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Optical and structural properties of CdS:Pb?* nanocrystals
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The goal of this work is to study the effects of doping on structural, morphological and optical properties of CdS thin films as a function of
Pt concentration. Thus, nanoparticles were synthesized by chemical bath and a thickness deer8@5e26D nm range was observed.

In Fourier-transform infrared spectroscopy, all the samples showed a sharp stretching mode obset@8d atm ! corresponding to the

vibration mode of CQ?. X-ray diffraction studies show that the size of crystallites is in 4#/88-12 nm range. The peaks belonging to

primary phase are identified at tB@ = 26.5° and20 = 26.00°, corresponding to CdS and PbS respectively. Thus, a shift in maximum
intensity peak fron26 = 26.4° to 28.2 is observed. Likewise peaks2d = 13.57°, 15.9T correspond to lead perchlorate thiourea. The

optical, absorption, and transmission properties of the films were determined by UV-vis spectrophotometry, optical energy gap was found to
range from 2.1 to 2.4 eV. Raman spectroscopy on doped films showed a shifting of these modes that can be attributed to strain, stress effects,
defects, phonon confinement, and variation in phonon relaxation with grain size.

Keywords: Chemical bath; CdS; cell potential; nanoparticles; coordination complex; doping.
PACS: 71.20.Nr; 68.55.A; 64.70.kg

1. Introduction layers was in the-625-200t10 nm range, as determined by
utilising a Dektak Il profilometer.

Ternary ll-IV-VI compounds in the form of thin films have at-

tracted an ever-increasing attention due to their potentials a2, Chemical reactions
plications in integrated optics and photovoltaic devices. Thin

films of CdS and PbS are promising photovoltaic material
as their variable band gapdFcould be adjusted to match the
ideal E (1.6 eV) required for achieving a most efficient so-
lar cell. PbS is a semiconductor material belonging to IV-VI
group with a direct E= 0.4 eV suitable for infrared detection Pb(COOCH;), < PB*T + 2CH;COO™ 1)
applications [1,2]. It has also been used as photoresistance,

laser diode, humidity and temperature sensors [3]. On thg,q

other hand, doping CdS films incorporating various elements

SThe reaction mechanism for forming CdS, Pb-doped CdS
Dissotiation in alkaline medium of Pb(GBO), induces the
formation of P, and CH,OOQ ion, according to:

have aIreaQy been studied given that th(_e structural and opti- Cd*" + 20H™ < Cd(OH),
cal properties of CdS are strongly modified, and such effect o
of doping is under steadfast investigation to tune the prop- AG" = +82.44 kJ/mol (2)

erties of interest. Recent advances in CdS-based materials T _
research are established by growing Fe, [4] Ga, [5] Pb, [6] P + 20H™ « PHOH),

Zn, [7] B, [8] etc., doped CdS thin films and nanostructures. AG? = +63.22 kd/mol 3)
As CdS and PbS are highly sensitive to light and in view of

their practical applications, a study of their mixed thin films Cd(OH), and Pb(OHj solutions start precipitating wherk
structure as electrochemical converters is of technical imporis exceeded, Cd(OHf) ksp = 2 x 10~4 mol/L, and Pb(OHy:
tance. Mixing of CdS and PbS would be expected to be interksp = 4.0 x 10~!% mol/L in water at 28C [9]. The Cd(OH)
esting because (a) both are very good photoconductors, (b)and Pb(OH) precipitate dissolves when the NNO; is
is showed both direct and indirec§.Hn this study we inves- added to the solution to form the [Cd(NH]*>" complex
tigate structural and optical properties of?Pb-doped CdS ion, with stability constants of complexes of [Cd(MH]? =
thin films prepared by chemical bath (CB). The thickness ofl6.24 and [Pb(Nk),]?>* = 15.59 respectively [10]. Finally,



OPTICAL AND STRUCTURAL PROPERTIES OF CdS:Pb NANOCRYSTALS 313

the CdS or PbS thin films formation takes place, then flow. The substrates were then immersed in solution. CdS
) films with seven different levels of doping (3+,) were ob-
[Cd(NH3)4)** + S~ & CdS+ 3NH] + 3¢ tained by the addition in situ of: 4, 6, 10, 14, 20, 25, 30 mLs

in the solutions for CdS growth, with the bath containing
the solutions of: CdCI2 (0.02 M), KOH (0.1 M), NfNO3
[PB(NH3)4)?" 4+ S*~ < PbS+ 3NH] + 3¢ (1.2 M), SC(NH), (0.1 M). These solutions are routinely
added to the reaction mixture during the growth of the CdSO
films. The solutions were mixed and the final solution kept at
90+2°C, while the substrate remains inside the solution. The
ksp Of CdS: kp = [CA*T][S?] = 8 x 10~2® mol/L and PbS: optimal doping concentration (s ;) Pb(CH,CO,), (0.05

ksp = [PE?T][S27] =10-27 mol/L [9], are very close, thereby . . .
formation of CdS and PbS can occur simultaneously [11] a”ér) was determined after several trials, when the films had

L . ttained good adherence. All the solutions used were pre-
= - 2+ . .. : N
starts precipitating wheryk= [OH™][Pb™"] is exceeded. In pared with deionized water with a resistivity of 18.ZMThe
a general, we have:

samples were labeled as PbS0-CdSO for the undoped sam-
2 | c2— 24 + ple and CdSPb4,...,CdSPb30 (CdS:Pb) for the doped sam-
[CANH)a)** 45" +{(NH3)a]** > CdSPY +8NHs() 1 ples. The total volume of the growing-solution consisted of
AGY = —139.64 kJ/mol (6) the volume-solution (¥4sg for the CdSO growth plus the
volume-solution: \gs + Vipie+] = Viot FOr the first 5 min of
Based on the Gibbs free energy obtained from the and Pbgaction time, the solution remained transparent, indicating
is as following with thiourea hydrolysis SC(Nb% leading  the occurrence of decomposition reaction. Beyond 10 min,
to the formation of 8~ and CG~ ions equilibrium analysis, the solution appears in green colour, and at the final stage
the PB ionization state is probably present in the volume oftyrned dark gray, indicating the formation of doped--Pb
CdS under our working conditions. If CdSs films (CdS:Pb). After completion of the deposition time
(45 min), samples were removed from the solution, rinsed ul-
2SC(NH)2 + 80H™ < 2CO;™ +4NH3 +2H:0  (7)  trasonically in hot deionized water for 5 min, and dried in air.
. . . Details of preparation of polycrystalline PbSO by CB method
AG® < 0, the reactions (7) are spontaneous. It |mmed|-has been previously reported, using Pb{Cis), (0.01 M),

ately appears that the reaction can take place either in thlgOH 0.5 M). NH:NO= (1.5 M). SC(N 0.2 M) solu-
bulk of the solution (homogeneous precipitation process) of; .« [(14 15])' HNO; (1.5 M), SCNH)2 (0.2 M) solu

at the substrate surface (heterogeneous process), the second

one leading to the film formation from two distinct mecha-

nisms. The first one is a growth mechanism involving theo 2. Characterization
reaction of atomic species at the surface and corresponds to

an atom-by-atom process, also called ion-ion process [12lrhe surface morphology of the films was done using a scan-
The predominance of one given mechanism is governed biing electron microscope (SEM) JEOL Model JSM6490.
classical laws of homogeneous nucleation on a solid Surfacq’,he Compositiona| analysis was Carried out using energy dis_
involving the saturation ratio in the solution and the catalyticpersive X-ray spectroscopy (EDS). The Fourier transform
activity of the substrate. For chalcogenide semiconductorspfrared spectroscopy (FT-IR) spectrum was recorded using
the CryStal size has been shown to be dependent on the depQ'Perkin Elmer Spectrophotometer in the 400-4000‘bm
sition mechanism: the cluster mechanism results in Sma”%avelength region. The X-ray diffraction (XRD) patterns of
crystal size than the ion-ion mechanism [13]. In the clustekhe solid samples were acquired in a D8 Bruker Discover Se-
mechanism, the size of the metal hydroxide colloids presenfes 2 Diffractometer with Cu K radiation of wavelength
in the deposition solution is expected to define the produch — 15408 A. The grain size was determined by utilizing
crystal size, and this size will depend largely on doping [14].the Scherer’s formula on XRD patterns. The optical absorp-
tion studies were carried out using UV-Vis-IR spectrophome-
2.1. Experimental section ter (Cary-5000) in the 300-900 nm wavelength range at room
temperature. Raman spectra (RS) were excited with the 600
line of an Ar" ion laser and recorded with a Dilor XY triple

Preparation of polycrystalline CdS thin films on glass sub-Mmonochromator equipped with a Peltier-cooled CCD detec-

strates, both undoped (CdSO0-PbS0) and doped (CdSPEﬁr'

where volume-solution M+ containing the doping PO

chemical agent were grown by chemical bath (CB). The sub-

strates of commercial quality microscopic glass slide of di-3. Results and discussion

mensions24 x 75 mm were previously degreased in acid-

chromium (K;Cr,O7/HCI/H2O) mixture for 24 h and then Figure 1 shows the images of the CdS0-CdS:Pb- PbSO0 thin
rinsed in deionized water and finally dried in a clean hot-airfilms, and it is worth-interesting to note the color change. The

AG° = +163.02 kJ/mol (4)

AG° = +502.96 kJ/mol (5)

2.1.1. Preparation of the doped and undoped CdS films
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(ks =1.3 x 107) and [(NHs)4]%" (ks = 2.0 x 103%) complexes
start to orient on active centers of the substrate surface form-
ing CdS:Pb growth centers.

Films deposited with ammonia or hydrazine solution re-
sult in thinner films while films free of these compounds re-
sult in thicker films. This effect is due to low complexa-
tion of P’T ions. At a low deposition rate, concentration

CdS CdSPb4  CdSPb6 CdSPb10 CdSPbl4 CdSPb20 CdSPb25 CdSPb30  PbS

FIGURE 1. Photography of CdS0-CdSPb-PbSO0 thin films. of free P ions is lower due to high complexation resulting
in thinner films, but concentration of freéSions is higher.
630 Typically, chemically chalcogenide films by CB are formed
00 § from the reaction between a metallic salt and thiourea in a
] & " L] ammonia alcaline solution [19]. The results obtained in this
550 1 : work show an almost linear dependence in decrease of thin

film thickness with the increases of doping CdSPb4 to Cd-
SPb10 samples. From films CdSPb15-CdSPb30, the increase
of thin film thickness is a result of the increase doping. The
dependence of film thickness of deposition was complicated,
but also had a character close to linear. The maximum pos-
sible number of growth centers is determined by the num-
ber of active centers on the substrate surface, which is con-
siderably less than the reactive particles in solution. Under
the influence of continuous doping solution flow, the growth
centers increases and turn into layer. This fact slows the in-
. . : : : : : crease of films thickness, and at the same time alter the film
0 5 10 15 20 25 30 weight grain. In CB technique, the film growth starts ini-
24 tially with an incubation period, where no clearly observable
V=] {mls) growth occurs. The period corresponds to the nucleation step
FIGURE 2. Thickness Vs. Y+) CdSO-CdSPb-PbSO thin films.  followed by a subsequente linear growth [20]. The composi-
tional analysis was carried out using energy dispersive X-ray
CdSo films look yellowish and CdSPb4 to CdSPbh30 samplespectroscopy (EDS), the values listed in Table | are not so far
look pale-green-yellow-dark-brown and PbS0 metallic-dark.from the true atomic concentration. In Table | are compiled
Figure 2 shows the thicknesses vs.ppt/i) of CdSO- the atomic concentration of Cd, S and Pb. It can be appre-
CdS:PbPbSO0 thin films. Measurements of thickness decreas#ated the increase in concentration of Pb, reaching percent
of ~575-200 nm range for CdSPb4 to CdSPb10 as total thickvalues of up to 4.36%.
ness of the films growth. The highest thickness obtained was The surface morphology of the CdS0-CdSPb-PbS0 thin
in the case CdSPb30 6625 nm. Two different regions films was studied by scanning electron microscope (SEM).
can be observed, a first region were the films decrease apigure 4 shows SEM micrograph of (a) CdSO0 film, (b) Cd-
proximately linearly with an increase ofidf:+), indicating ~ SPb30 and (c) PbSO, respectively. Microstructures of doped
constant growth, and a second region, whereas films growtamples (CdS:Pb) exhibit appreciable changes as compared
reaches saturation and increases with/;. The same be-  to that of undoped (CdS0) sample and these changes can be
havior while varying temperature is also observed for othemttributed to a change in ionic fraction of a compound on
semiconductors such as ZnS [16] and MnS [17], having ex-
plained this phenomenon by considering two competing pro
cesses taking place in deposition bath: one process includd$BLE I. Cd, S, and Pb concentration in CdS0-PbSPb-PbS0 sam-
the heterogeneous and homogeneous precipitation of Cd8!es for Vier+) values studied measured of electron dispersion
which leads to the film growth; the other ones involves theSPeCroscopy (EDS).
dissolution of the pre-formed CdS films, which resultin a de- Sample Atomic concentration (%)
crease of the films thickness. In the initial time of deposition,

500 4

450 4

400 i

350 1

Thickness (nm)

300 4

" CdSO
] ®  (CdSPb
wd & A PbSO

250

. - Cd S Pb
the source materials are sufficient; the process of heteroge
neous and homogeneous precipitation play a more important Cdso 49.10 50.90 0
role than the dissolution process leading to an increase in film ~ CdSPbé 47.55 52.280.17
thickness [18]. This can be explained by different values of  CdSPbi14 47.96 49.862.18
stability constant of CH#~ and PB* complexes [10]. The CdSPb20 47.00 4933 367
dn‘feren_ces in the nature pf layers growth of CdS0-CdS:Pb- CdSPb30 47.80 47.84 4.36
PbSO0 films can be explained by the process stages. When

PbSO 0 48.9 51.1

the doping is applied to the solution and heated, [{NH*
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FIGURE 3. EDS spectra of (a) CdS0, (b) CdSPb30 () Pbs thin ~'CGURE 4. SEM micrograph of (a) CdS0, (b) CdS30 and (c) PbS0

films. respectively.

on doping. This result correlates with the improvement insurface. Second, there are two growth mechanism for CB,
crystallinity with increasing Yo+ as evident from struc- namely, ion-ion and cluster-bycluster mechanisms. In CB,
tural studies. It can be seen images from (a) displayed a cofbese two mechanisms occur randomly and the aggregates
tinuous and compact polycrystalline films with well-defined form in the cluster-cluster mechanism.

grain boundaries. As clearly seen in Fig. 3 (c), large isolated Figure 5 shows the Fourier transform infrared (FT-IR)
clusters formed on surface of the PbSO0 films. The grain sizepectra of CdS0-CdS:Pb-PbS0 nanoparticles. When the
(GS) were estimated in the 10-30 nm range. Two differentCdSO0 film is loaded with \4»+, the FT-IR spectra changed
phenomena explain the formation of these aggregates. Firsith respect to pure CdSO films. The absorption bands ob-
the formation of aggregates in the chemical solution by dopserved in the 2800-3000 cm region are attributed to the
ing is related to nucleation around®hion on the substrate vibration of -CH, groups and the other two bands located in

Rev. Mex. Fis61 (2015) 312-322
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ter excessive washing. After deposition, CdS0-CdS:PbPbS0
layers were thermally pre-treated in vacuum for removing of

in the 1725-1690 and 1440-1395 chregion are indexed residual water at 10@ for 10 min.

to vibrations modes of C=0 and OHgroups [21]. All Figure 6 shows the XRD diffraction patterns for
the samples showed a sharp stretching mode observed @USOCdS:Pb-PbS0 samples. CdS exists in two crystalline
1384 cnt! corresponding to the vibration mode of @O modifications: the Wurtzite (WZ) 25 and zinc blende (ZB)
(see Eq. (1), (4), and (5)). The bands around 1406'care  phase [26]. As can be seen, the obtained diffraction pat-
the signal of -CN bonding (due to CS(NH by-products), tern for CdSPb4 sample shows a predominant peak at
while the peaks at686 cnt! are referred to be particu- 20 = 26.5° which can be assigned to (111) plane of ZB
lar peaks of the -SC bond [22]. The main spectral feature€dS phase. Moreover, the intensity of peak@t= 28.2°

are similar, except the intensity 6§1384 cm—! absorp- is due to diffraction from the (101) plane WZ phase whereas
tion bands. The low intensity bands observed for -COO-Hat26 = 26.4° position can be co-occupied by the (111) plane
bonds in induced CdS:Pb samples is in conformity with theof ZB phase as well as the (002) plane WZ. However, the
reaction (2). PbS0-CdSPb30 samples show bands locatedaximums peak intensity for both phases are differeet,

at ~1586 cnt! that can be attributed to the characteristicZB maximizes at:20 = 26.4° corresponding to the (111)
bands of the (CKEICOO™) carboxylate groups, correspond- plane, whereas WZ phase has its maximum intensity peak at
ing to the -CH bending mode and asymmetric and sym-26 = 28.2° corresponding to (101) plane [27]. Formation
metric C-O stretching modes of the -COOgroups respec- of the WZ phase is likely, at least to large extent, because
tively, which would correspond to adsorbed organic specieshe characteristic diffraction peak from the (002) planes of
from solution (acetate ion and hydrolysis by-products), atthe structure was completely absent when the CdSO film was
tributed to the dissociation of Pb(COOGH [23]. However, deposited. The shift in the diffraction angles are due to the
the stretching vibration of S-H bond-@560 cnt!) are not  incorporation of PBt at the sub-lattices sites of &, It
observed in Fig. 3 indicating that Pb(COO@kifilms com-  has been reported in the literature that the probability that
bines on surface of the CdS:Pb with concomitant loss of th€€dS dissolves in the PbS lattice at room temperature is very
S-H bonds [24]. The absence of S-H stretching bands aroundw [28]. In this case of extremely small particles, where the
~2560 cnT! indicates that is bound to surface lead throughcontribution of surface free energy is very important, some
Pb-S chemical bonds by cleaving its hydrogen bonds. Theéeviations cannot be excluded. In CdSO and CdSPb4 sam-
Pb-S bonds are mainly electrovalent bonds; the FTIR of Pb®les, a cadmium hydroxide [Cd(OH)film is clearly seen to
does not show strong bands associated with Pb-S stretchidgve been deposited. The formation of Cd(@H)eceding
and bending vibration for such bond. Absorption band occura CdS deposition can be explained by the fact that cadmium
ring at~619 cnt! are due to Cd-S stretching vibration [24] ions are labile in aqueous media and equilibrium are rapidly
but this was absent here. Whemp¥-, is added and PbSO stabilized in solution [29]. The concentration of sulfide ions
are supplied into crystals, the interactions reduce as sonis limited by the thiourea decomposition and the decomposi-
of the PbS will react to forms nanoparticles. A comparisontion of the weak acid is k5, k, = 9.1 x 1078, The activation

of these spectra showed clearly that many carboxylate anenergy for the films growth has been found as 56.7 kJ/mol,
CO§‘ groups remain on the surface of nanocrystals even afand this is close to the value for the hydrolysis of thiourea,

FIGURE 5. FTIR spectra of CdS0-CdSPb-PbS0 nanoparticles.
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which was used as sulphur source in CB. It was therefore sup- %30

posed that the rates of both the films growth and precipitation

are limited by that of the hydrolysis of thiourea in the alka- 0.345
line medium [30]. These diffraction peaks become sharper
for CdSPb4, CdSPb6 and CdSPb14. From XRD patterns it= 0340
can be assured that the®Plforms PbS according to the peak
located af ~ 30° in CdSPb14 to CdSPb30 samples. How-
ever, CdSPb6 sample shows a pealdat- 26.5° indicating a
preferred orientation. From the XRD study we can infer that
the formation of the CdS:Pb occurs in the early stage, fol-
lowing by the formation of PbS0 nanocrystallites in the stage ~
of the film growth, although the formation of films from the
bath in absence of acetic is also observed [30]. It is found
in this study that the reaction leads to formation of nanocrys- ~ 0320 : : . : . :
talline CdS:PbS films together with a slight decrease in the 0 5 10 15 20 25 30
size of crystallites. These peaks do no match exactly with the V[ Pb*'] (mLs)

reported plane spacing for ZB and WZ phases, and this cap :
be explained by the broadening of peaks from CdSPb25 angﬁiugfb?e (?é?rggggfcﬂss’tgg?sb(sléi)azgl\évsz phases Hexagonal
CdSPb30, which can be due to the small size of the crystals '

and by presence of strains that possess multiple facet diffrac-

tion peaks, which is the result of multidirectional growth of

the synthetized nanocrystals. The peaks belonging to pri-  3H20+ CI™ + NO3 < CIO} + NH, +20H™  (9)
mary phase are identified a8 = 26.5° and26 = 26.00°

corresponding to CdSO0 and PbSO respectively. Thus, a shiffPSO diffractogram display peaks located at the following
in maximum intensity peak fro2 = 28.2° to 26.4 is angular positions:20 = 26.00°, 30.07, 43.10, 51.00,

clear indication of possible transformation of ZB phase to°3-48. They are related to the (111), (200), (220), (311),
WZ phase. It is worth-noting the values of electronegativ-(222) reflection planes for the ZB phase of the PbSO respec-
ity for Pb (2.33) and Cd (1.69), which are favourable totively. All the diffraction peaks for PbSO can be perfectly
form a solid solution [31]. However in the CdSPb25 film, Matched to the reference patterns (JCPDS 05-0592) display-

peaks located angular positior®, = 13.57° and 15.9 cor- " the ZB crystalline phase [15]. .

respond to [Pb(NK(S)C(NH,)-)2](ClO,)., lead perchlorate Figure 7 displays the (111) |nterplana_r_d|stance (ID) for

thiourea, according to standard (JDDC 0531447). In the alka¢B Phase, calculated from the peak position, vs W+

line medium CB, the atom-atom growth of CdS is supposedis ID, in practice, coincide with (111) ID of the ZB phase.

to proceed by decomposition of adsorbed thiourea-hidroxol "€ CdS WZ structure was reported to give rise generally to

cadmium complex as expressed by [13] three interplanar spacing of 3.24 2.05 and 1.73, while
3.11A, 2.67A, 1.85AID can be ascribed to ZB structure. It

Cd(OH)->SCINH CdS+ CO2- can be appr_eciated t_hat ID first decreases rgaching mjnimum
[CA(OH)2SANHz )2Jags < T values and intermediate values o)+ 3.34Ato 3.240A.
+ OH™ + 2NH3 + 2H,0 + 2¢ (8)  After that ID diminishes until it reaches initial values.

The lattice constant (a) was calculated by using the equa-

In our opinion, this result indirectly proves the mecha-tion for ZB system applied to the peaks in the sampléd

nism proposed by Ortega-Borges and Lincot [32]. In thislnterval a close agreement with the reported results in litera-

mechanism the rate-determining step is the decompositiofii®: PCIDS card No 80-0019. The XRD data were also used

of the metastable complex for which activation energy valto esti_mate the grain size (GS) of the crystallites by Scherer’s
ues are close to those calculated that can be expected. fuation [36]

the basis of the above CdSO precipitation mechanism, the kA

high Vipiz+1. can assure that the CdSO0 large cluster may not GS = Feost (10)
cause a non-uniform thin film to CdS:Pb growth. Therefore

the more metastable complex can acquire enough activatioemd the average value with its corresponding error was
energy to decompose and to precipitate the crystalline CdSplotted against the M+, of CdS0-CdS:Pb-PbSO samples
film due to high Vp+). It should be noticed that it not (Fig. 8). The XRD data were Although this procedure is not
only generates CdSPb andCion but it is also generated suitable for determination of absolute lattice parameters with
the CIQ; anion in our system, and the coproduced £I®  high accuracy, it allows the relative comparison of a values
oxidized by reduction. In this M+, a CI” ion is oxidized  as all the samples have been analysed under the same experi-
by the NG; in the system, affording the coproduced GIO mental conditions. In the same Fig. 8 are reported the values
according to: of pure ZB CdS (JCPDS 10-454).

@
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0.330

nterplanar Distance (nm
-
.-
.
.
= N
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FIGURE 8. Lattice parameter (111) for Wurzite (WZ) and zinc 'GURE 9. Grain size (GS), CdS0-CdSPb-PbSO samples, calcu-
blende phase (ZB), CdS0-CdSPb-PbS0 samples. lated from XRD peak.
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PbS0

It can be seen that it decreases gs;V/; increases, sug-
gesting the formation of a solid solution and it remains al-
most constant for higher Mz+). This is consistent with a
singlephase material at lowesfp)¢+ and a two-phase mate-
rial at higher Vfpz+) Moreover, the lattice constant decreases
with increasing \pyz+) in the film which is an effect of P
substituting Cd* in CdS. A possible explication to this ex-
perimental fact can be given as follows: the ionic radii data
are Cd+ = 0.95A, S~ = 1.84A, PB*+ =1.12A. The (111)

ID of ZB phase in bulk are 0.3367 nm. These values are
larger than the ID values found for the CdSO-CdSPb films
in this work. We think it is probable that values of ID in
CdS:Pb films are owing to the existence of?Cdacancies. i : . : : . : : :
For a relative low concentration of Phion, this can be, in a 300 400 500 600 700 800

large majority, be situated in: [33,34] (a) Edvacancies sites Wavelenght (nm)

which otherwise would be empty, (b) in €dsites provoking  Figure 10. Optical absorbance spectra of the CdS0-CdSPb-PbS0
the appearing of Cd interstitial, and (c) in interstitial posi-  thin films.

tions. For higher Vpp+], the material behaves like a solid

solution, the generation of Gd vacancies, whose creation Vpp+) @nd displayed in Fig. 9. It can be seen that GS re-
is needed to charge balance, start to be important in numbeluces~27 to 24 nminintervad < Vp+) < 14 mLs, reach-

and given the relative ionic radius of S, in CdSPb6 sample ing a minimum~12 nm when \pz+) 30 mLs. These small-

the shrinkage of the lattice occurs. There is a tendency of Cdsize nanostructures have large surface to volume ratio, which
SPb14 to CdSPb30 to growth films probably due to all of theplays a dominant role in optical properties of the nanostruc-
possible PB™ species present in €4 sites and interstitials  tures.

positions, and also to the existence of PbS, which distort the Optical absorbance (A), transmittance (T) and spectra
crystalline lattice and provoke disorder. The distortion pro-of CdS0-CdS:Pb-PbS0 thin films have been recorded in the
duces a strong strain which affects the interatomic distance800-850 nm wavelength range. Thin films absorb heavily
this similar fact has already been reported [35]. In this work throughout the UV-Vis regions but moderately in the NIR re-
the strain and distortion of the lattice can be smaller. Thegion. Figure 10 shows that the absorption edge shifts towards
appearing of S2-ions into the material favours the relaxindarger wavelength for CdS:Pb thin films compared to as de-
of the lattice. A comparison of inter-planar spacing calcu-posited CdSO thin films. The characteristic absorption shoul-
lated from X-ray and electron diffraction patterns with the der due to the CdSO nanoparticles appear in the wavelength
standard value shows wekeis the wavelength of X-ray ra- 350-450 nm range. At the absorption edge, only the larger
diation (0.15406), k the Scherer’s constant (k = 0.9), &nd particles contribute to A. In the smaller wavelength range,
the characteristic X-ray radiation apdwas the full-with-at-  particles with smaller sizes contribute more and at region of
half-maximum of plane (in radians). The GS was plotted vs.A maximum, all particles contribute to A [37]. The shoulder

Absorbance (a.u)

Rev. Mex. Fis61(2015) 312-322



OPTICAL AND STRUCTURAL PROPERTIES OF CdS:Pb NANOCRYSTALS 319

servations are in agreement with Sahay [41]. The low trans-

SO__ — Cdso parency of the CdSO sample might be due to loosely adhered
0d | CdSPb4 colloids formed by homogeneous growth process and to the
C— ggg:fﬂ films thickness. .
809 | c4sPbld The absorption edge for T of CdSPb10-CdSPb20 films
1 —— cdspb2o is approximately unaffected withMz+;. The change in T
20 —  CASPB25 after the absorption edge is related to the uniformity of the
& | ——cdspb3o CdS:Pb films showing an interference maxima and minima
= # — PbSO while the other ones does not show them. This means that

the quality of the films had improved at the higher doping. T
decreases totally; however more decrement is observed in the
CdSPbh25 and CdSPb30 samples. In a visual inspection, the
samples appear homogeneous with a colour changing from
yellow (CdSO0) to transparent brownish (CdSPb30). On the
other hand, as one sample is studied from the prospective of
CdS:Pb samples, the pertinent T decreases. It is usually pre-
sumed that the T of the films decreases with GS in the visible
region of spectrum due to light scattering on their rough sur-
FIGURE 11. Optical transmittance spectra of the CdS-CdSPb-Pbsfaces.
thin films. From the T spectra we have calculated the optical band
gaps () of the Cd0-CdS:Pb-PbS0 thin films. The absorp-
of CdSPb10 film atv450 nm position reflects the band gap tion coefficient and the incident photon energy are re-
(Ey) of the nanoparticles [38]. Compared to CdS0, the abiated by the following equation [35]
sorption spectra of CdS:Pb and PbS0 nanoparticles have sig-
nificantly blue-shifted due to the reduction of the particles ahy = (Eq - hv)n

size. However, the absorption of the samples is highly bluewhere A is constant, and the exponerdepends on the type
shifted from the bulk CdS0 (512 nm). This shifting is due to of transition and may have values 1/2, 2, 3/2 and 3 corre-
quantum confinement effect [39]. sponding to allowed direct, allowed indirect forbidden and
Figure 11 shows the optical T against wavelength forindirect transition respectively. The opticaj Ealues were
CdSO0CdS:Pb-PbS0 layers. Usually the deposition paramebtained by extrapolating the linear portion of the plots of
ters affect the optical properties of thin films. Interference(ahr)2 vs. hr to a = 0.43 The plot of @hv)2 vs. ()
fringes area can be seen in CdSO film. The T spectra showg shown in Fig. 12 which is linear at the absorption edge,
a decrease and sharp fall in the transmission near the fundmdicating a direct allowed transition.
mental absorption when doping increases. In both CdSPb25 A study of CdSO films revealed tensile strain along the
and CdSPb30 samples the whole trend is similar, namely the&vZ (002) plane, and dependence of strain on the GS is re-
T decreases totally; however more decrement is observed gponsible for variation of £with the film thickness [44]. It
sample CdSPb30. The T spectra showed less transparenays found that the optical absorption edge shifted to higher
with CdSO film. This may be attributed to more scatteringwavelengths as the films thickness and electrical resistivity
of photons by the introduction of dopant as foreigrePb decrease for thicker films. This was attributed to an increase
ions, which may reduce T. This decrease in T witp.;  of crystalline size, the degree of preferred orientation, inter-
is expected, because increases the number of the charge caal microstrain and stoichiometry on the film [45]. It can be
riers which increases the absorption in the film, and decreas&gen that there is a difference in slope between in CdSPbh4
the transmission of light. In a visual inspection, the samplesind CdSPb30 in the 320-450 nm wavelength range. In a
appear homogeneous with a color changing from transpaerystalline or polycrystalline material, direct or indirect op-
ent yellow (CdS0) to transparent brownish CdS:Pb and PbSfical transitions are possible depending on the structure of
films according to Fig. 1. The CdSO sample has-a68 and  that material. It was suggested that the extended absorption-
78% in the~520 and 700 nm range respectively. edge spectrum of a normal direc§ Eemiconductor, such as
The CdS:Pb samples have a T abew0 and 20% in  PbS, usually indicates the possibility of direct transition. This
the ~520 and 700 nm range respectively. The high value ofanomaly could be due to the difference in sample thickness
the transmittance is suitable for solar cell applications wheravhich was~200-600 nm [46]. At any value of Pb concen-
CdSO0 can be used as a window material in heterojunction sdration, the optical E decreases; this fact can be attributed
lar cell such as the CdS/CdTe solar cell [40]. The T of theto improvement of crystallinity [24]. Also, during the dop-
films for wavelength values smaller than the cut-off wave-ing, at the surface and at the grain boundaries, traps would
length (~510 nm) is a function of film thickness; and the T be created within the Fthat may cause formations of the
decreases as function of thickness. Absorption toward longestates near the band edge and so leadytetEinkage. The
wavelength for thicker films was also observed. These obapparent blue shift is also indicative of size quantization in

T I T T
300 400 500 600 700 800

Wavelenght (nm)
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FIGURE 12. Band gap (f) values of the CdS0-CdSPb-PbS. Raman Shift (cm™)
v FIGURE 14. Raman spectroscopic on CdS0-CdSPb-PbSO films.
= Jcds creases, the donor levels become degenerate and merge with
sa] ®® : Cds-Pbs the conduction band of CdS:Pb, causing the conduction band
FbS to extend into the forbidden region which reduces th§B].
However, for PbSO0, = 1.94 eV and §= 3.14 eV are related
o - = to the | and g transitions respectively [49]. These data and
§ M & @ . . o the literature values are used for modeling of the optical con-

20 stants of PbS over 0.4-5.5 eV photon energy range, including
the E (£ = 0.4 eV) region. Calculate®, = 2.0 eV (ahv)?
vs. hv spectra are in satisfactory agreement with the experi-
ment over the entire range of photon energies.

Raman spectroscopy measurements on CdS0-CdS:Pb-

1.8 4

1.6 - PbSO films (Fig. 14) were performed at temperature 6f25
A CdSO Raman spectrum shows two peaks corresponding
o s 10 15 20 25 30 to IL and 2LO at 207 and 600 cnd. The prominent peak
v [PbS *'] (mL9) CdS:Pb at 209 cm' is attributed to either the ZB 1LO
phonon or WZ A1(LO)/E1(LO) phonons. This Raman shift
FIGURE 13. Band gap values of the CdS-CdSPb-PbS. results from phase transition in thin CdS0-CdSPb films from

ZB due to doping, which should be about 18% and causes the

CdS:Pb-PbS0 nanoparticles. In our synthetic system, the irE1(TO) peak to shift from 240 cmt (original position in WZ
vestigations of CdS0-CdS:Pb-PbS0 formation indicated tha€dS) to 290 cmt. Since the observed peak for the annealed
the nucleation and growth were controlled. Firstly, Ndsa  CdS films was at 276 cm, they ruled out to TO phonon
strongly monodentating solvent, was ready to form relativelypossibility and we can attributed this peak to a shift in the
stable Cd* and PB* complexes. Next, the thiourea gener- E1(TO) peak WZ CdS. The peaks associated with confined
ates S~ ions slowly and homogeneously. ThéSions re- LO phonon modes, as well as their over tones (2LO), are
act with the Cd™ ions that chelated with NH3 in a reversible clearly seen for all CdS:Pb samples. For both optical modes
and effective pathway to produce CdS:Pb nanoparticles. LO and 2LO), characteristic broad shoulders contribute to
is observed that theflecreased with an increase in molar lower frequency tails and their origin can be ascribed to both:
fraction, the reason for this may be attributed to decreases ifi) the effect of optical phonon confinement50 and (ii) the
thickness CdS:Pb films [47]. surface optical phonons of spherically shaped embedded in

This fact clearly shows then that it enhances with Pb dopthe effective dielectric medium of CdS0. Raman spectra for
ing. In other words, this means extending tail states withirPbS0 contains bands at 140, 338, 425, 502, 590'crithe
the K that leads to the Enarrowing. E vs. Vpp+ are  major bands are at 141, 287 tim The strong band cen-
showed in Fig. 13, the values are in 2.1-2.4 eV range. Fotered at 140 cm! originates from the combination of longi-
the CdS0-CdS:Pb-PbS0 films, the incorporation of this doptudinal and transverse acoustic phonon modes in PbS crys-
ing agent, as well as a possible sulfur deficiency, will givetals [51]. The intense, narrow peak 68 cnT' and the
rise to donator levels in thegeof CdSO0. As the Y+ in- small peak at 45 cm' are acoustic modes of PbS [52]. These
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results are in good agreement with our XRD results and conratio of nanoparticles. The shifting of these modes can be at-
firm the formation of CdSO ZB structure and CdS:Pb W. Intributed to strain, stress effects, defects, phonon confinement,
Fig. 14 we observe two main peaks locatec~&72 and variation in phonon relaxation with GS and changes in the lat-
609 cnt! for CdSO films which correspond to 1LO modes tice parameters with GS [7]. PbS is a relatively weak Raman
and 2LO modes of ZB-CdS, respectively. The spectra indiscatter at room temperature and susceptible to laser-induced
cate the slightly shift LO mode towards high wavenumberdegradation upon intense irradiation. Here, relatively higher
side and the intensity increase of the Raman peaks by irpower (25 mW) is applied to irradiate the CdS:Pb and PbS0
creasing \pz+). A decrease in intensity with GS is expected samples in order to investigate their stabilities toward laser
due to phonon confinement, the magnitude of shift is largeirradiation rather that Raman spectrum of PbS0. The Ra-
than the 1 cm! reported for spherical CdS particles in the man spectra of the PbS0 sample, under irradiation, display a
same range [53]. Peaks are observed corresponding to scageak located at 155 nm with near absence of any peak, which
tering from PbS0 phase, which confirm the doping of Pb  suggest that it is the most stable [23]. According to earlier
ion in the host nanocrystals. Position of 1LO phonon peakseports for PbS materials, Raman peaks at 210, 271, and
(~309 cnT!) deduced from Raman spectrum of CdS:Pb is451 cnt! should be observed, corresponding to a one lon-
shifted toward higher wave number side in comparison withgitudinal optical phonon mode, a two-phonon process, and
the 1LO phonon peak position CdSZ297 cnt!) nanocrys-  two longitudinal optical phonon mode, respectively [56,57].
tals, which substantiates the formation of alloys nanocrysit is well-known that in a crystalline semiconductor, the ob-
tals. The peak intensity corresponding4d96 cnt! and  served Raman shift usually correspond to the longitudinal op-
~160 cnt ! was found increasing with M+ Soitis sug- tical phonons (LO), whereas other modes, such as the trans-
gested that the band belong to transition from CdS0 to PbS®erse optical phonons (TO) and the surface phonons (SP) are,
One more feature observed in the presents results is a weak general, not observable because of symmetry restrictions
shoulder at slightly lower number (275 crf) accompanying and low intensities, respectively. However, as the surface-to-
1LO peak. Such shoulder in CdS films has been attributedolume ratio is large for nanostructured materials, it is pos-
to the presence of E1(TO) phonon mode. This mode is presible to observe the SP mode by Raman scattering measure-
sented when the ZB and WZ structure are comparable in bulknents.

of the microcrystalline. This means that the structure has a

higher degree of disorder, and crystallites have many small

regions of ZB-CdS0 coexisting with many small regions of4. Conclusions

WZ-CdSO0 [54]. Thus for ZB structure, only one triply de-

generate mode is Raman active. For the WZ-CdS0 structhe effect of Vfpiz+; on the morphological, crystal struc-
ture the analysis result in 2A1+2B2+2E1+2E2 modes, out ofure, optical band gap properties of thin films has been in-
one, Al and E1 are acoustic modes; B1 is silent mode givingestigated. The composition study showed that these films
A1+E1+2E2 optical Raman-active modes. Thus, if the strucwere stoichiometric slight in sulphur deficiency. The XRD
ture is WZ more number of modes is expected. The sped?attern revealed the films are crystalline with average grain
tra indicate that the modes intensity decreases by increasirigze decreased withMp-+) increasing. These films displayed
Vipe+. A similar trend with increasing Co concentration ~ @lso large final thickness and their surface morphologies
in CdS growth by implantation has already been reported an@ere composed of small grains with an approximate size of
explained as due to GS effect in the films [7]. The failure27-12 nm. Optical absorbance measurements indicated the
to observe differences between the CdS:Pb, CdS0 and Pb&gistence of direct transition with corresponding energy gap
spectra could be due to one or several of a variety factordn @ 2.1-2.4 eV range. These films also exhibited a good
The smallest diameter produced in this studyi5-24 nm. transmittance of about 60% in visible and near infrared re-
Additionally, the XRD results suggest that the nanoparticlegions of the electromagnetic spectrum, allowing their use as a
produced and the nanocrystals consist of the string of crysvindow layer in high efficiency thin films solar cell. In sum-
tallites whose average lengths are no much greater than theftary, we have found an efficient process to introduc& Pb
diameters, hence the apparent anisotropic effect of the sariPns into the CdS lattice with, practically, no large damage to
ples may be far less than that suggested by the overall aspfe lattice.
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