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It presents the characterization of rare earths (Eu,Ce)-doped CdS nanofilms that were synthesised by the growth technique chemical bath de-
position (CBD) at the reservoir temperaturer6f+ 2°C. The doping of CdS with rare earths is performed by varying the synthesis time from

60 to 135 min. The rare earths molar concentration was rangerora « < 3.5, which was determined by energy dispersive X-ray spec-
troscopy. X-ray diffraction (XRD) analysis and Raman scattering reveal that CdS nanofilms showed the zinc blende (ZB) crystalline phase.
The CdS average nanocrystal size was ranged from 1.84 to 2.67 nm that was determined by the Debye-Scherrer equation from ZB (111)
direction, which was confirmed by transmission electron microscopy. Raman scattering shows that the lattice dynamics is characteristic of
bimodal behaviour and the multipeaks adjust of the first optical longitudinal mode for the (Eu,Ce)-doped CdS, which denotes the Raman shift
of the characteristic peak about 305 thof the CdS nanocrystals. The CdS nanofilms exhibit a direct bandgap that slightly decreases with
increasing doping, from 2.50 to 2.42 eV, which was obtained by room temperature transmittance. The room-temperature photoluminescence
of CdS shows the band-to-band transition at 2.88 eV, which is associated to quantum confinement and a dominant radiative band at 2.37 eV
that is called the optical signature of interstitial oxygen. Thé'Edoped CdS photoluminescence shows the dominant radiative band at

2.15 eV, which is associated to the intra-4f radiative transition ffHans that corresponds to the magnetic dipole transitiibQ& “F').

For the Cé*-doped CdS the dominant radiative transition, at 2.06 eV, is clearly redshifted, although the passivation of the CdS nanofilms by
Ce was approximately by a factor about 21 for the best results.

Keywords: CdS; Chemical bath deposition; Rare earths; cerium; europium.

Se presenta la caracterizagide las nanopklulas de CdS impurificadas con tierras raras (Eu,Ce) que se sintetizaron mediacnéckade
crecimiento deposidn de b#éo qumico (CBD) a la temperatura del reservoriode+ 2°C. La impurificacon de CdS con tierras raras se
realizb variando el tiempo deistesis de 60 a 135 min. La concenté@timolar de las tierras raras fue @® < x < 3.5, que se determin
mediante espectroscopia de rayos X de daaligpersiva. El alisis de difracdn de rayos X (XRD) y dispergh de Raman revelan que las
nanopéiculas de CdS mostraron la fase cristalina de zinc blenda (ZB). Efiamadio de los nanocristales de CdS &ale 1.84 a 2.67 nm,

que se determimmediante la ecuan de Debye-Scherrer a partir de la diréecZB (111), que se confirimediante microscada electbnica

de transmigin. La dispergin Raman muestra que la dimica de la red es caradtgica del comportamiento bimodal y el ajuste multipicos
del primer modo longitudinadptico para el CdS impurificado con (Eu, Ce), el cual denota el desplazamiento Raman del picoisticacter
en aproximadamente 305 crhde los nanocristales de CdS. Las nantuis de CdS exhiben una banda prohibida directa que disminuye
ligeramente al aumentar la impurificani de 2.50 a 2.42 eV, que se obtuvo por transmitancia a temperatura ambiente. La fotoluminiscencia
a temperatura ambiente de CdS muestra la trarside banda a banda a 2.88 eV, qué estociada al confinamientoantico y una banda
radiativa dominante a 2.37 eV que se denomina fibpiica del osgeno intersticial. La fotoluminiscencia de CdS impurificada cof'Eu
muestra la banda radiativa dominante a 2.15 eV, queasiciada a la transii de radiadn intra-4f de los iones Ed que corresponde

a la transiabn del dipolo magatico, fDy — "F*). Para el CdS impurificado con &% la transicon radiativa dominante, a 2.06 eV, &st
claramente desplazada hacia el rojo, aunque la pasivaei las nanopmlulas de CdS por Ce fue aproximadamente por un factor de 21 para
obtener los mejores resultados.

Descriptores: CdS; deposidn por bdo gqumico; tierras raras; cerio; europio.

PACS: 81.07.Bc; 81.16.Be; 61.05.cp; 61.46.Df; 61.72.uj; 78.30.Fs; 78.40.Fy; 78.55.Et
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1. Introduction rey S.A.), potassium hydroxide (KOH) (JT Baker, 98.6% pu-
rity), Ammonia Nitrate (NH(NOs)) (Sigma-Aldrich, 99.5%
Semiconductor nanostructures have attracted a lot of atteyurity) and thiourea thiocarbamide (Fermet, 99.9% purity).
tion due to their unique mechanical, optical and electronicrpe nitrifying reagents are europium (Ill) nitrate pentahy-
properties. Inorganic compounds doped with lanthanide iongrate (Eu(NQ@);+5H,0) (Sigma-Aldrich, 99.999% purity)
are widely used as the luminescent materials in lighting [1land cerium (I11) nitrate (Ce(N§);+6H,0) (Sigma-Aldrich,
and displays [2], optical amplifiers [3] and lasers [4]. Lately, 99.999% purity) working with the following concentrations
the optical properties of crystal nanomaterials doped withg 05 M CdC}, 0.05 M KOH, 0.1 M NH(NO3), 0.05 M
lanthanide impurities have attracted much attention as theyH,SCNH,. The precursor concentrations are EugyO
are expected to modify both electronic states and opticah 901 M and Ce(N©); 0.001 M with the appropriate vol-
properties. Consequently, a possible influence of quantumimes;, the doping is achieved when the solutions mixture has
size effect on the luminescence properties is expected for Il sjightly basic pH. The increase in the doping molar concen-
VI semiconductor compound nanocrystals due to the inclutration is performed by increasing the synthesis time, which
sion of rare earth (RE) metal ions [5]. The effects of theyas ranged from 60 to 135 min., achieving yellowish-opaque
quantum confinement size of the semiconductor nanopartisrfaces. The synthesised samples are shown in Table | and
cles not only create photogenerated carriers, which may hauge number that accompanies the sample name corresponds
an interaction with f-electrons but also significantly influenceig the synthesis time. The CdS:(0EyCe**) nanofilms
the optical properties [6]. Therefore, excitonic transition inchemical stoichiometry was obtained by Energy Dispersive
the host material and an improvement in the Iuminescencgpectrometry (EDS), which was carried out in a System LEO
intensity is also expected for the semiconductor nanostruc43gyp, with W.D. of 26 mm using a pressure of 20 Pa. The
tures after the rare earths (RE) doping. The effects of th@rystalline phase and structure of the nanocrystals were de-
reduced dimensionality on the electronic relaxation and thgermined with a Bruker D8 Discover diffractometer using the
phonon density-of-states of semiconductor compounds angopper K radiation ¢ = 1.5406 A) at 40 kV and 40 mA
insulating nanocrystals have been extensively investigated byjith parallel beam geometry. High-resolution transmission
both theoretical and experimental approaches [7,8]. electron microscopy (HRTEM) studies were carried out in a
Doping of 1I-VI semiconductors compounds with rare JEoL JEM200 of 80-200 kV, the obtained image is recorded
earths ions like cerium, terbium and europium, etc., has reyith a CCD camera in real time. The Gatan Digital Micro-
cently been extensively studied [9]. Doping by rare earth elegraph software was used for the analysis of HRTEM images.
ments such as cerium reduces the particle size of the nanomgazman scattering was performed using the 632.8 nm line of
terials and increases the effective surface area [10]etal. 3 He-Ne laser at normal incidence for excitation. The light
reported the optical property studies on Ce doped SrS nanogsas focused to a diameter of 6,0n at the sample using
tructures and Ce doped CaS nanoparticles synthesized Bysox (numerical aperture 0.9) microscope objective. The
solid state diffusion method [11]. Kumat al. [12] have re-  nominal laser power used in these measurements was 20 mW.
ported luminescence investigations or*Celoped CaS syn-  Scattered light was analysed using a micro-Raman system
thesized using the chemical co-precipitation method. (Lambram model of Dilor), a holographic notch filter made
In this work reports the structural and optical characterty Kaiser Optical System, Inc. (model superNotch-Plus), a
ization of CdS and CdS:(Cé, Eu’) nanofilms obtained 256 x 1024-pixel CCD used as detector cooled to 140 K us-
by chemical bath deposition on glass substrate synthesisqﬁg liquid nitrogen, and two interchangeable gratings (600
at70 + 2°C at different synthesis times for varying the rare and 1800 g/mm). The room temperature transmittance was
earth molar concentration. The effects of the chemical comperformed using a Bruker Infrared Spectrometer Vertex 70.
position on structural and optical properties of the CdS andrhe 300 K photoluminescence was measured using a He-Cd
Cds:(Cé*,Eu’™) were studied by EDS, X-ray diffraction, (Omnichrome-Series 56) laser emitting at 325 nm with an op-
HRTEM, Raman spectroscopy, transmittance and photolumitca| excitation power of 15 mW. The radiative emission from

nescence at room temperature. the sample was focalized to the entrance slit of a HRD-100
Jobin-Yvon double monochromator with a resolution better
2. Experimental details than 0.05 nm and detected with an Ag-Cs-O Hamamatsu pho-

tomultiplier with a spectral response in the range 350-1000

The growth technique to obtain the CdS doped with rare eartRm.

is the chemical bath deposition [13] in its modality of immer-

sion, in which a cryo-thermostat of circulation Polyscience3,  Experimental results and discussion

with temperature controller of -40 to 200 was used. Be-

ing graded it at the temperature of ZD to avoid the re- The chemical stoichiometry of the CdS:REnanofilms was
lease of harmful gases into the environment and using anestimated by EDS measurements. Figure 1 shows EDS spec-
monium nitrate as complexing agent. The solutions mixturera of two typical samples, M100 and M115. The information

is carried out using the following precursors: cadmium chlo-of the most elementary elemental composition (spot analysis)
ride dehydrate (CdG#2H,0O) (Productos Qunicos Monter-  was generated by keeping the electron beam fixed at several
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FIGURE 1. EDS spectra of two CdS typical samples, which show P

clearly the presence of rare earths in the nanofilms: a) M100 and b) - M130
M115. Ce,S, (102)

points of the sample, in which the total scan was performed u ZB(111)

(global analysis), which besides allowed to know the pres- o Mé5
ence of the residual impurities as oxygen in the samples along R R T SRR TR S S T
with cadmium and sulphur. It has been found that oxygen 10 20 30 40 50 60 70 80
ions are present in the layers in the form ofGons, which 29(0)

could produce CdO [14,15]. These oxygen ions form trap
levels in the band gap, resulting in several radiative or nonficure 2. XRD diffraction patterns for CdS and CdS:RE
radiative transitions contributing or affecting to the lumines- nanofilms. a) It shows the M65 diffractogram that displays a peak
cence, since that © ions replace sulphur atoms at some at: 20 = 26.78°. This is related to the (111) diffraction plane for
random points of the S sub-lattice. The EDS measurement$e ZB phase of the CdS. b) and c) They illustrate the Cd$'RE
are presented in Table I, in which are included the atomiddiffractograms, in which clearly are shown peaks associated at RE
and mass percentages of the elements. From these resiifs8-33 and 17.14 All the diffraction peaks can be_perfe_ctly
is observed that CdS samples are not stoichiometric. As igatched to the reference patterns (JDDC 0531447) displaying the
known the atomic weight of the ideal unit cell is288.95 u 2B crystalline phase.
that corresponds to 22.19% sulphur atoms and 77.81% cadenfirmed that the CdS:RE nanofilms for all the molar con-
mium atoms. Therefore, if there is excess cadmium and lackentrations belong to face-centered cubic system and their
of sulphur that is indicative that cadmium is interstitial and X-ray patterns are described in tifen — 3m(225). For
there are vacancies of sulphur [16]. Table | shows that theare earth doped films diffractograms, the appearing of new
nanofilms contain a lower concentration of sulphur, indicat-diffraction peaks are associated to the incorporation of'RE
ing that have a high concentration of sulphur vacancies. Alsoat the sub-lattices sites of &tl. As is clearly seen in Fig. 3
it can induce that there is a high concentration of cadmiunthe CdS:C&" diffractograms present two dominant diffrac-
and RE interstices [16]. tion peaks at 17.26 and 26%6first one is associated to
Figure 2 shows X-ray patterns of typical CdS:(Ce,Eu)(102) diffraction plane of C£5; and the second is assigned
nanofilms with different rare earths molar concentrations deto (111) plane of ZB CdS crystalline phase. Besides, two
posited at temperature @6 + 2°C, which were synthesised small diffraction peaks at 28.44 and 34°7tat are asso-
at different times. It is observed from XRD patterns thatciated with CeO,S; (121) plane and G&; (212) plane.
CdS:RBE* deposited nanofilms are in polycrystalline nature. Another diffraction peak is observed at 8245vhich may
As can be seen, the diffraction pattern of the M65 samplde associated with CeS. Similarly, X-ray diffraction diffrac-
shows clearly a predominant peakét= 26.76°, which can  tograms of the CdS:Ed films, in addition to (111) plane
be assigned to (111) plane of ZB CdS crystalline phase, indief ZB CdS crystalline phase at 26 6resent peaks at 8.46,
cating a preferential growth orientation. In addition, it can bel7.07 and 34.63that are associated to the incorporation of
seen that each peak corresponds fairly well with data of Cd$he europium. The first one is assigned to the diffraction
marked in the software DICVOLO04 data. The lattice constanplane (006) EuS, the second that is the dominant peak is asso-
obtained with the software DICVOLO04 data is in good agree-ciated with EyS; (200) diffraction plane and the weak peak
ment with the published results [16], obtained values of thas assigned to the EuS (119) diffraction plane. It has been
lattice parameter that are shown in Table 1l and Fig. 3 thatreported that the probability that CdS dissolves in the RE
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TABLE |. It presents the CdS:RE synthesised nanofilms and the doping volume added to each one. Additionally, the Cd, S and RE molar
concentrations of the nanofilms that were estimated by EDS. The average errors with that were estimated percentage masses of differet
elements were for cadmium 1.25%, sulphur 0.35%, europium 0.25% and for cerium 0.30%.

Sample RE(N®)s Cd mass Cd molar S mass S molar RE mass RE molar
Added weight fraction fraction fraction fraction fraction
volume (ml) (%) (%) (%) (%) (%) (%)
M60 — 80.66 54.32 19.34 45.68 — —
M65 — 79.20 52.06 20.80 47.94 — —
M70 — 78.31 50.74 21.69 49.28 — —
M74 — 77.11 49.01 22.89 50.99 — —
Eu(NGs)s Eu Eu
M105 1 80.62 56.79 17.16 42.36 2.23 0.85
M115 2 80.25 57.12 16.71 41.70 3.04 1.18
M125 3 78.98 56.87 16.37 41.32 4.65 181
M135 4 71.06 43.10 22.54 47.57 5.86 3.47
Ce(NG)s Ce Ce
M80 1 74.55 46.45 24.24 52.95 121 0.60
M100 2 75.64 48.01 23.06 51.32 1.31 0.66
M130 3 71.06 44.03 25.26 54.32 3.68 1.65

TABLE Il. It presents the lattice constant, interplanar distance and average grain size of the nanofilms obtained by the Debye-Scherrel
equation for the ZB (111) preferred direction showing their dependence on the synthesis time of the nanofilms estimated by XRD. Besides.
In addition, it presents the grain size obtained by TEM and the interplanar distance estimated by HRTEM.

Sample a by XRD d(111) by Grain size by Grain size by d(111) by
(,&) XRD (nm) XRD (nm) TEM (nm) HRTEM (nm)
M60 5.76 0.332 2.67 - -
M65 5.77 0.333 2.46 5.10 0.29
M70 5.83 0.337 2.37 5.44 0.33
M74 5.88 0.339 2.45 - -
M105 5.84 0.337 1.84 - -
M115 5.87 0.339 1.88 3.55 0.33
M125 5.86 0.338 1.85 3.50 0.33
M135 5.87 0.339 1.87 - -
M80 5.88 0.339 1.85 - -
M100 5.87 0.339 1.84 3.33 0.33
M130 5.81 0.335 2.01 - -

lattice at room temperature is very low [17] but when in- tion, which may be caused by size of small crystalline domain
creases the molar concentration also is increased the probnd/or fluctuations in chemical composition. The undergoing
ability, as is observed in the CdS:ReX-ray diffractograms.  stress cannot happen since the substrates are amorphous and
In this case of extremely small particles, as the present casthey do not produce a mismatch in the lattice parameters of
where the contribution of surface free energy is very impordayers. Therefore, widening at the diffraction peak occur due
tant, some deviations cannot be excluded. From XRD patto the small size of the crystals and by presence of strains
terns can be assured that the’RForms RES; accordingto  that possess multiple facet diffraction peaks, which is the re-
the diffraction peaks. From the XRD study can infer that thesult of polycrystalline growth of the synthesized nanocrys-
formation of the CdS:RE" occurs in the early stage, follow- tals. These X-ray diffraction peaks do no match exactly with
ing by the formation of RES; nanocrystallites in the stage the reported plane spacing for ZB phase, this difference can
of the film growth [18]. Additionally, it is observed a widen- be explained by the broadening of peaks due to the small size
ing at the diffraction peak of the preferential ZB (111) direc- of the crystals and by presence of strains that possess multiple
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FIGURE 3. ltillustrates the average grain size as function of syn- ¥ _ ®%0 45 50 85 8o &5 7
thesis time for RE-doped CdS nanofilms. The inset shows the lat- ‘ i i
tice parameters for doped CdS nanofilms. The solid lines are some Y-, "
figures-of-merit for following the behaviour of experimental points.

facet diffraction peaks. The nanocrystal size was calculated
from the broadening of the peak of the preferential ZB (111)
direction of each nanolayer, using the Debye-Scherrer equa-
tion [19]. When applying the Debye-Scherrer equation finds
that, the crystalline domain presents clearly two behaviour: a)
as the synthesis time increases for single CdS nanofilms the
average grain size diminishes slightly from 2.97 to 2.35 nm
and b) for RE*-doped CdS nanofilms there are a notice-
able decrease in the crystalline domain. Although, fot'Eu
doped samples there are a slight increase grain size from 1.85
to 2.03 nm and for Eu-doped films do not vary appreciably,
remain almost constant from 1.84 to 1.87 nm, by increasing
the synthesis time. The results are shown in Fig. 3, where “Zozs a0 as o a5 o0 [
clearly is observed the RE ions effect to replace Cd ions

of the Cd sub-lattice. A similar behaviour is observed for the
lattice constant, as can see in the inset of Fig. 3. For single
CdS lattice constant increases slightly as synthesis time is in-
creased, from 5.76 to 5.88 nm, and for the samples doped
with cerium (europium) increases (decreases) slightly. For
the interplanar distance (ID) (111) of the nanolayer ZB crys-
talline phase is presented in Table Il that was calculated from
the 2 peak position versus synthesis time, which increases
slightly. This ID, in practice, coincides with (111) ID of the
CdS bulk ZB crystalline phase. It is worth-noting the val-
ues of electronegativity for Ce(1.12), Eu(1.2) and Cd(1.69),
which are favourable to form a solid solution [20]. It can
be seen in Fig. 3 the undoped CdS grain size slightly de-
creases as synthesis time is increased, suggesting the forma-
tion of a solid solution as has been reported [20], presenting
a region of discontinuity when is added [RF solution, the
grain size decreases markedly as is observed in figure. It re-

mains almost constant for Eu-doped CdS for the entire rangg, g yre 4. TEM micrographs of the typical CdS samples: a) M60,
of synthesized time investigated, that is a higher VIRE ) M115 and c) M100. Additionally, in the insets HRTEM mi-
and slightly increases for Ce-doped CdS to a higher dopardrographs and histograms are shown, which allow to estimate the
concentration. On the other hand, the lattice constant indinterplanar distance and grain size of the nanoparticles.
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creases lightly with increasing synthesis time and happens
a discontinuity when is added V[RE] in the nanofilms,
which is an effect of REF substituting C&* in CdS lattice.
A possible explication to this observed experimental fact can
be due to difference of the ionic radii of €d(0.97 A) and
Ce*(1.15A) and EGt(1.09A). The (111) ID of ZB cu- :
bic phase of CdS bulk is 0.3367 nm, this value is light lower ‘W'
than the ID values found for the CdS-CdS:RE nanofilms in

this work [20]. It is probable that ID values in CdS:RE -E’ M65
nanofilms are owing to the existence of*Cdvacancies. For )

a relative low concentration of RE ions, this can be, ina M74
large majority of the samples, be situated in: (afCdacan- 'E

cies sites that otherwise would be empty [21], (b) iP€d "= | § M80
sites provoking the appearing of &d interstitial, and (c) 5

in interstitial positions. For higher synthesis times, that is & |‘ M115
higher V[RE}*], the material behaves like a solid solution, g |

the generation of Cd- vacancies, whose creation is needed M100

to charge balance, starts to be important in number and giver

the relative ionic radius of 5. There is a tendency of the M125
Full Width at Half Maximum (FWHM) of (111) peak of the

growth films to increase probably due to all of the possible

RE** species present in Gd sites and interstitials posi- M135
tions [22], and also to the existence of &, which distort 1 L 1
the crystalline lattice and provoke disorder. The distortion 100 200 300 400 500 600 700

produces a strong strain that affects the interatomic distances Raman shift (cm'1)

this similar fact has been reported [16,23]. In this work, the

strain and distortion of the lattice can be smaller. The appearggure 5. a) Room temperature Raman spectra of some syn-
ing of &~ ions into the material favours the relaxing of the thetized CdS nanofilms.

lattice. Transmission electron microscopy (TEM) measure-

ments on the synthesised samples were carried out, whidtructure’s quality and crystalline phase of the synthesised
corroborate the presence and the nanometric size of particlesemiconductor nanoparticles, HRTEM images were taken
In Fig. 4 are shown TEM micrographs of three typical sam-and the results are included in the inset of Fig. 4, which
ples (M65, M100 and M115). From them is evident the pres-are the result of the processing of the HRTEM image using
ence of particles with almost completely spherical shape ofilters in Fourier space. From the HRTEM micrographs of
nanometric size. Based on hundreds of measurements takéte typical samples, it is clearly observed the formation of
from the TEM micrographs of the typical samples size dis-nanoparticles with a defined crystalline structure, zinc blende
tribution histograms were obtained, which are shown in thaype. Amplifying and analysing the selected area of the mi-
insets, and in them can be detected a Gaussian adjustmeftbgraph, which is shown as insets in Fig. 4, it was possible to
with a narrow distribution of size and maximum values of calculate the interplanar distances of 0.33 nm corresponding
5.44, 3.55 and 3.22 nm. Absence of a bimodal size distrito plane (111) of particles of crystallized CdS in zinc blende
bution in the size distribution histograms suggests that theype crystalline phase. As can see, the results obtained by
nanoparticles obtained by the synthesis process at differetHRTEM are in good agreement with the results calculated
times correspond to the formation of an CdS*REystem  from X-ray diffraction studies.

and not the physical mixture of nanopatrticle sizes. A compa- Figure 5 illustrates the Raman spectra of typical
rable analysis was performed for some of the samples and theanofilms, which have nearly the same features in the investi-
results are listed on Table II. Larger semiconductor nanopartigated range. Each of the phonon wavenumber was extracted
cles are obtained of the undoped CdS and smaller with dopqu fitting the Raman spectrum to a Lorentz line shape, the
CdS. Therefore, the synthesis time can be used to contralL O and 2LO phonons and multiphonon processes can be
the formation and size of the doped CdS nanoparticles. Aglearly observed, which correspond a zinc blende (ZB) type
can be observed in Table Il, the particle size values obtainegrystalline phase as was obtained by X-ray diffraction. Ra-
from the Debye-Scherrer equation and those measured frofan scattering shows that the lattice dynamics is character-
the TEM micrographs have small discrepancies. These slighétic of bimodal behaviour and the multipeak adjust of the
discrepancies in particle sizes are due to some approximdirst optical longitudinal mode denotes the CdS. The Raman
tions involved in the calculations using the Debye-Scherregpectra exhibit relatively sharp crystal-like peaks. In Fig. 6
equation or coalescence of nanocrystals during preparatioRaman spectra of three typical samples are displayed. The
for analysis by TEM. With the purpose of verifying the Raman shift of single CdS (nanoparticles), M65 sample, ap-
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FIGURE 7. It illustrates the transmittance spectra of some typical
samples, which were measured at room temperature.

phonon modes (SO) at 260 ch[29,30] and it can be as-
signed to B/ [31]. The peak at approximately 219 crhcan
be assigned to multiphonon scattering, which is consistent
with other reports [27]. As is observed in Fig. 6, the fre-
quencies of the vibrational bands decrease as the RE molar
600 700 fraction increases, this is consistent because the ionic radius
Raman shift (cm'1) of RE is higher. In addition, it observes that the Raman spec-
tra of doped CdS present a vibration mode around 142'cm
FIGURE 6. Deconvolution of the Raman spectra for three samples: Well-resolved that can be associated to the combination of
a) M65, b) M115 and c) M100. The -o- lines are their respective longitudinal and transverse acoustic phonon modes in RES
fitting. nanocrystals [32], which depend strongly on the RE molar
fraction. Besides, it is observed that these bands happened a
appears at-305 cnt ! that is attributed to the A1(LO) mode redshift. Similar vibration modes were obtained by Raman
(where LO is a longitudinal optical phonon) with a full width theories and are in agreement with the results of de ¥fijs
at half maximum (FWHM) of ca. 24.82 cmd. The 1LO al. [33]. The effect of doping by rare earths on the optical
Raman shift of CdS:Cé (nanoparticles), M100 sample, ap- properties of doped CdS nanofilms was investigated by room
pears at~298 cnt! with a FWHM of ca. 27.91 cm!.  temperature transmittance as function of the synthesis time.
Finally, the 1LO Raman shift of CdS:Et (nanoparticles), The transmittance spectra in the visible and infrared ranges
M115 sample, appears ai296 cnt ! with FWHM of ca.  are recorded for the nanofilms in the wavelength range 350-
30.84 cnr!. As is observed of these results (AO) mode 1100 nm, which are illustrated in Fig. 7. The sharp reduction
redshifts slightly as the RE’s are incorporated. Additionally,in the transmittance spectra at the wavelengths lower than
the slight increase of the FWHM to higher synthesis times500 nm is due to the fundamental absorption edges of the
can be attributed to a slight deterioration of the crystallinitydifferent films. The CdS:RE" nanofilms were transparent,
of the CdS nanocrystals due to the incorporation of RE tawith no observable blue colouration under our experimental
Cd sub-lattice. As has been reported that a defect-free crygonditions. The main band shifts slightly to red as VIRE
talline CdS film should have a FWHM of 8.0 crh [24]. increases. The slight reduction of the main absorption edge is
Therefore, synthetized nanofilms contain a high density ofndicative of the compensation of broken bonds, but also it in-
crystalline defects. In addition, to the 1LO phonon and itsdicates that the RE atoms are being incorporated into intersti-
phononic replicas for M65 sample, several vibrational bandsials of the unit cell, see Table II. In order to M135 sample the
are resolved at 219, 260 and 352 thsuggesting that the optical band gap decreased slightly by about 84.22 meV com-
samples have better crystalline quality [25]. The vibrationalpared with the band gap energy of the M60 sample, which
bands can be assigned to multiphonon scattering, which isan be related to RE incorporation to the molecule and the
consistent with reported works [26,27]. The feature at theaverage grain size. This band gap decrease can be explained
high-energy shoulder, which is very weak peak at 352tm  due to the substitution in the lattice of cadmium atoms (ionic
which is the subject of a recent study by Dzhagaal. [28], radii ~0.95,&) by cerium (ionic radii 1.15&) and europium
who suggest that it results from the participation of acoustidionic radii 1.09A) atoms that are higher. The intrinsic ab-
phonons to the scattering process and the mode corresponsbrption edge of the CdS:RE nanofilms could be evaluated
ing to the low-energy shoulder originates from surface opticabnd discusses in terms of the indirect interband transition. As
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FIGURE 8. It is shown the first derivative of the optical absorption
(OD) as a function of the photon energgy(), for some typical
samples with different synthesis time values. The inset displays the
second derivative @D D versusE, which allows calculate the band
gap energy. The downward arrow points out the position ofihe
value for M60 sample.

Intensity (arb.u.)
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52-47 r FIGURE 10. It shows the photoluminescence spectra CdS for three
";’ 246} nanofilms series: a) undoped CdS, b) Eu-doped CdS and c) Ce-
:2_45 N doped CdS.
(“ 5
o 244 which is indicative that there is quantum confinement. This
G 243( discrepancy is associated to the average grain size [36,37].
m I ) . . X .
242 As is observed in the inset of Fig. 8 band gap energy redshifts
ol 0 e L\ lightly with the V[RE**] increase or that is the same with
60 70 80 90 100 110 120 130 140 the increase of the synthesis time. These values are shown in
Synthesis time (min) Fig. 9

FIGURE 9. It shows band gap energy as a function of synthesis ~ Figure 10 shows the photoluminescence spectra of the

time for three samples series that were estimated by transmittancé/ndoped CdS for four different synthesis times. Figure 11
shows the photoluminescence spectra the deconvolution of

three typical samples (M65, M100 and M115). For sample
is well-known the optical band gag() of a semiconduc- M65, which presents best luminescence of undoped films,
tor material is related to the optical absorption coefficient ( the radiative bands are observed at 2.86, 2.37, 2.19, 1.88 and
and the incident photon energ¥). The band gap energy 1.38 eV that are labelled by a, b, ¢, d and e in the PL spec-
(E,) for the different synthesis times was calculated from op-trum for a better discussion, see Fig. 11A. The band a is as-
tical transmittance data. Figure 8 shows the first derivative ofociated a radiative transition band-to-band, which is higher
the optical densityd(OD)/dE] as a function of the incident than the undoped CdS band gap for 366 meV. This is due to
photon energy K) of typical samples. The relative minima the quantum confinement associated with grain size since it
in the transmittance spectra of the first derivati@ D) /dE s less than the excitonic Bohr radius. The band b is clearly
versusE graph define the critical points of the band structureidentified on as-grown CBD-CdS at 2.37 eV, which is called
[34,35], which are associated absorption bands due impurthe optical signature of interstitial oxygen [38]. Its relative
ties and vacancies [16]. The inset of Fig. 8 illustrates the sedntensity increases with the synthesis time until it reaches a
ond derivative ofO D plotted against of typical samples. maximum at 65 min and then decreases for longer times, as is
A more precise position of the critical poifit, in the E-axis ~ observed in figure. It has reported that in samples grown by
is defined by the crossing of the second derivative curve witltlose-spaced sublimation (CSS) technique the effect of oxy-
the E axis. The estimated optical band gap of the undopeden is different since the use of oxygen during the growth
CdsS nanofilms, M65 sample, is of 2.50 eV that correspond$eads to the appearance of a band at 2.2 eV [38]. The band
to pure CdS and is 91 meV higher that band gap in CdS bulkg could be attributed to the CdO complexes that would be
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1.81 and 1.48 eV, labelled by, x, § ande, see Fig. 11B.
C) The emission peak was clearly observed, which is associ-
ated to radiative transition band-to-band. This band has been
related to the radiative transition of CdS nanostructures into
band-edge and surface defects due to the quantum confine-
ment effect because of grain size is lower than the exciton
Bohr radius, which is higher by 409 meV than the band gap.
The dominant radiative peak has been associated to the
intra-4f radiative transitions of B ions that corresponds to
the magnetic dipole transitiodlD, — “F'), which was blue
shifted compared to previous results [38,42]. I Ewloped
CdS, the’D, —"F! transition is mainly magnetically al-
lowed (magnetic-dipole transition). The surface-defect radia-
tive transitions are caused by surface states, such as sulphur
vacancies and/or sulphur dangling bonds created by doping
are in the energy range 1.77-2.48 eV [38], for which the peak
0 is associated with surface defects of the CdS nanocrystals.
f c\%*-‘ A) Finally, the peal is in the region of low energies, which is

f % \x21.825 associated at residual impurities. The pegais the one that

N
b

Intensity (arb.u.)

increases more its intensity with the synthesis time, reaching
a maximum at 115 min and then decreasing. These obser-
$ SR, vations indicate that a part of &t ions, contained in CdS
2 ff T %%”’9 ‘O;% Ocgges nanocrystals and the energy can be significantly transferred
15 20 25 3.0 from the host CdS to B ions [43,44]. Upon excitation,
Energy (ev) th(nT energy from non-radiative regombination of electron-hole
pairs can be transferred to the high energy levels of thieg Eu
FIGURE 11. It is illustrated the PL deconvolution of the CdS ions [45,46]. The mechanism of the intensification of rare
nanofilms that presented the most intense photoluminescence: Agarth emission (REE) has already been reported [46], which
M65 sample, B) M115 sample and C) M100 sample. Additionally, also supports the observed results of the present study. These
it is shown the passivation factor associates to incorporation rargegylts indicate that the adsorbed CdS particles significantly
earth. influence the excitation of 4f electrons in rare-earth ion. A

formed during the growth due to the presence of oxygen dursignificant Change in the intensity of the emission bands was
ing the nucleation of the layer, since the CdO band gap i®bserved for the samples prepared using different synthesis
about 2.16 eV [39]. For four studied CBD-CdS samples, aniime, which are due to the variation in the structures. It may
other broad band, band d, is observed around 1.88 eV, th@lso be attributed to the change in the energy transfer rate
band named the “orange band” has been observed betwe#fith particle size variation and the shape of the nanocrystals.
2.03-2.08 eV [40,41], it is possibly associated to a donorFigure 10c shows the photoluminescence spectra of the Ce-
acceptor pair (DAP) radiative transition between a donoidoped CdS, which are very similar to those obtained with the
level related to interstitial cadmiuni’;) and an uniden- Eu’*-doped CdS. Sample M100 photoluminescence spec-
tified acceptor level. The ionization energy of this donortrum presents radiative bands at 2.87, 2.06, 1.71 and 1.42 eV,
has estimated to be between 0.12 and 0.26 eV, which cofalleda’, x’, ¢’ ande’, see Fig. 11C. The radiative band
responds to Ké;) [38]. Finally, the broad and weak peak corresponds to the band-band transition. The bgnd the
(band e) observed at 1.39 eV, which disappears when syrnostintense of PL spectrum, which is associated to Ce incor-
thesis time increases, it is in the infrared region and is asPorated to the sub-lattice of Cd. Therefore, it is considered
sociated with unidentified deep impurities. In addition, Fig.that the radiative transitions present in the luminescence of
10a shows the behaviour of the PL spectra intensities of thée C€™-doped CdS have the same origin as those present in
four undoped CdS nanofilms, where it is clearly observedhe PL of the Eé*-doped CdS and their redshift is due to the
that the dominant spectrum is obtained at 65 min of synthelonic radius of the C&' is higher than the Cd, which strains
sis time, sample M65, and for other times are weaker. Figthe lattice.

10b the photoluminescence spectra of thé'=CdS sam- In addition, Fig. 11 shows the comparison of the photolu-
ples are shown. It is clearly observed that in the PL spectraninescence spectra of the three samples with the best lumi-
the band called the optical signature of interstitial oxygen anescence results, undoped and doped with rare earths CdS.
2.37 eV is not present, which is indicative that the incorpo-It is clearly observed that the intensity of the PL spectra of
ration of rare earths decreases the concentration of interstiftoped CdS increases considerably, indicating that there is a
tial oxygen. The photoluminescence spectrum of the M11%assivation of the surface state density of the nanocrystals,
nanofilm, which exhibits radiative transitions at 2.88, 2.15,but their dominant band redshifts.
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4. Conclusions europium present the band-band transition, in addition the
) radiative band associated to the intra-4f radiative transitions
In this work reported the growth successfully of of Ei3+ jons that corresponds to the magnetic dipole tran-
(Ew**,CeT)-doped CdS nanostructures synthesised byition €D, —7F'). For the case of cerium-doped samples,
chemical bath deposition technique at different synthesigne results obtained were similar to those for europium. The
times and av0 4 2°C. The crystalline structure of the nanos- yesyits confirm that at least a part of the3Etions is effec-
tructures was zincblende type (111) direction, which wasjyely doped into CdS nanocrystals and the energy transfer
obtained by X-ray diffraction and Raman spectroscopy. Theyccurs from CdS nanocrystals toEuions. It was observed
incorporation of rare earths in the CdS lattice was confirmeghat the nanostructure, crystallite size and the band gap of the
by EDS and X-ray diffraction. The nanocrystal size waseyropium and cerium doped CdS nanocrystals can be finely
determined by the Debye-Scherrer equation from ZB (111}ontrolled by simply varying the synthesis time. The pas-
direction, which was ranged from 2.35 to 2.67 nm for thegjyation of the CdS by rare earths was approximately of an
CdS and 1.84-2.33 nm for rare earth-doped CdS that wagrder of magnitude obtaining better results with cerium.
confirmed by TEM. These grain sizes confirmed the quan-

tisation effect in the synthesized samples due to are lower

than the exciton Bohr radius. The RE-doped CdS exhibits #Acknowledgments
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