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In the present work a systematic study was carried out to understand the influence of Sc doping on electronic and optical
properties of CdS nanoparticles. The geometry optimization and symmetry computation for CdS and Sc doped CdS nanopar-
ticles using Density Functional Theory (DFT) on B3LYP level with the QZ4P for Cd and DZ2P for sulphur and Sc were
performed by Amsterdam Density Functional (ADF). The results show that HOMO-LUMO gap as well as electronic and opti-
cal properties of CdS clusters vary with Sc doping. The HOMO-LUMO gap is affected by the dopant and its value decreases to
0.6 eV. Through considering the numerical integration scheme in the ADF package, we investigated different vibrational modes
and our calculated Raman and IR spectra are consistent with the reported result. The calculated IR and Raman peaks of CdS
and Sc doped CdS clusters were in the range of 100 to 289 cm−1, 60 cm−1 to 350 cm−1 and 99 cm−1 to 282 cm−1 , 60 cm−1

to 350 cm−1, respectively, which was also confirmed by experiment as well as a blue shift occurrence. Subsequently, for deeper
research of pure and doped CdS clusters, their absorption spectra were calculated using time-dependent DFT method.
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1. Introduction
Nanomaterials have attracted great research and

industrial interest in recent years because of their
unique chemical and physical properties [1, 2]. The
studies of semiconductor nanoparticles have been
an interesting field of research for more than two
decades. This is because they give an opportunity
to understand the physical properties in low dimen-
sions and to explore their vast potential for appli-
cation in, e.g., optoelectronics [3]. Over the past
two decades, investigations on quantum sized semi-
conductor particles have increased enormously due
to their novel applications in electronic and pho-
tonic devices [4–7]. The functionality of these de-
vices has strong correlation with the electronic and
structural properties of the material used. These
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properties depend upon the vibrational characteris-
tics of the materials which are, in turn, related to the
size of nanoparticles and can be best explored using
infrared and Raman scattering techniques [8–10].
II – VI semiconductor nanoparticles have proven to
fulfill this requirement to large extent. The research
on II – VI semiconductor nanoparticles have shown
that these materials are much better than III – V
semiconductors especially in the field of solar cells.
In addition, they are more exciting because of their
relatively wide direct band gap, causing absorption
or emission of light in the visible spectrum, i.e.
ZnO, CdS and HgSe are materials having a wide
range of applications [11, 12] in the field of op-
toelectronics, solar cells, photoresistors, biological
signal amplification, lasers, etc.

Cadmium sulphide (CdS) is a compound semi-
conductor of direct band gap (∼2.4 eV) that
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is suitable for optoelectronics application and
biological labels [13–17]. In 1993, the high qual-
ity quantum dots of CdS were synthesized for the
first time. They emitted different colors depend-
ing upon their size and band gap. Currently, mod-
ification of CdS particles by dopant incorpora-
tion has become a hot topic. Doping with proper
transition metal elements via introducing accep-
tor or donor level in host nanocrystals is an effec-
tive approach to tune the materials properties [18].
Transition metal (TM) (Mn, Fe, Co, etc) doped
CdS has drawn considerable attention as it of-
fers a great opportunity to integrate electrical, op-
tical and magnetic properties into a single mate-
rial, which makes it an ideal candidate for non
volatile memory, magneto-optical and future spin-
tronics devices [19, 20]. The first principle DFT
calculations have proven that the system Co-doped
CdS (dilutely cobalt-doped cadmium sulphide), in
view of the well known application worthy proper-
ties of CdS and the potential possibility of its con-
version to a diluted magnetic semiconductor, is of
interest to spintronics [21]. Similarly, copper im-
purity changes the type of semiconductor from n
to p type [22]. The Cu doped CdS thin films have
many applications, such as high efficiency photo-
voltaic cells and light emitters [23, 24]. Moreover,
the doping of copper changes the band gap energy
of CdS and also improves its photoelectric proper-
ties [25]. Recently, a few reports have been pub-
lished on the properties of Cu doped CdS layers,
for example the study of Cu doped CdS homojunc-
tion and its rectifying properties [26]. The Fe doped
CdS nanoparticles have shown that impurity atoms
increase the fluorescence efficiency [27]. The Mn
doped CdS nanoparticles have been used in op-
toelectronics [28]. It is evident from the literature
that the optical properties of CdS nanoparticles are
size dependent. However, when the size becomes
smaller than 6 nm, there is a considerable disagree-
ment in the experimental literature, therefore, it is
advantageous to use computational methods which
are capable of simulating nanoparticles of any size.
Of all established computational methods, Density
Functional Theory (DFT) is famous for maintain-
ing a perfect balance between computational ac-
curacy and efficiency. It is widely used to study

different aspects of molecular systems, i.e. struc-
tural, vibrational frequencies and electronic tran-
sition for species ranging from nuclei, atoms,
molecules to solids. In the present work electronic
and optical properties of Sc doped CdS cluster have
been calculated using DFT.

2. Computational details
Hohenberg and Kohn received in 1998 the No-

ble Prize for simplifying the many body prob-
lem by introducing DFT. Instead of electron wave
function they used density functional to solve the
problem [29]. The theory gives the exact ground
state solution to the structural, electronic, optical
and magnetic properties. In present work Kohan-
Sham equation [30] was used to calculate the elec-
tronic and optical properties of Sc doped CdS
nanoparticles.

All the calculations performed in this work
were DFT based and used the ADF program un-
der the approximation GGA-B3LYP. The required
basis sets were QZ4P for Cd and DZ2P for both
S and Sc. In present work, ADF molecule was
used to analyze HOMO-LUMO gap, DOS, iso-
surfaces plots, IR spectrum, Raman and excita-
tion spectra of pure and doped CdS nanoparti-
cles. The spectra were displayed and analyzed
in the ADF graphical user interface (GUI). The
computationally prepared structures for CdS and
doped CdS cluster, shown in Fig. 1, were relaxed
by geometry optimization to attain a stable struc-
ture with minimized energy. In the calculations
we used the core shell and valence shell for Cd:
1s22s22p63s23p64s23d104p6 and 5s2, 4d10. Simi-
larly, for S: 1s22s22p6 and 1s2, 2s2, 2p6, 3s2, 3p6

and for Sc: 1s2, 2s2, 2p6, 3s2, 3p6 core states and
4s2, 3d1 valence states, respectively. In order to
carry out a systematic study of the optical and elec-
tronic properties of Sc doped CdS nanoparticles
their wurtzite structures in dihedral symmetry were
prepared computationally.

We performed geometry optimization of the
molecule with energy convergence criteria of 10−4

Hartree. The physical parameters were obtained
after geometry optimization in the output file
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Fig. 1. CdS cluster obtained using DFT based ADF
GUI, consisting of (a) pure CdS (b) doped CdS.

consisting of spatial coordinates, charges and
atomic mass for all the 8 atoms which form the
supercell separately. These physical parameter for
pure and doped CdS cluster are given in Table 1
and Table 2, respectively.

The corresponding bond length and bond angles
are shown in Table 3.

3. Results and discussion
3.1. Electronic properties

According to the molecular orbital theory [31],
atomic orbitals (subshells) combine and form
a molecular orbital which may have lower or
higher energy, known as bonding and anti-bonding
molecular orbital. The interactions between these
atomic orbitals comprise a particular molecular or-
bital manifested very proficiently in the molecular
orbital structure (MOT). In this work, the active
atomic orbitals 5s24d10 and 3s23p4 for Cd and S,
respectively, mainly contribute to forming spec-
troscopically important molecular orbitals (HOMO
and LUMO) that participate in the transition ea-
gerly. In contrast, for the doped CdS there is a lit-
tle contribution of the dopant to LUMO and al-
most no contribution to the HOMO. The dopant
also contributes slightly with its 3d1 electrons to
the core electrons of CdS. HOMO and LUMO are
also known as frontier MO which are usually re-
sponsible for optical transitions. The MOT struc-
tures for CdS and doped CdS clusters are given
in Fig. 2. The black, blue and grey lines repre-
sent the completely filled, partially filled and empty
molecular orbitals, respectively. The red lines in

the MOT structure show the strength of contribu-
tion of each atomic orbital in forming a specific
molecular orbital. In the side box, the enlarged
view gives the HOMO and LUMO locations and
gap between them. Additionally, isosurfaces plots
of resulting HOMO and LUMO are given to mani-
fest the contribution of a particular atomic orbital in
their formation. We are using conventional abbrevi-
ations for bonding molecular orbital (BMO), anti-
bonding molecular orbital (ABMO), atomic orbital
(AO), molecular orbital (MO), lowest unoccupied
molecular orbital (LUMO), highest occupied mole-
cular orbitals (HOMO) in following sections.

The molecular orbital (MO) structure for CdS
in the ground state is given in Fig. 2 and the cor-
responding HOMO-LUMO are shown in enlarged
view boxes. The lower energy active AO’s 4d10 and
3s2 of Cd and S, respectively, combine to form
filled restricted bonding σ and anti-bonding σ*
MO’s. The restricting trait accounts for two elec-
trons with opposite spins (↑↓) that can be accom-
modated in the same molecular orbital, according
to Pauli exclusion principle. The relatively higher
energy atomic orbitals 5s2 and 3p4 of Cd and S con-
tribute to forming two bonding (σ, π) and two anti-
bonding (σ*, π*) molecular orbitals. The bonding
molecular orbital always has lower energy than the
anti-bonding molecular orbital depicting its stabi-
lization. Taking half of the difference of the num-
ber of bonding and anti-bonding electrons gives
the bond order (6–0/2=3) that satisfies CdS, which
is triply bonded with one σ and two π molecular
orbitals.

The spectroscopically important MOs HOMO
and LUMO, are highlighted in the separate col-
ored box in Fig. 3. The HOMO, pictured in red and
black combination, located at −5.263645 eV, con-
tains two electrons with oppositely oriented spins
(up and down) in the same state, following the Pauli
exclusion principle. There is a single dark red line
directed to HOMO from 3p4 atomic orbital of sul-
phur indicating that S mainly contributes in HOMO
formation. As it is apparent in Fig. 3, the isosurface
plots of HOMO show that MO lobes are attracted
to the S end of the CdS cluster. This trend also sup-
ports the fact that S is more electronegative than
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Table 1. Physical parameters for the pure CdS cluster in ADF.

Atoms Spatial extensions in 3D (Å) Charge Charge Atomic
X Y Z Nucleus Core mass (amu)

1 S 1.4598 1.4598 1.4598 16.00 6.00 31.9721
2 Cd −1.1323 1.1323 1.1323 48.00 48.00 113.903
3 S −1.4598 −1.4598 1.4598 16.00 6.00 31.972

4 Cd 1.1323 −1.1323 1.1323 48.00 48.00 113.903
5 Cd 1.1323 1.1323 −1.1323 48.00 48.00 113.903
6 S −1.4598 1.4598 −1.4598 16.00 6.00 31.9721

7 Cd −1.1323 −1.1323 −1.1323 48.00 48.00 113.903
8 S 1.4598 −1.4598 −1.4598 16.00 6.00 31.9721

Table 2. Physical parameters for a doped CdS cluster in ADF GUI.

Atoms Spatial coordinate in 3D (Å) Charge Atomic mass
X Y Z nucleus core (a.m.u)

1 S
2 Cd
3 S
4 Sc
5 Cd
6 S

7 Cd
8 S

−1.223
−2.064
−1.1223
0.0000
1.0307
0.0000
1.0307
2.2446

1.9439
0.000

1.9439
0.000

1.7852
0.0000
−1.7852
0.0000

−1.962
−3.678
−1.962
−1.071
−3.678
−5.339
−3.678
−1.962

16.00
48.00
16.00
21.00
48.00
16.00
48.00
16.00

6.00
48.00
6.00
11.0

113.9
6.00

48.00
6.00

31.9721
113.9034
31.9721
44.9559
31.9721
31.9721
113.9034
31.9721

Cd, thus, it attracts larger part of electrons in MO
with partial positive charge on metallic cadmium
and partial negative charge on nonmetallic sulphur.

Fig. 2. The MOT structure for a CdS cluster in the
ground state with enlarged view of HOMO and
LUMO in colored box.

The atoms in metals are in the form of cations
due to plenty of free electrons, whereas the atoms
in non-metals are in the form of anions. On

Fig. 3. Isosurfaces plots of (a) HOMO (b) LUMO for
CdS cluster shown in Fig. 1.

the other hand, the empty LUMO located at
−3.774614 eV has major contribution from 5s2 va-
lence electrons of Cd, which is represented by the
dark red line and has no contribution from 3p4 sub-
state of S. As shown in Fig. 2, LUMO gives the
charge occupation probability in excited state of
definitely higher energy than HOMO. In LUMO,
which is different from HOMO due to large
occupation possibility, a new electron distribution
is observed. HOMO and LUMO gap for CdS clus-
ter in the ground state is found equal to 1.48 eV,
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Table 3. The bond length, bond angle and bond order for pure and doped CdS.

Model Bond Bond Bond
length (pm) angle (degree) order

CdS cluster 2.63508 180° 0.1
Sc-CdS cluster 275.8 180° 0.1

which is in agreement with the reported data of
energy gap of 1.5 eV calculated for wurtzite CdS
cluster in [32]. The energy level diagram of Sc
doped semiconductor nanoparticles is depicted in
Fig. 4 with the corresponding HOMO-LUMO lo-
cation inside the colored box.

Fig. 4. The MOT structure for Sc doped CdS cluster
with enlarged view of HOMO and LUMO in the
colored box.

Fig. 5. Isosurfaces plots of (a) HOMO, (b) LUMO for
doped CdS cluster.

The HOMO for Sc doped CdS nanoparticles
lies at −0.298420 eV having occupancy of two
electrons with opposite spins and shows a large
contribution of electrons from the 5s2 state of Cd,
indicated by the dark red line. Similarly, the LUMO
lies at−0.337615 eV with zero electron occupancy

of 5s2 state which shows a small contribution from
S and 3d1 valence electron of Sc, as indicated by
the red lines in Fig. 4. It is also evident from
the figure that Sc has unfilled d1 orbital. More-
over the excited 4s2 orbital has the same contri-
bution in the core electrons state but no contribu-
tion to HOMO. Upon Sc doping of CdS nanoparti-
cles striking changes appear in the HOMO-LUMO
gap as shown in the figure. This indicates that
the HOMO-LUMO gap decreases from 1.48 eV
to 0.63 eV. Hence, Sc doping affects the HOMO-
LUMO gap which may be due to the contribution
of d orbital of Sc. The reduction of HOMO-LUMO
gap can be explained by sp-d exchange interaction
between sp orbital of the base material and local-
ized d orbital of the dopant [33]. This change in en-
ergy gap may be useful to design a suitable window
material for solar cells. The graphical representa-
tion and images of the discussed numerical results
for HOMO-LUMO of Sc doped CdS nanoparticles
are shown by isosurface plots in Fig. 5a and 5b.
Fig. 5a shows the isosurface plots for a HOMO
having the major contribution of spherically sym-
metric s-orbitals. The molecular orbital lobes of the
isosurface plots for LUMO in Fig. 5b also consist
of a spherical symmetric s-orbital but a new mole-
cular orbital lobe of d-shape also appears, which
clearly indicates the portion of Sc unfilled d-orbital.

The DOS plot for CdS cluster in the ground
state, in Fig. 6a shows that there are a number of
energy levels available at energy interval between
−16 eV and 25 eV. The Fermi energy level lies
at −5 eV below which all states are occupied and
above which all states are empty. At−14 eV a huge
collection of electrons is drawn. The DOS for CdS
in the ground state is in perfect agreement with its
MOT structure shown in Fig. 2. In comparison with
the CdS cluster, the density of states for Sc doped
CdS cluster are depicted in Fig. 6b.
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Fig. 6. (a) The DOS plot for pure CdS cluster in the
ground state, (b) The DOS plot for Sc doped
CdS nanoparticles.

3.2. Optical properties

The calculated infrared spectra to study differ-
ent modes of vibrations of pure and Sc doped CdS
nanoparticles are shown in Fig. 7 in such way that
Fig. 7a is related to pure CdS nanoparticles and
Fig. 7b to Sc doped CdS nanoparticles. The spec-
trum in Fig. 7a consists of three peaks and each
peak represents one mode of vibration; so there
are three modes of vibrations in the IR spectrum
of pure CdS nanoparticles. These modes of vibra-
tions appear at frequencies 99 cm−1, 207 cm−1,
282 cm−1, respectively, as shown in Fig. 7a. The
first absorption peak for the CdS cluster at the
ground vibrational state lies in far-infrared region
and represents lattice vibrational excitation. The
lattice vibrations are intermolecular vibrations re-
garded as inherent molecular property due to reg-
ular vibrations of heavy atoms about their mean
position, in a synchronized way, so as the atoms

have never locked in their positions. The other
two modes of vibrations lie in the mid-IR region,
which shows that CdS clusters undergo the fun-
damental intermolecular vibration. The atoms of
CdS cluster vibrate in three different ways, i.e.
symmetric stretching mode, antisymmetric stretch-
ing mode and scissoring mode, which were ob-
served by the ADF program. The first peak is due
to symmetric stretching mode which shows com-
pactness and inter and intra molecular forces that
bind the molecules. The second peak is due to scis-
soring mode and the last one is due to antisymmet-
ric stretching mode of vibrations of CdS nanopar-
ticles. The values of characteristic IR-frequencies
of different modes of vibrations reported in litera-
ture are 242 cm−1, 243 cm−1, etc. [34]. It has also
been found in the literature that some modes were
observed in the range of 85 to 97 cm−1 and 212 to
207 cm−1. Thus, our calculated values of frequency
of each mode of vibrations are close to the experi-
mental values.

In the vibrational spectrum of the doped
CdS nanoparticles we have also observed three
modes of vibrations which appeared at frequencies
60 cm−1, 196 cm−1, 358 cm−1, respectively, with
slightly different frequencies, shown in Fig. 7b. The
appearance of broad bands instead of steep lines in
the vibrational spectra manifests the molecular na-
ture of the material. These IR active modes of vi-
brations also show that Sc doped CdS clusters have
highly symmetrical structure. The images of these
peaks obtained with the aid of the ADF-GUI pro-
gram are given below.

The multipeak fitting analysis has shown differ-
ent available modes of vibrations.

First peak
The first peak appearing at the lowest frequency

of 60 cm−1 in the far-infrared region reveals an IR
active mode of vibration, i.e. rocking mode with IR
intensity of 3.57 km/mol. This mode of vibration is
appearing due to lattice vibration.

Second peak
The second broad peak at the frequency

of 196 cm−1 lying in the far-IR region reveals an
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Fig. 7. (a) Calculated IR spectrum of pure CdS
nanoparticles and (b) Sc doped CdS.

IR active mode of vibration, i.e. scissoring mode
with intensity of 57 km/mol.

Third peak
The third intermediate peak in the absorption

band at 356 cm−1 lying in the mid-IR region (200
to 300 cm−1) shows an IR active mode, i.e. twisting
mode with specific frequency. This mode appears
due to intermolecular vibrations.

The Raman spectra for the wurtzite structure
of pure cadmium sulphide cluster consisting of 8
atoms and CdS doped with Sc are shown in Fig. 8.
Different peaks observed in the Raman spectrum
shown in Fig. 8a point to different Raman modes
of CdS nanoparticles. These Raman modes are
observed at frequencies 100 cm−1, 142 cm−1, 195
cm−1, and 289 cm−1, as labeled in the figure.
The first, second and fourth Raman modes repre-
sent symmetric stretching modes observed in the
ADF graphical user interface program, which is
close to the values reported in the literature for the

stretching modes of CdS nanoparticles in the range
of 134 to 260 cm−1 [35]. It is also clear that the Ra-
man modes are shifted towards high frequencies,
therefore, we can say that a red shift occurs in the
Raman spectra of pure CdS nanoparticles because
of the coherent anti-Stokes Raman scattering. The
third mode represents the bending mode, i.e. twist-
ing, as observed in ADF program.

In comparison with the modes of CdS nanopar-
ticles, the Raman modes of Sc doped CdS nanopar-
ticles show three modes of vibrations in which the
middle peak exhibits broadening as compared to
other two, as shown in Fig. 8b. These modes of
vibrations appear at the frequencies of 60 cm−1,
200 cm−1 and 350 cm−1; each frequency is re-
lated to a specific bending or stretching mode of
vibration, i.e. symmetric stretching mode, scissor-
ing mode, and wagging mode, respectively, with

Fig. 8. The calculated Raman spectra (a) of pure CdS
nanoparticles and (b) Sc doped CdS. Multifitting
analysis shows different stretching and bending
modes of vibration.
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Fig. 9. The calculated excitation spectra (a) for pure
CdS nanoparticles and (b) Sc doped CdS
nanoparticles.

the corresponding Raman intensities of 57, 49 and
201 km/mol, which is clearly seen in the ADF.

The excitation spectra were calculated for pure
and Sc doped CdS nanoparticles using ADF graph-
ical user interface. The most important low lying
excited states and high lying states of our pure and
doped molecules were compared to the experimen-
tal and TDFT results of free-base porphin (FBP)
molecule in Table 4 and Table 5. The excitation
spectrum consists of many hidden peaks due to ex-
citation between singlet to singlet and singlet to
triplet, but due to zero oscillator strength and zero
dipole moments these peaks have negligible mag-
nitudes, as noted from ADF-GUI, and do not ap-
pear in the absorption spectrum. Since these exci-
tations have specific oscillator strength as well as
transition dipole moments, we observe clear bands
in the absorption spectrum. Thus, the spectrum of

pure CdS cluster shown in Fig. 9a consists of two
peaks.

The first peak was assigned to the pair S-S1T1
excitation and the other was assigned to S-S1T2
excitation; their corresponding oscillator strengths
and transition diapole moments are also given in
Table 4.

The spectrum of Sc doped CdS cluster con-
sists of six peaks and each peak represents an ab-
sorption band. These bands are assigned to the
excitation from the ground singlet state to different
singlet excited states as shown in Table 5. In com-
parison to pure CdS cluster the excitation peaks
for Sc doped CdS cluster appear at different exci-
tation energies and oscillator strength. From such
information we can relate the positions and magni-
tudes in the absorption spectrum with the geomet-
rical and electronic structure of the molecule.

4. Conclusions

It is concluded from the whole discussion
that the electronic properties drastically change
depending on Sc doping in CdS nanoparticles. This
fact is evident from HOMO-LUMO gap whose
value decreases from 1.48 eV to 0.6 eV upon
doping. The spectral analysis has revealed differ-
ent modes of vibrations. The Raman studies re-
vealed that some new modes, such as symmet-
ric stretching mode, scissoring mode and wagging
mode appear at frequencies 60 cm−1, 200 cm−1,
350 cm−1, respectively, in the doped CdS clus-
ter with the corresponding intensities of 57, 49
and 201 km/mol. Similarly, in the IR spectrum we
have observed three modes of vibrations at fre-
quencies 60 cm−1, 196 cm−1, 358 cm−1 represent-
ing rocking mode, scissoring mode and twisting
mode, respectively, with the corresponding intensi-
ties of 3.57 and 57 km/mol, etc. Finally, the excita-
tion spectrum clearly showed the bands for those
excitations having oscillator strength and dipole
moments. The first band in pure CdS was assigned
to the S-S1T1 excitation and the second was as-
signed to S-S1T2 excitation. The spectrum of Sc
doped CdS cluster consists of six peaks and each
peak represents an absorption band. These bands
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Table 4. DFT and experimental excitation energies (eV) and oscillator strength (f) for pure CdS cluster.

State TDFT
excitation

energy (eV)

TDFT
oscillator
strength

Experimentala

excitation
energy of

(FBP)
molecule

Experimentala

oscillator
strength of

(FBP)
molecule

TDFT
Transition

dipole
moment

TDFTb

Oscillator
strength (f)
of (FBP)
molecule

TDFTb

Excitation
energyof

(FBP)
molecule

S-S1T1
S-S1T2

1.98335
1.997

3.61922
0.067249 1.98 – 3.33

0.01
1.15

1.57568
0.676866

0.01
0.0005

2.16
2.29

a [35]
b [36]

Table 5. DFT and experimental excitation energies (eV) and oscillator strength (f) for Sc doped CdS cluster.

State TDFT
excitation

energy
(eV)

TDFT
oscillator

strength (f)

Experimentala

excitation
energy (eV)

Experimentala

oscillator
strength (f)

DFT
transition

dipole
moment

TDFTb

excitation
energy (eV)

TDFT
oscillator

strength (f)

S-S1A1
S-S1E
S-S2E
SS2A1
S-S4E

S-S3A1

0.639087
1.16634
1.55533
2.19425
2.37752
2.56275

0.0070823
0.14776
0.026409

0.0166374
0.0303698
0.0699773

1.98 – 2.02
2.33 – 2.42
3.13 – 3.33

4.25
3.65

0.01
0.06
1.15
<0.1
0.1

2.57621
1.60765

–0.58867
–4.20

0.51058
3.863

2.16 – 2.29
3.01
2.98
3.41
3.47

3.77 – 3.77

0.01
0.0005 – 0.04

0.1338
0.8962

0.7293 – 0.1688
0.1272

are assigned to the excitation from the ground sin-
glet state to different singlet excited states. In com-
parison to pure CdS cluster the excitation peaks for
Sc doped CdS cluster appear at different excitation
energies and oscillator strength.
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