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II–VI semiconductors made by soft chemistry
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Abstract

In the present paper we give an overview of the effect of syntheses on the optical properties of II–VI semiconductors made
in reverse micelles. This concerns CdS, CdTe and alloys such as Cd1−yMnyS, Cd1−yZnyS. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The fabrication of assemblies of perfect nanometer-
scale crystallites (quantum crystal), identically repli-
cated in unlimited quantities in such a state that they
can be manipulated and understood as pure macro-
molecular substances, is an ultimate challenge of mod-
ern materials research with outstanding fundamental
and potential technological consequences. These po-
tentialities are mainly due to the unusual dependence
of the electronic properties on the particle size, either
for metal [1–4] or semiconductor [1,5–18] or diluted
magnetic semiconductor [19–26] particles, in 1–10 nm
range.

Nanometer-size crystals exhibit behavior interme-
diate between bulk material and molecule. Their sizes
range from smaller to a few times larger than the effec-
tive Bohr diameter of an exciton in bulk crystal. These
systems have been paid special attention because of
their unique size-dependent properties which include
optical properties such as absorption and third-order
nonlinearity as well as solar energy. Since the size
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dependence of the band levels of semiconductor par-
ticles results in a shift of optical spectrum, quantum
mechanical descriptions of the shift were carried out
by several researchers [6–8,14–19,27].

An important II–VI semiconductor quantum dot
is CdTe because of its larger exciton Bohr diame-
ter (15 nm). It has received some attention and its
bandgap shift with cluster size has been well mapped
[28–35]. Usually the CdTe quantum dots are made by
RF magnetron sputtering in a glass matrix [28–35].

Type II–VI diluted magnetic semiconductors
(DMS) [36] are semiconductors, where host cations
(II) are randomly substituted by magnetic ions, Mn2+.
The presence of localized magnetic ions in a semicon-
ductor alloy leads to exchange interactions between
s–p band electrons and the Mn2+ d electrons. This
sp–d exchange interaction constitutes a unique inter-
play between semiconductor physics and magnetism.
It plays a double role in determining optical properties:
1. The bandgap of the compound is altered depending

upon the concentration of manganese ions.
2. The 3d levels of transition metal ions are located

in the bandgap region and d–d transitions dominate
the spectrum.
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In the nanometer-size crystallites of semimagnetic
semiconductors, many of these properties are ex-
pected to be influenced by the quantum confinement
of the electronic states and to be different from those
of the bulk crystals. Due to the quantum dots unique
properties, these nanostructures have a great poten-
tial for a variety of applications. Recent work on
manganese-doped nanocrystals suggests that doped
nanocrystals are a new class of materials [21].

2. Experimental

2.1. Products

Sodium di(ethyl-2-hexyl) sulfosuccinate, Na(AOT)
was obtained from Sigma and sodium sulfide (Na2S)
from Janssen. The solvents isooctane, isopentane and
methylcyclohexane were obtained from Fluka, ethanol
from Prolabo, heptane and dodecanethiol from Merck.
Cadmium and manganese di(ethyl-2-hexyl) sulfosuc-
cinate [Cd(AOT)2 and Mn(AOT)2] was synthesized in
our laboratory as described previously [37].

2.2. Apparatus

Photoluminescence spectra were recorded with a
Spex fluorolog (1681). An Oxford cryostat with a con-
troller (ITC502) was used to control the sample tem-
perature (77–300 K). Optical absorption spectra were
obtained with a Cary (1E) and HP 8452A UV–Vis
spectrophotometer.

Energy dispersive spectrometry (EDS) measure-
ments were made with a Link AN 10000. A Jeol
(100 kV) model JEM 100CX II was used for trans-
mission electron microscopy (TEM) and electron
diffraction. The mean diameter,Dm, and the standard
deviation,σm, were derived from an average number
of 500 particles.

The EPR data were obtained using BRUKER ER
080 (200/60) spectrometers operating at 9.5 GHz
(X-bands) for 103 K<T<298 K.

3. Synthesis of disodium telluride, Na222Te

In the synthesis by soft chemistry disodium tel-
luride, Na2Te is prepared first. It has to be mentioned

that this product is highly poisonous and oxidizable.
To make Na2Te we used the two procedures de-
scribed in [38]. The difference of these two is based
mainly on the reaction time and on the amount of
naphthalene used as catalyst. One of the procedures
gives disodium telluride containing large amount of
impurities. The only procedure suitable for mak-
ing pure Na2Te is described below. The reaction
is carried out under nitrogen atmosphere by using
standard Schlenk technique. A Schlenk is charged
with tellurium powder (48 mmol), sodium (96 mmol),
naphthalene (0.8 mmol) and 20 ml of tetrahydrofuran,
THF, which has been distilled and degassed previ-
ously by freeze-thaw process under nitrogen. The
reaction mixture is stirred for 4 days at room tempera-
ture and filtered. The product is washed with 20 ml of
fresh degassed THF and dried under vacuum. Na2Te
is then in powder form which can be easily oxidized.
So, the procedure described below to make CdTe
nanoparticles is done in glass box.

4. Syntheses and control parameters

II–VI semiconductors are synthesized using reverse
micelles [39]. Coprecipitation takes place on mixing
two micellar solutions having the same water con-
tent,w=[H2O]/[AOT]: 0.1 M Na(AOT) containing ei-
ther S2− or Te2− ions, and a mixed micellar solution
made of Na(AOT) and the reactants as Cd(AOT)2,
Zn(AOT)2, Mn(AOT)2. The syntheses are made at
various x ratio with x=([Cd2+]+[Mn2+])/[Te2−] or
x=([Cd2+]+[Mn2+])/[S2−]).

After mixing the two micellar solutions, the proce-
dure differs as follows:
• Procedure I: Dodecanethiol is immediately added

to the micellar solution having a given water con-
tent, w. This results in a selective surface reaction
between the thio derivative and cadmium and man-
ganese ions. The particles are extracted immedi-
ately from micelles and the surfactant is removed
by ethanol addition. The nanocrystallites coated by
dodecanethiol are dispersed in a mixture of two
solvents (isopentane–methylcyclohexane, 3 (v/v))
forming an optically clear glass at low temperature.
The average size of coated particles increases upon
increasing the water content in the medium in which
the particles are synthesized.
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• Procedure II. The particles are left in the micellar
solution for 48 h. Dodecanethiol is then added and
the particles are immediately extracted.

• Procedure III. Immediately after synthesis, dode-
canethiol is added and the nanocrystallites remain
in the micellar solution for 48 h. Then, the particles
are extracted from micelles by using the same pro-
cedure as described above.

• Procedure IV. Nanocrystallites are kept in the mi-
cellar solution for 90 min and then dodecanethiol is
added and the particles are extracted as described
above.
For all the samples prepared, the composition,y,

is determined by EDS. The nanocrystal structure is
determined from electron diffraction. The particle
size, determined from TEM pattern, is controlled by
the size of the water droplets in which syntheses are
made. Similar behavior has been observed for various
nanoparticles [1]. As expected, the aging of particles
(procedure II) induces an increase in the particle size
compared to what is observed by procedure I.

5. Cadmium telluride nanocrystals [40]

Syntheses are made at various water content under
procedures I and II. To prevent the oxidation of tel-
luride, the syntheses were made in the presence of
an excess of cadmium (x=[Cd2+]/[Te2−]=2). Table 1
gives the average particle size and the size distribution
for the two procedures used. Hence procedure I per-
mits a change in the particle size from 2.6 to 3.4 nm
whereas it is from 3.4 to 4.1 nm by procedure II.

Electron diffraction studies confirmed that the CdTe
nanocrystallites exhibited the bulk-like, zinc blende
crystal structure. The coated particles are analyzed by
EDS; they are composed of 51% of Cd and 49% of
Te. The electron diffraction, the EDS and the average
size distribution (13%), remain unchanged with the
various procedures used (I and II) and for various
particle sizes.

As observed for direct semiconductors, the CdTe
absorption spectrum is size-dependent. Figs. 1 and 2
show a red shift in the absorption spectrum upon in-
creasing the water content and then upon increasing
the particle size. This is attributed to a quantum size
effect [6–8,14–19,27–35]. The energy bandgap is de-
duced from the first derivative of the absorption spec-

Table 1
Average diameter,D (nm), of CdTe nanoparticles obtained at
various water in oil droplet sizes,d (nm) and through the two
procedures,σ (%) is the size distribution

d (nm)

1.5 3 12

Procedure I
D (nm) 2.6 3.1 3.4
σ (%) 17.8 13.2 11.6
Eg (1) (eV)a 1.99 1.96 1.92
Eg (2) (eV) 2.17 2.07 2.02

Procedure II
D (nm) 3.4 3.8 4.1
σ (%) 12.7 11.9 11.1
Eg (1) (eV) 1.92 1.89 1.81
Eg (2) (eV) 2.02 1.97 1.87
ωPL (300 K) (eV) 2.04 1.99 –
Eg (77 K) (eV)b 2.07 2.01 1.89
ωPL (77 K) (eV)c 2.09 2.03 1.91
8PL

d 1 0.98 0.11

a Eg (1) and Eg (2) are the energy bandgap determined ei-
ther from [σhν=(hν−Eg)1/2] or from the first derivation of the
absorption spectrum at 300 K.

b Eg (77 K) is the energy bandgap determined at 77 K.
c ωPL (300 K) andωPL (77 K) are the PL peak position at 300

and 77 K.
d The relative fluorescence quantum yield, determined at 77 K,

is 8PL.

trum. Table 1 gives the values of the energy bandgap
determined by these two methods and for the vari-
ous procedures (I and II). It increases with decreasing
CdTe particle size. When comparison is possible, Ta-
ble 1 shows an unchanged value of the bandgap with
the synthesis mode. However, the excitonic peak is
better defined for particles produced by procedure II
than I (Fig. 1B and A). It has to be noticed that the
absorption spectra of particles differing by their sizes
and preparation modes present a shoulder at 750 nm
which cannot be attributed to oxide formation. Pre-
liminary EXAFS data confirm the absence of oxide.
This is valid in the range of error of the experimental
data. Hence, no obvious explanations can be given to
explain this.

The photoluminescence (PL) spectra markedly
change with the procedure used. Figs. 2A, C and
E show a long tail PL spectrum. This is due to the
recombination of charge carriers in the surface traps
[32,41]. At the opposite, Figs. 2B, D, F show a well
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Fig. 1. Absorption spectra of CdTe nanocrystals made at various
water content: A and B (w=5), C and D (w=10), E and F (w=20).
A, C and E are made by procedure I and B, D and F are made
by procedure II.x=[Te2−]/[Cd2+]= 1

2 .

Fig. 2. PL spectra of CdTe nanocrystals made at various water
content and recorded at 77 K: A and B (w=5), C and D (w=10),
E and F (w=20). A, C and E are made by procedure I and B, D
and F are made by procedure II.x=[Te2−]/[Cd2+]= 1

2 .

defined peaks centered at higher energies. Assuming
that this spectrum is due to the sum of two PL spectra
which are described by two Gaussians, the photo-
luminescence maximum at high energy, recorded at
300 K,ωPL(300 K) and 77 K,ωPL(77 K), are deduced.
The energy bandgap and the maximum of photolu-
minescence are very close (Table 1). This permits to
attribute the photoluminescence at higher energy to
the direct recombination of free electron and hole.
Table 1 shows a red shift in the maximum of the PL
spectrum due to the direct transition by increasing
the particle size. This is due to a quantum size effect.
Comparison of the PL peak position and the band
edge measured from absorption shows they are very
close (Table 1). This confirms that the PL peak ob-
served at high energy arises from the recombination
of a free electron and hole. The relative fluorescence
quantum yield of the direct transition,8PL, is ob-
tained by assuming two Gaussian curves (one due to
the direct transition and second due to trap emissions).
Table 1 shows a decrease in the quantum yield,8PL,
upon increasing the particle size. From a comparison
of the PL spectra obtained with particles differing by
their sizes and their fabrication modes, it is possible
to conclude that the aging permits to observe the di-
rect transition. This can be explained by formation
of a passivated layer due to Oswald ripening which
permits to decrease the surface defects and then the
trap emissions. These data have to be related to those
obtained with CdSe previously. The CdSe nanopar-
ticles are produced through inorganic syntheses at
280◦C. A direct transition is observed, at room tem-
perature, when the particles are coated by ZnS. This
has been explained by a decrease in the number of
CdSe defects with shell formation. Similarly direct
transition has been observed by adsorbate addition at
the particle interface. The procedure described per-
mits to obtain the direct transition without addition of
external adsorbate. This is the first time that, by using
reverse micelles, the direct transition is observed.

6. Cadmium sulfide nanocrystals

In our previous work [4,9,18,27] the synthesis of
CdS has been done by using the procedure I. In these
cases no direct fluorescence was observed. To check
if the direct fluorescence of CdS could be observed by
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using procedure II and in the presence of an excess
of cadmium (x=[Cd2+]/[S2−]=2), syntheses of CdS
nanocrystals are performed in the same experimental
conditions as described above (syntheses at various
water contents). Fig. 3 shows, as expected, a shift to-
ward low energy when the average size of particles
increases. As observed with CdTe the excitonic peak
is better resolved when the particles are aged. This
is probably due to better crystalinity. The PL spectra
of CdS nanocrystals differing by their sizes and their
fabrications are very broad and correspond to CdS de-
fect states [5,9,18,42,43] (Fig. 4). Hence, as opposed
to what is observed with CdTe, the aging does not
permit to obtain the direct fluorescence of CdS. How-
ever, we know that when the syntheses are made in
an excess of cations, this increases the sulfur vacan-
cies and then the trap emission as observed (Fig. 4).
So to prevent the presence of sulfur vacancies, synthe-
ses have been made in the presence of excess sulfur
(x=[Cd2+]/[S2−]=1

2). Fig. 5 shows a large PL spec-
trum due to the trap emission. However, a peak is ob-
served at lower energy and is attributed to the direct
transition. Hence the aging permits to observe the di-
rect transition of sulfur rich CdS nanocrystals.

Fig. 3. Absorption spectra of CdS nanocrystals made at various
water content: A and B (w=5), C and D (w=10), E and F (w=20).
A, C and E are made by procedure I and B, D and F are made
by procedure II.x=[S2−]/[Cd2+]= 1

2 .

Fig. 4. PL spectra of CdS nanocrystals made at various water
content: A and B (w=5), C and D (w=10), E and F (w=20). A,
C and E are made by procedure I and B, D and F are made by
procedure II.x=[S2−]/[Cd2+]= 1

2 .

Fig. 5. Excitation and PL spectra of 4 nm CdS nanocrystals pre-
pared by procedure III.x=[S2−]/[Cd2+]=2.

7. II–VI semiconductors alloys

7.1. Solid solution of Cd1−yZnyS [44–46]

As expected, the absorption spectrum of Cd1−yZnyS
particles made under procedure I and having the
same composition,y, is red shifted on increasing
the particle size. At fixed size, the red shift in the
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absorption spectrum with increasing composition is
observed. This is due to changes in the solid phase
composition. The energy bandgap, determined from
the excitonic peak, smoothly increases with increas-
ing composition from ZnS to CdS (Table 2). Similar
behavior was observed for the bandgap variation of
bulk Cd1−yZnyS [47]. Solid solution is obtained when
syntheses are made in the presence of an excess of
sulfur (x=([Cd2+]+[Zn2+])/[S2−]=1

2).

7.2. Solid solution of Cd1−yMnyS [48–53]

As for Cd1−yZnyS, syntheses of Cd1−yMnyS
nanocrystals are made in the presence of an excess of
sulfur (x=1

2). In the presence of an excess of cations,
no solid solutions are obtained. The nanoparticles
are characterized by a zinc blende structure, whereas
the bulk phase has a wurtzite structure. A similar
change in the structure between the bulk phase and
nanocrystals is observed for CdS [44,54].

The syntheses are made by using procedure I. As
already observed, the size of the coated particles in-
creases on increasing the micellar water content of re-
verse micelles. For a fixed composition, a red shift in
the absorption spectrum with increasing particle size
is observed (Fig. 6A). This is a direct result of the
quantum confinement effects [5–18]. For a given aver-
age particle diameter, the absorption spectrum differs
with composition,y (Fig. 6B).

From the absorption spectra, the direct bandgap is
determined from the absorption onset. For a given
composition, there is an increase in the band edge en-
ergy upon decreasing the particle size as shown in Fig.
6C. This is due to the quantum size effect.

For a given particle size, the bandgap does not vary
monotonically with composition, as is observed for

Table 2
Variation of the energy bandgap,Eg (eV) with particle size and
composition

y (%) Diameters (nm)

2 2.3 2.9

0 4.20 4.16 3.97
25 3.60 3.46 3.26
50 3.32 3.22 2.97
75 3.16 3.06 2.76

100 3.10 2.99 2.67

Fig. 6. Size distribution and absorption spectra of Cd1−yMnyS
particles synthesized at various water contents (w=0–40) and var-
ious manganese concentrations (y=0–0.23).

most semiconductor alloys. It decreases and then in-
creases (Fig. 7). Similar behavior has been observed
in the bulk phase [55] and films [56]. With nanocrys-
tals, the minimum is more pronounced and its depth
increases with decreasing particle size (Fig. 7).

The appearance of the minimum in the energy
bandgap with increasing composition,y, could be
attributed to a chemical disorder which is usually at-
tributed to a shift of the energy levels due to statistical
fluctuations of the crystal potential in an alloy and
called bandgap bowing. It has been described, for the

Fig. 7. Variation of the bandgap energy,Eg, with composition,y,
for various particles size, bulk and thin film. The line is obtained
from the best fit between experimental data and Eq. (2).
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bulk phase, by [56]

Eg(y, T ) = Eg(CdS) + 1Ey− cy(1 − y) (1)

where Eg(CdS) and 1E are the band edge energy
without Mn2+ and the linear variation of bandgap
energy between CdS (Eg(CdS)=2.45 eV) and MnS
(Eg(MnS)=3.4 eV), respectively [56]. The parameter
c is the chemical disorder constant. By extending to
what has been shown in the bulk phase, Eq. (1) is used
for nanoparticles with an average diameter of 3.2 nm.
The band edge energies of CdS and MnS, determined
from their absorption spectra, are 2.72 and 4.7 eV, re-
spectively. The bandgap variations with composition
for particles having 3.2 nm as an average diameter
with the simulated bandgap derived from variousc
values do not correlate. From this, it is concluded that
the appearance of a minimum in the bandgap with
composition is not due to chemical disorder.

In the bulk phase [57], the bandgap energy mini-
mum has been attributed to s–d and p–d exchange in-
teractions. An exchange interaction is known to occur
in the bulk magnetic semiconductors II–VI between
the d electrons of the Mn2+ and the band electrons.
The energy bandgap was related to temperature and
susceptibility by [57]

Eg(y, T ) = Eg(CdS)AT2

(T + B)
+ 1Ey− bχ(y, T )T (2)

where χ (y, T) and T are the susceptibility of the
material and temperature, respectively.A, B and b
are constants. The first two depend on the material
whereas the last takes into account the exchange in-
teractions between the Mn2+ d electrons and band
electrons. TheA and B values are determined from
the energy bandgap variation, at a given composi-
tion, with temperature. They are size-independent and
equal to 5.6±0.7×10−4 eV K−1 and 256±14 K, re-
spectively. These values are close to those obtained in
the bulk phase [58]. This probably indicates that the
electron–phonon interactions do not markedly depend
on the dot size in Cd1−yMnyS nanocrystals.

For nanocrystals, we assume that Eq. (2) is valid. To
simulate it, we use the theoretical bulk susceptibility,
χ (y), as calculated by an equation given in [56]. These
values are not known for nanocrystals.

To determine theb value from Eq. (2), the mag-
netic susceptibility,χ (y, T), in the nanoscale range

Fig. 8. Variation of the inverse magnetic susceptibility with tem-
perature measured for 4 nm Cd1−yMnyS nanoparticles withy=0.1,
0.17 and 0.2.

and at various compositions has to be known. Unfor-
tunately, for experimental reasons, it is impossible to
determineχ (y) at 298 K. By using a SQUID, the mag-
netic susceptibility,χ (y, T), is measured at various
temperatures, from 3 to 180 K. This is done for var-
ious particle sizes and compositions. As in the bulk
phase above 60 K the magnetic susceptibility follows
the Curie–Weiss law:

χ(y, T ) = C0y

[T + 20y]
(3)

whereC0yand20yare the Cd1−yMnyS Curie constant
and temperature, respectively.

At a given particle size and composition, theC0 and
20 values are deduced by plottingχ (T, y)−1 versus
T (Fig. 8). Table 3 gives the C0 and20 values deter-
mined for various particle sizes. Taking into account

Table 3
C0 and 20 values derived fromχ−1 extrapolation and variation
of the parameterb, derived from simulation of bandgap evolution
by Eq. (4) and experimental linewidth,1Hpp, of Cd0.9Mn0.1S
nanoparticles for different sizes

1.8 nm 3.2 nm 4 nm Bulk

C0 (K) 0.015 0.025 0.03 0.03
20 (emu g K−1) 700 630 409 280
b (eV g Oe emu−1 K−1) 1250 440 150 120
1Hpp (Gauss) 400 250 182 –
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these values, the magnetic susceptibility is calculated
at 298 K (Eq. (3)).

The b value is then deduced from the best fit (full
line) between experimental data and calculation ob-
tained from Eq. (2). Table 3 shows a drastic increase
in the b value with decreasing particle size. This in-
dicates an increase in the exchange interactions. In-
deed, theb value is directly related to the interaction
strength between manganese ions and conduction and
valence band electrons:

C0 = N0(gµB)2S(S + 1)

3kB
,

20 = −(2/3)S(S + 1)ZJ

kB
(4)

whereN0 is the number of cations per unit volume
(to a first approximation,N0 does not depend ony
in the range 0<y<0.3), g the Lande factor,µB the
Bohr magneton,S=5

2, kB the Boltzman constant,Z the
number of nearest neighbors (Z=12 for zinc-blende
DMS) andJ the nearest neighbor exchange integral
(J/kB=−4 K for Cd1−yMnyS) [36]. Table 3 gives the
calculatedC0 and20 values and thebvalue is deduced
from the same procedure as described above. Table 3
shows a drastic increase of theb values obtained with
nanocrystals.

From these data, it is concluded that an increase in
the exchange interactions between the d electrons of
Mn2+ and the band electrons will decrease the particle
size.

It is well established that the Mn2+–Mn2+ inter-
actions occur through a superexchange process [59]
which imply the CdS band electrons. As demonstrated
above, the increase in theb factor upon decreasing
the particle size involves interactions between d elec-
trons of Mn2+ and the band electrons. From this, we
expect to observe an increase in the Mn2+–Mn2+ in-
teractions. To demonstrate this, magnetization mea-
surements are performed. The magnetic susceptibil-
ity, χ (y, T), of Cd1−yMnyS nanocrystals differing by
their sizes and compositions is measured at 30 K and
compared to that obtained in the bulk phase.

For particles having 4 nm as average diameter,
Table 4 shows an increase in the magnetic suscepti-
bility, χ (y, 30 K), with increase in the composition,
y. Theχ (y, 30 K) values obtained at various compo-
sitions are in good agreement to those given by Chen

et al. [61], whereas they disagree with those of Yang
et al. [62] (Table 4). It is impossible to measure, over
the entire range, the magnetic susceptibility at var-
ious compositions for 3.2 and 1.8 nm nanocrystals.
However, taking into account that magnetic suscepti-
bility increases with composition, the values given in
Table 4 permit to assume a decrease in the magnetic
susceptibility upon decreasing the particle size. With
Zn1−yMnyS [19] the converse behavior is obtained
(decrease inχ (y), with increasing particle size).

Fig. 9 shows the EPR spectra of 4 nm Cd1−yMnyS
nanocrystals, made under procedure III, recorded at
various compositions (0.006<y<0.2) at room temper-
ature. Each spectrum is made up of two parts:
1. A hyperfine structure with six lines on each spec-

trum. With an increase in manganese composition,
the intensity of these peaks decreases and disap-
pears aty=0.2.

2. A broad spectrum due to Mn–Mn interactions is
observed. This spectrum fits a Lorentzian curve and
the peak-to-peak linewidth,1Hpp, is deduced. The
1Hpp value is deduced for various compositions,
y (Table 4). They increase leads to the broadening
of the EPR line.
From these data, it is concluded that the magnetic

interactions increase upon decreasing the particle size.
To be able to confirm these abnormal interaction

variations we studied the Mn2+–Mn2+ interactions
through magnetic measurements recorded for different
size of nanocrystals (1.8–3.2–4 nm) at various compo-
sitions (0.006<y<0.2). Fig. 10 shows the magnetiza-
tion curves recorded at 3 and 10 K for 4 nm particles.

Table 4
χ i 105 (emu g−1) values of nanoparticles at various compositions
and measured at 30 K

y Nanoparticles (nm) Bulk phase

1.8 3.2 4 Chen et al. Yang et al.
[60] [61]

0.03 – 1.62 – –
0.04 1.25 –
0.09 – 4 –
0.1 2.64 – 4.7 4.25 –
0.17 – 5 –
0.2 – – 6.17 4.7 –
0.22 4.92 – – –
0.25 – – – 17
0.3 – – – 6.1 15
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Fig. 9. EPR spectra of 4 nm Cd1−yMnyS nanoparticles prepared by
procedure III and recorded at various compositions 0.006<y<0.2,
with a microwave frequencyν=9.43 GHz, at room temperature
and P=10.2 mW.

It can be noticed that saturation is reached neither at
3 K nor at 10 K. The magnetization,M, is described
by the Brillouin function:

M = yN0gµBSBS

(
gµBSH

kBT

)
(5)

whereBS and H are the standard Brillouin function
and the applied field withg=2.0023.

However, because of the Mn–Mn interactions, the
standard Brillouin function cannot be applied and Gaj
et al. [62], proposed an empirical and phenomenolog-
ical expression to describe magnetization using the ef-
fectiveT andSparameters:

M = yN0gµBSeffBS

(
gµBSH

kBTeff

)
(6)

The two parameters,Seff andTeff deduced from the
modified Brillouin function (Eq. (6)) take into account
the effect of the antiferromagnetic clustering.Seff is

the effective mean spin of the Mn2+ ions and is always
smaller than5

2. This is due to antiferromagnetic Mn2+
interactions that reduce magnetization and allow spin
pair formation with a zero total magnetization. It de-
creases with increasing Mn2+ composition since the
probability of magnetic ions occupying neighboring
lattice sites increases.

A good agreement between the experimental data
and the calculated curves is obtained by using the mod-
ified Brillouin function (Fig. 10). Some uncertainty in
the exactSeff values are expected because of the fact
that the magnetization saturation is never reached.
However, some information can be deduced from
Table 5.
1. The Seff values of nanocrystals are smaller than

those determined in the bulk phase [60]. This in-
dicates that the number of spins correlated in an-
tiferromagnetic clusters is higher in nanoparticles.
This means stronger Mn2+–Mn2+ interactions in
Cd1−yMnyS nanomaterials compared to the bulk
phase.

2. At fixed composition,y, the Seff value decreases
with decreasing the particle size. Thus, interac-
tions between spins increase with decreasing par-
ticle size.

3. For a given particle size, theSeff value decreases
with increasing composition. This is due to for-
mation of spin pairs inducing antiferromagnetic
Mn2+–Mn2+ interactions.

4. TheSeff values decrease with decreasing tempera-
ture. This is due to the thermal motion which de-
creases with temperature and the spins are free to
interact with their neighbors.
All these data indicate an increase in the Mn2+–Mn2+

interactions (Seff ) and a decrease in the magnetic
susceptibilities,χ (y), with decreasing particle size.
From these data, it can be clearly concluded that the
increase in the depth of the minimum of the bandgap
variation with composition is due to strong interac-
tions between manganese ions and the conduction and
valence band electrons and the magnetic interactions
markedly increase with decreasing particle sizes.

The PL spectra of Cd0.95Mn0.05S nanocrystals made
under procedure I, in the range of sizes from 1.8 to
3.2 nm recorded at 77 K are shown in Fig. 11. For
1.8 nm particles, the PL spectrum has a large band
centered at 600 nm. This luminescence is homoth-
etic to that obtained without Mn2+ ions included in-
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Fig. 10. Magnetization curves of 4 nm Cd1−yMnyS nanoparticles, recorded at 3 and 10 K, over compositions 0.006<y<0.2. The solid lines
are the modified Brillouin function simulations. (j) y=0.2, (r) 0.17, (m) 0.1, (+) 0.03, and (d) 0.006.

side the CdS matrix and is attributed to CdS defect
states [5,9,18,42,43]. The photoluminescence excita-
tion (PLE) spectrum of trap emission shows a well
resolved excitonic peak (Fig. 11). A slight shift in the

Table 5
Seff and Teff values of nanoparticles, fitting parameters, are de-
rived from magnetization curves (the results with stars have been
obtained on the bulk material by Chen et al. [61])

4 nm particles Bulk Cd1−yMn yS

y T (K)

3 K 10 K 1.5 K 5.7 K 10.9 K

Seff Teff Seff Teff Seff

0.006 1.76 4.7 – – – – –
0.03 0.78 3.5 0.87 10 1.53 – –
0.1 0.54 5 0.63 10 0.95 – –
0.15 – – – – 0.79 0.81 0.85
0.17 0.48 4.7 0.53 10 – – –
0.2 0.38 4.6 0.47 10 0.37 – –
3.2 nm nanoparticles
0.04 0.48 3.8 0.51 10
0.22 0.28 4.6 0.34 10
1.8 nm nanoparticles
0.1 0.37 3 0.45 1

PLE spectra with the emission wavelength is obtained.
This is due to the size distribution.

Similar behavior is observed for 3.2 nm crystallites
with good correlation between the bandgap energy
determined from absorption and PLE spectra. As

Fig. 11. PL (λex=400 nm) and PLE (λem=600 nm) spectra,
recorded at 77 K of Cd0.95Mn0.05S nanoparticles prepared by pro-
cedure I and having various sizes: 1.8 (—) and 3.2 nm (. . . . . . ).
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expected from Dannhauser et al. [63], the CdS traps
emission is red shifted when the particle size in-
creases. The bandgap energies are derived from the
PLE spectra, and compared to those obtained from
absorption spectra at the same temperature (77 K). A
rather good agreement between these two techniques
is observed. Hence by using procedure I the PL spec-
tra are attributed to trap emissions of CdS nanocrys-
tals. The presence of Mn2+ inside the CdS matrix
does not perturb the PL spectra. This result is in total
disagreement to those previously obtained [19–21].

To explain such differences between our experi-
mental data and those published previously [19–23],
syntheses modes are changed.

When 4 nm particles are made by using procedure
III ( w=40), the PL and PLE spectra of particles dif-
fering by their compositions are recorded at 77 K.
Without Mn2+ included in CdS matrices, there are
two luminescent bands as shown in Fig. 12A. The
main luminescence band is broad and is attributed to
CdS trap emission. When Mn2+ ions are included in
a CdS matrix, the direct transition disappears and a
new luminescence band with a sharp peak centered at
580 nm (Fig. 12B and C) appears. This is attributed
to Mn2+ emission in a tetrahedral coordination (tran-
sition 4T1 to 6A1) [58,64]. The PL spectrum is fitted
by assuming two Gaussian curves and two spectra
are derived: The dashed spectrum given in Fig. 12C
is characterized by a maximum centered at 585 nm
and attributed to the isolated Mn2+ PL spectrum [26].
The simulated half-width of Mn2+ luminescence is
0.23 eV, which is in good agreement with that deter-
mined for Mn2+ luminescence in the bulk phase [26]
and in Zn1−yMnyS nanoclusters [6,7,55,59]. This
indicates formation of isolated manganese ions in
tetrahedral site. To confirm that, EPR measurements
are performed at various compositions.

The EPR spectrum is recorded at 103 K for
y=0.006. The hyperfine structure deduced from the
difference between the experimental spectrum and
the Lorentzian fit shows six well defined intensive
lines and between each of them, two weaker lines
corresponding to forbidden transition with a nuclear
hyperfine splitting of 69 G (Fig. 13B). This is charac-
teristic of isolated manganese ions in CdS matrix.

Hence from the PL spectrum and the hyperfine
structure, it is clearly demonstrated that the isolated
Mn2+ are present in CdS matrix.

Fig. 12. PL (λex=400 nm) and PLE (λem=580 nm) spectra,
recorded at 77 K at various compositions:y=0 (A), 0.05 (B) and
0.1 (C). The average particle diameter is 4 nm. The particles are
prepared by procedure III.

For CdS quantum dots [65] the PL intensity depen-
dence with temperature obeys an Arrhenius equation
as

I77 K

I (T )
= A’T −0.5exp

(−Ea

KT

)
(6)

whereI77 K andI are the relative PL intensities of flu-
orescence recorded at 77 K and atT (K), respectively.

For Cd1−yMnyS we assume, as observed with CdS
quantum dots that
1. Eq. (6) is valid for alloy semiconductor quantum

dots.
2. The Cd1−yMnyS luminescence does not markedly

vary below 77 K.
The activation energy,Ea, is obtained from the

best fit of Eq. (4) with the experimental data for 580
and 700 nm emission wavelengths (Fig. 14). Aty=0,
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Fig. 13. (A) EPR spectra of 4 m Cd99.004Mn0.006S nanoparticles
prepared by procedure III and recorded at 103 K with a microwave
frequencyν=9.43 GHz andP=10.2 mW. (B) EPR spectrum of
hyperfine structure deduced from spectrum given in A.

the same activation energies are obtained at 580 and
700 nm, whereas they differ in the presence of Mn2+
(Table 6). This confirms the emission of two distinct
centers.

Fig. 14. Variation of the PL relative intensity obtained at 77 andTK
(I(T=77 K)/I(T)), with temperature. The intensities are observed
at 580 (j) and 700 nm (d), respectively. The line indicates the
best fit between the experimental data and Eq. (6).

Table 6
Variation of activation energy determined from evolution of lumi-
nescence band at 580 and 700 nm with temperaturea

y 0 0.05 0.10

Ea(580 nm)(meV) 32 60 62
Ea(700 nm)(meV) 32 32 32

a The average particle diameter is 4 nm andy varies from 0 to
0.1.

Now we concentrate on the behavior of isolated
Mn2+ ions in CdS matrix with composition,y. The
increase in the PL intensity due to isolated Mn2+ with
increasing composition is followed by a decrease for
compositions above 0.1. The plot of the relative ratio
of the simulated PL spectrum (1) centered at 580 nm
to that of (2) 700 nm with composition (contribution
of the emission due to CdS aty=0 is extracted) shows
the appearance of a maximum aty=0.1 (Fig. 15). This
is related to the number of isolated (without any inter-
actions) Mn2+. The number of these Mn2+, yeff , with
composition,y, has been calculated by Kreitman et al.
[66]. Theyeff variation with composition has a max-
imum around 0.1. However, the shape of the relative
intensity variation with composition differs from that
for yeff .

EPR spectroscopy are performed in the same ex-
perimental conditions. The integral of the hyperfine
structure and that of the total signal are calculated
from experimental data, at various compositions

Fig. 15. Variation with composition (y) andNC of the relative lu-
minescence intensity (I580/I700) (d) and of the number of isolated
Mn2+ per particle (h) of the particles prepared by procedure III.
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(0.006<y<0.2). The ratio,X, of these integrals, de-
termined at various compositions, increases with in-
creasing composition and reaches a maximum around
y=0.05 (Table 7). The number of isolated Mn2+, NIs,
is the product ofX with composition,y, with the
number of cations included in CdS particle. The latter
term is estimated from Lippens et al.’s calculations
[11]. The number of isolated Mn2+, NIs, increases
with increasing composition,y, and reaches a maxi-
mum aty=0.1. Fig. 15 shows similar variation ofNIs
with composition,y, as8580/8700. The good correla-
tion between the EPR hyperfine structure and the PL
data shown in Fig. 15 clearly confirms that the PL is
due to isolated manganese ions in a tetrahedral coor-
dination. Hence by using procedure III isolated Mn2+
in tetrahedral site appears whereas from procedure I
it cannot be observed.

Hence, in the nanoscale, Fig. 15 shows a progres-
sive increase in the fluorescence yield due to isolated
manganese to reach a maximum at 0.1 and then a
decrease. Such a behavior markedly differs from that
observed in the bulk phase where the PL [58,59]
and hyperfine structure [67] of isolated Mn2+ ions in
tetrahedral coordination are observed at low compo-
sition (y<0.01) [67]. The increase in Mn2+ content
induces a disappearance in the PL intensity and a
broadening of the hyperfine structure lines to reach
a single line. These phenomena have been attributed
to Mn–Mn energy transfer and interactions, respec-
tively [67]. Hence, the maximum of the PL yield due
to isolated Mn2+ ions in tetrahedral site is reached
at y<0.01 in the bulk phase whereas it is aty=0.1
in the quantum dots. Furthermore, the relative PL
quantum yield of aged particles markedly differs with
aging time. To explain these differences in the be-
havior we take into account the process used to make
the particles and particularly the resulting size and

Table 7
1Hpp, peak-to-peak distance of Lorentzian simulated curves, ratio
X, integral of the hyperfine structure and total signal ratio, and
NIs, ratio X multiplied by the number of Mn2+ ions (number of
isolated ions per particles)

y 0.006 0.03 0.1 0.17 0.2

1Hpp (Gauss) 90 144 180 220 210
X 0.11 0.13 0.1 0.028 –
Nis 0.5 3.2 10.4 4 –

composition: As described above, for a given ratio of
reactants [Mn(AOT)2]/([Mn(AOT)2]+[Cd(AOT)2]),
the composition,y, detected by EDS is always larger
for particles made under procedure I than that of
III. To simplify the text in the following we call
Particles I and III made under procedures I and III.
The slope deduced by plotting composition,y, ver-
sus [Mn(AOT)2]/[Mn(AOT)2]+[Cd(AOT)2] is equal
to 0.86 and 0.51 for particles I and III, respectively.
Particle I contains a larger amount of manganese
ions compared to particle III whereas their sizes are
smaller. Hence, the aging induces an increase in the
particle size and a decrease in they composition deter-
mined by EDS. Let assume that particle III (D=4 nm)
is made of particle I (D=3.2 nm) surrounded by an
external layer which grows during the aging (Fig. 16).
Hence, particle I form the internal core with 0.4 nm
thickness of an external shell. Because of the dif-
ference in composition between the particles I and
III, the external phase would contain less number of
manganese and could be responsible for the presence
of isolated Mn2+ in tetrahedral site. From Lippens
method [11], the total number of atoms per nanocrys-
tal is 740 and 1400 atoms for particle I (internal
core) and particle III, respectively. Then the number
of cations are 370 and 700 atoms, respectively. For
a given ratio of reactants in which the synthesis is
made, the composition of particle I,yI , and of particle
III, y, are measured by EDS. This permits to calculate
the number of manganese ions in particles I and III.
Hence, the number of manganese in the external layer
of particle III, Nc, is deduced from the difference be-
tween the number of manganese ions in particles III

Fig. 16. Model of particles.
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and I. Nc is then calculated at various compositions,
y. By plotting 8580/8700 andNIs versus the number
of manganese ions in the external shell,Nc, a max-
imum is reached atNc=12 (Fig. 15). It corresponds
to a composition of particle III,y=0.1. The variation
of luminescence and hyperfine structure with compo-
sition, y, and with the calculated number of isolated
Mn2+ in the external layer,Nc, strongly supports the
model shown in Fig. 16. Of course, we could expect
an increase in the Mn–Mn interactions in the exter-
nal layer by increasing composition. As observed in
Fig. 15 abovey=0.1 and/orNc=12, the PL and hy-
perfine structure disappears. Hence, by assuming all
the Mn2+ atoms are isolated in the layer, we would
expect to observe a straight line by plotting the num-
ber of isolated Mn2+ determined by EPR versus the
number of manganese atoms in the layer,Nc. Two
distinct regions are observed. BelowNc=12 most of
Mn2+ atoms in the external shell are isolated in a
tetrahedral site, whereas aboveNc=12, the Mn–Mn
interactions are predominant and induce a decrease in
the number of isolated Mn2+ as observed by PL and
from the hyperfine structure.

The good correlation between the variation of the
luminescence and the hyperfine structure of isolated
Mn2+ with the number of atoms in the external layer
formed during the aging of the particles permits to
propose a model to explain the appearance of isolated
Mn2+ ions in CdS matrix at high manganese composi-
tion compared to that observed in the bulk phase. As a
matter of fact, in the bulk phase and abovey=0.01, the
PL spectrum decreases with increasing composition
whereas such behavior is observed in the nanoscale
range abovey=0.1. Hence, it seems reasonable to con-
clude that the appearance of the PL spectrum due to
isolated Mn2+ in CdS matrix is due to the forma-
tion of particles having an internal core rich in man-
ganese ions which strongly interact with an external
shell manganese poor and arranged in a tetrahedral
structure.

So by using procedure I, no isolated Mn2+ ions
in CdS matrix can be observed either by photolu-
minescence or EPR. The opposite is observed when
particles are made under procedure III. It can be no-
ticed that procedure III induces an increase in the
particle size compared to I. So, these differences can
be due either to a size effect or to the fabrication
mode. To find out what is this effect, particles hav-

ing the same average size (3 nm) have been made by
following either procedure I or IV. Under procedure
I, the synthesis is performed atw=40 whereas under
procedure IV the synthesis is made at a water content
w=10 and the particles are aging. The average parti-
cle size obtained from procedures I and IV is 2.8 and
3.2 nm, respectively. The PL spectrum of particles
made under procedure I shows trap emission at room
temperature (Fig. 17A) which is reinforced at 77 K
(Fig. 17B). Conversely, the behavior markedly differs
with particles made by using procedure IV. At room
temperature, the PL spectrum is broad with a max-
imum centered at 680 nm and a shoulder at 600 nm
(Fig. 17C). At 77 K, this behavior is reinforced with
a PL spectrum characterized by a maximum centered
at 590 nm (Fig. 17D). As above, two sub-spectra are
derived from simulation: one centered at 585 nm, with
a half width of 0.23 eV (designated 1) and the other at
650 nm (designated 2). The PL spectrum due to CdS
defects and shown in Fig. 17D (number 2) is slightly
red shifted compared to that obtained in Fig. 16B. This
is because of the difference in the average size by using

Fig. 17. PL spectra of particles prepared by procedure I (A, B)
and prepared by procedure II (C, D) recorded at room temperature
(A, C) and 77 K (B, D). Experimental (—) and simulated (----)
spectra. Inset: Histograms of particles obtained after the various
modes.
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procedure I (2.8 nm) instead of procedure IV (3.2 nm).
From this it seems obvious that the photolumines-
cence properties of Cd1−yMnyS nanocrystal depend
on the preparation mode and is not size-dependent.

To confirm such behavior two other syntheses are
made with particles having an average size of 4 nm.
To do that, we used procedures II and IV. In both cases
water content has been fixed atw=40. The average
particle sizes are 4.2 and 4 nm, respectively. The PL
spectrum of nanocrystals obtained from procedure IV
at 250 K shows CdS trap emission. By decreasing tem-
perature the fluorescence due to isolated Mn2+ appears
(Fig. 18A). In contrast to procedure II, the PL spec-
trum (Fig. 18B), recorded at room temperature, shows
a marked increase in the relative fluorescence due to
isolated Mn2+ compared to that due to CdS defects.
Hence the PL spectra of particles having similar size
(4 and 4.2 nm) differ with the aging time markedly.
From these data it can be concluded that the PL due
to isolated Mn2+ ions in Cd0.95Mn0.05S nanoclusters
made in reverse micelles is observed when the par-
ticles are aged. Apparently, these data markedly dif-
fer from those obtained with Zn1−yMnyS [19–21] and
Cd1−yMnySe nanocrystallites [68,69]. A careful study
of the published experimental conditions [19,20,68]
clearly indicates that the luminescence due to isolated
Mn2+ in a semiconductor matrix was observed when
the particles are aged and/or have been subjected to
a thermal treatment. Hence, the Mn2+ luminescence
observed in nanoclusters, at room temperature, can-
not be attributed to a quantum size effect as has been
claimed previously [21].

Fig. 18. (A) Room temperature and 77 K PL spectra of particles
obtained by procedure III recorded atλ=400 nm. (B) Room tem-
perature PL spectra of particles obtained by procedure II.

8. Conclusion

In this paper we demonstrate that reverse micelles
can be used to make nanocrystals differing by size and
compositions. Direct fluorescence can be obtained
when the particles are passivated. The technique
used permits to make alloys which present specific
properties.
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