting solution was stirred for 1 h at room
temperature. For samples doped with Mn2þ,
manganese acetate was also added at this point of
synthesis. The solution was next hydrolyzed by
adding a mixed solution of H2O, C2H5OH, and
NH4OH in a 4:1:0.01 mol per mol of TEOS. After
stirring for 45 min, the sols were cast into plastic
vials. After gelation, the samples were aged at 60
�C for 2 days and then dried at 90 �C for 2 days.

In a similar approach, sodium borosilicate gels
containing CdO were prepared by using TEOS,
boron-triethoxide, B(OEt)3, and sodium acetate
(CH3CO2Na) as starting reagents. First, TEOS
was hydrolyzed in an aqueous solution (pH ¼ 1:5)
in the molar ratio TEOS:H2O ¼ 1:2. After the

solution was stirred for 1 h, B(OEt)3 was added
and stirring was continued for 1 h. An aque-
ous solution of CH3CO2Na and CdðOAcÞ2 � 2H2O
(TEOS/H2O ¼ 1=4) was then added to the alkox-
ide mixture. For samples doped with Mn2þ, man-
ganese acetate was also added at this point of
synthesis. After 30 min stirring time, the resultant
homogeneous solution was cast into plastic con-
tainers. The solution gelled at room temperature.
After gelation, the samples were aged at 60 �C for
2 days and then dried at 90 �C for 2 days.

After drying at 90 �C, all gels were first heated
to 420 �C for 24 h in O2 to oxidize Cd(OAc)2. To
investigate the influence of further heat-treatment
on the final material, the heated gels were sub-
jected to one of three heat-treatment steps: expo-
sure to H2S gas at 150 �C for 12 h, exposure to H2S
gas at 150 �C for 4 h, or exposure to H2S gas at 400
�C for 4 h. Some of gels produced by each of the
heat treatment steps were densified at 550 �C in
vacuum. Table 1 presents the composition (wt.%),
and heat treatment conditions of the CdS samples
prepared for this study.

2.2. Measurements

Optical absorption measurements were per-
formed on a commercial spectrophotometer (Per-
kin Elmer 330). The samples were ground into a
powder with a mean grain size of a few micro-
meters and dispersed in ethylene glycol for the
absorption measurements.

Photoluminescence was obtained upon excita-
tion at 350 nm from a Xe lamp. PL spectra were
dispersed on a 1-m monochromator (Spex 1704)
and detected by a photomultiplier tube (Ham-
amatsu R928). For variable temperature mea-
surements between 20 K and room temperature, a
closed-cycle cryogenic refrigerator was used. All
reported spectra have been corrected for the in-
strumental response.

A transmission electron microscope (TEM,
JOEL-100CX) operating at 100 kV was used to
obtain TEM micrographs of CdS nanoparticles in
both silica and sodium borosilicate glasses. Sam-
ples were fragmented, dispersed, and placed on
perforated carbon microgrids for TEM sampling.
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3. Results

3.1. TEM characterization

TEM is commonly used to measure the sizes
and size distributions of particles. The size and size
distribution of CdS-doped glasses are affected
by the heat treatment of the gels. A representative
TEM micrograph of sample B3 is shown in Fig. 1.
The micrograph demonstrates a random distribu-
tion in sizes of CdS nanoparticles in the borosili-
cate glass matrix. Fig. 2 shows the size distribution
profile corresponding to the micrograph shown in
Fig. 1. The average diameter of the CdS nano-
particles in sample B3 was �9 nm.

3.2. Optical absorption

Room-temperature absorption spectra of the
CdS-doped glass samples of this study are shown
in Fig. 3. The approximate band edge absorption
of CdS was obtained from Fig. 3 and is listed in
Table 1.

As seen from Fig. 3, the absorption band edge
of CdS is at a shorter wavelength relative to bulk
samples of CdS. (The room temperature absorp-
tion band edges of bulk cubic-CdS and bulk
wurtzite-CdS occur at approximately 2.31 eV (537
nm) and 2.38 eV (521 nm), respectively [23].) As
the particle size decreases, the band gap of the
nanocrystalline semiconductor shifts to higher en-
ergy. The shift to higher energy (Fig. 3) is attrib-
uted to the quantum size confinement effect [3,
24,25]. From Fig. 3, we also observe two addi-

tional features. First, undoped CdS has a longer
wavelength absorption band edge in both silica
and sodium borosilicate glasses treated at 400 �C.
We therefore expected that the CdS materials with

Table 1

Composition (wt.%), heat treatment conditions, and band edge absorption (nm) of prepared CdS samples

Label SiO2 B2O3 Na2O CdO MnO Treatment Absorption

S1 95.5 – – 4.5 – 150 �C/4 h/H2S 450

S2 95.5 – – 4.5 – 400 �C/4 h/H2S 494

S3 93.0 – – 5.0 2.0 400 �C/4 h/H2S 453

S4 95.5 – – 4.5 – 150 �C/12 h/H2S 550 �C/12 h/vacuum 500

S5 93.0 – – 5.0 2.0 150 �C/12 h/H2S 550 �C/12 h/vacuum 479

B1 73.5 18.0 4.5 4.5 – 400 �C/4 h/H2S 484

B2 71.4 17.6 4.5 4.5 2.0 400 �C/4 h/H2S 437

B3 71.4 17.6 4.5 4.5 2.0 150 �C/12 h/H2S 550 �C/12 h/vacuum 496

The value for the band edge absorption was determined from the first derivative of the absorption spectra (Fig. 3) [9] with a statistical

error of about 5 nm for all of the samples.

Fig. 1. TEM micrograph of sample B3 (4.5Na2O–17.6B2O3–

71.4SiO2:4.5CdO:2.0MnO). The heat treatment conditions are

given in Table 1.
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longer wavelength absorption band edges (Fig. 3)
correspond to larger CdS nanoparticles. Second, in

samples with the addition of Mn2þ, the CdS ab-
sorption band edge shifts to shorter wavelength.
Levy et al. [24,26] observed a non-linear increase in
the band gap of mixed Cd1�xMnxS nanocrystal-
lites with increasing amounts of Mn. This effect
is consistent with our observation of the blue
shift of the CdS absorption band edge upon add-
ing Mn.

3.3. Photoluminescence

Fig. 4 shows representative PL spectra of sam-
ple S1 at several temperatures upon broadband
excitation at 350 nm. A PL band labeled by S
(peaked at �670 nm; �1.85 eV) was observed at 20
K. The S band had a thermal quenching of in-
tensity and decreased by a factor of �9 between 20
K and room temperature.

Fig. 5 presents representative PL spectra of
sample S4 at several temperatures upon excitation
at 350 nm. The 20 K PL spectrum consists of a
dominant band labeled SA (peaked at �780 nm;
�1.59 eV) and a smaller narrower shoulder labeled
A (peaked at �526 nm; �2.36 eV). The SA PL
band was also thermally quenched similar to that
observed for the S band of sample S1 and de-
creased by a factor of �11 between 20 K and room
temperature. The A band decreased in PL intensity
and a red shift in band position with increasing
temperature (from �526 nm at 20 K to �545 nm
at room temperature) was observed.

Fig. 2. Size distribution profile of sample B3 (4.5Na2O–

17.6B2O3–71.4SiO2:4.5CdO:2.0MnO). The heat treatment

conditions are given in Table 1.

Fig. 3. Absorption spectra of CdS and CdS:Mn2þ nanoparticle

materials at room temperature. The compositions and the heat

treatment conditions of the samples are given in Table 1.

Fig. 4. PL spectra of sample S1 (95.5SiO2–4.5CdO) at several

temperatures upon excitation at 350 nm. The heat treatment

conditions are given in Table 1.
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Representative PL spectra of sample B3 at
several temperatures are shown in Fig. 6. The 20 K
PL spectrum consists of three bands labeled A
(peaked at �516 nm; �2.40 eV), B (peaked at
�566 nm; �2.19 eV), and C (peaked at �716 nm;
�1.73 eV). Band A in this sample is similar in
position and temperature dependence to band A in
sample S4 (Fig. 5). Band B was quenched com-
pletely at �130 K. Band C also exhibited thermal
quenching of intensity and decreased by a factor of
�17 between 20 K and room temperature.

4. Discussion

A schematic depiction of the possible PL pro-
cesses is given in Fig. 7. Initial band edge excitation
promotes electrons from the valence band (VB)
to the conduction band (CB) and consequently
leaves holes in the VB. CB electrons and VB holes
can directly recombine to emit in a zero-phonon or
phonon-assisted process (process 1). When a CB
electron is trapped by a shallow or deep donor-like
trap, the trapped electron can recombine with a VB
hole to emit a photon (process 2). When a VB hole
is trapped by a shallow or deep acceptor-like trap, a
CB electron can recombine with the trapped hole to
emit a photon (process 3). Also, radiative recom-
bination of an electron trapped by a donor and a
hole trapped by an acceptor can occur (process 4).
When a dopant ion like Mn2þ exists in the host
lattice, mobile electron–hole pairs produced during
the initial VB-to-CB excitation process can excite
the dopant ion through an energy transfer process.
This process leads to internal emission processes
(e.g. d ! d emission) characteristic of the dopant
ion (process 5).

We attribute the A band (Figs. 5 and 6) to di-
rect electron–hole recombination (process 1). The
weak A band feature was observed in our samples.
The energy of this band was dependent on the size

Fig. 5. PL spectra of sample S4 (95.5SiO2–4.5CdO) at several

temperatures upon excitation at 350 nm. The heat treatment

conditions are given in Table 1.

Fig. 6. PL spectra of sample B3 (4.5Na2O–17.6B2O3–71.4 SiO2 :4.5CdO:2.0MnO) at several temperatures upon excitation at 350 nm.

The heat treatment conditions are given in Table 1.
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of CdS nanoparticles and shifted to higher energy
with decreasing size (for example, it occurs at
�526 nm in sample S4 with the band edge ab-
sorption of �500 nm (Figs. 3 and 5) and as a high-
energy shoulder below 500 nm in sample S1 with
the band edge absorption of �450 nm (Figs. 3 and
4)). The observed redshift of this band with in-
creasing temperature (Figs. 5 and 6) is consistent
with the redshift of the band gap (Eg) reported
for bulk CdS with temperature (dEg=dT ¼ �4:2	
10�4 eV/K [26]). Our observations support the
assignment of the A band to direct electron–hole
recombination.

It is commonly accepted [21,27] that the S band
(Fig. 4) is due to the recombination of an elec-
tron trapped by a deep donor sulfur vacancy (VS)
state with a VB hole (process 2, Fig. 7) [21,27]. The
thermal quenching of this band is due to thermal
depopulation of electrons from the VS traps to the
CB. The process of thermal depopulation is gov-
erned by the activation energy between the donor-
like trap state and the CB. The shallower the trap,
the larger is the thermal quenching.

The SA band (Fig. 5) can in principle be at-
tributed to one or more of processes 2–4 (Fig. 7).
If process 2 or 3 were applicable, the deep donor-
like or acceptor-like state would need to have
a trap depth of at least 1 eV to account for the
�1.6 eV energy of the SA band. A trap depth of
this magnitude is sufficiently large to prevent ap-
preciable thermal quenching between 20 K and
room temperature [28]. The thermal quenching

observed for the SA band (Fig. 5), therefore, ex-
cludes processes 2 and 3 as the origin of the SA
band. We consequently attribute the SA band to
the donor–acceptor (D–A) pair recombination
process (process 4). Xu et al. [29] observed a PL
band at �760 nm (1.63 eV) at 10 K in CdS
nanoparticles (�100 nm size) synthesized by a
hydrothermal colloidal process and proposed a
D–A pair recombination model for the emission.
They proposed that deep acceptor-like, self-acti-
vated Cd vacancy centers (VCd) form when S va-
cancy centers (VS) are present above a threshold
concentration. They argued that holes trapped by
the Cd vacancy centers recombine with electrons
trapped by the S vacancy centers to produce the
�760 nm PL band. The SA band observed in our
samples is consistent with the donor (VS)–acceptor
(VCd) pair recombination model of Xu et al. [29]
for the following reasons: (i) The energies of our
SA PL band (�1.59 eV) and that of the D–A PL
band of Xu et al. (1.63 eV) are similar; and (ii) our
SA PL band and the D–A PL band of Xu et al.
show similar thermal quenching. The simultaneous
formation of S and Cd vacancies in our nanopar-
ticle CdS samples could be due to vacuum heat
treatment used in our preparation.

The thermal quenching observed for the B band
in the PL spectrum of Mn2þ-doped samples (Fig.
6) indicates that it is due to a transition from a
shallow donor state to the VB (or deep acceptor
state), or a transition from the conduction band
(or deep donor state) to a shallow acceptor state,
or a transition from a shallow donor state to a
shallow acceptor state. Transitions involving shal-
low states usually are thermally quenched because
of the small activation barriers between shallow
states and either the CB edge or VB edge. Since
this PL band appeared only in Mn2þ-doped CdS
samples and its PL intensity varied in the different
samples (not graphically shown), the participating
shallow states are presently uncertain, but are re-
lated to Mn2þ.

In Mn2þ-doped macroscopic and nanocrys-
talline CdS materials, it has been reported that
isolated Mn2þ centers emit at �580 nm in lightly
doped samples [24,26] and paired Mn2þ centers
emit at �700 nm in doped samples with larger Mn
concentrations [26]. Both the �580 nm and �700

Fig. 7. Schematic depiction of possible PL processes upon band

edge excitation. CB and VB represent the conduction band and

the VB of the host, respectively. e and g represent the excited

and ground states of a dopant ion, respectively.
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nm emission bands are attributed [26] to a d–d
transition between the 4T1 excited state and the
6A1 ground state of Mn2þ. Levy et al. [24] used
mixed Cd1�xMnxS macroscopic and nanoparticle
materials to study the PL of Mn2þ centers with
increasing Mn2þ changing from isolated Mn2þ to
paired. They found that the PL intensity of iso-
lated Mn2þ centers reached a maximum at about
x ¼ 0:1 and that the PL band associated with
paired Mn2þ centers became observable at about
x ¼ 0:1 and continued to increase in intensity as
x was increased above 0.1. We attribute band C
to the 4T1 ! 6A1 transition of paired Mn2þ cen-
ters in our Mn2þ-doped CdS nanoparticle samples
(x ¼ �0.44) (process 5). We attributed the thermal
quenching of band C (Fig. 6) to either a decreased
energy transfer efficiency from the lattice to Mn2þ

upon VB-to-CB excitation or increased non-radi-
ative decay of the paired Mn2þ centers with in-
creasing temperature.

5. Conclusions

The sol–gel process has been successfully ap-
plied to the preparation of CdS nanoparticles dis-
persed in SiO2 and Na2O–B2O3–SiO2 glasses. We
have established a quantitative effect of heat treat-
ment conditions on the size and size distribution
of the nanoparticles. Various photoluminescence
processes of CdS and CdS:Mn2þ nanoparticle ma-
terials have been considered. Our present results
will provide a useful foundation for further studies
of undoped and doped Cd1�xZnxS and CdS1�xSex
nanoparticle materials.
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