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G. Hernandez TélleZ, K. Baxin Sanche?, S. Cruz Crui’, U. Pefia Rosafs R. Gutiérrez
PéreZ, R. Palomino Merind’, J. I. Contreras Rascofiand O. Portillo Moreno?

®Lab. Sintesis de Complejos, Facultad de Cienciasn@as, Benemérita Universidad Autonoma
de Puebla. Puebla, Pué., México
PDpto. Ing. Quimica, Universidad Politécnica de T|akv. Universidad Politécnica No. 1, San
Pedro Xalcaltzingo Tepeyanco, Tlax. México
“Facultad de Ciencias Fisicomatematicas, Posgrad®ptoelectrénica, Benemérita
Universidad Autébnoma de Puebla. Puebla, Puebla, ,México

ABSTRACT

The growth of nanocrystallinePbS films by chemicath (CB) onto glass at a temperature T = 40 + 2%C
reported. The morphological changes of the layeesewanalyzed by Atomic Force Microscopy.X-ray diffion
spectra displayed peaks af 2 (26.00, 30.07, 43.10, 51.00, 53.48), indicatgrgwth on the zinc blende face. The
grain size determined by X-rays diffraction of tnedoped samples was found ~32 nm, whereas witkddped
sample was 25-15 nm.In optical absorption, forbidtand gap energy shift disclose a shift in thegeath.2-2.0 eV.
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INTRODUCTION

Lead sulfide (PbS) is one of the most importantowband compound semiconductor widely used asiiet
sensor due to is 0.4 eV direct band gag).(Eollowing the pioneer theorical study of semidoctor nanocrystals
(NCs) by Brus, tremendous efforts have been madgnithetize nanocrystalline with quantum size affdt, 2].
PbS semiconductors NCs are of great interest fir umdamental research and technological apptinatbecause
of the optical and electrical properties are likeyplay a key role in the emerging new field ohogchnology in
applications ranging from optoelectronics to chethigensing devices [3]. Due to this effegt & the material
increases as the size of the particle decreasés.pfbperty makes it an excellent candidate foroagéctronic
applications in many fields such as photographyddectors, solar absorbers, light emitting devared solar cells
[4, 5]. As the diameter of the semiconductor clistaapproaches the exciton Bohr diameter, itscteteic
properties start to change. The discrete struatfirenergy states leads to a discrete absorptioctrsime of NCs.
Thus, one observes an increase in theflsemiconductor with a decrease in the partide [5]. Various NCs such
as nanorods [7], nanowires, [8], star-shaped [AH dendrites [10], chemical bath [11, 12] of Pb&ehdeen
synthesized. The confinement effect appears asifa ishabsorption spectra and the absorption to eow
wavelengths, which is due to a change in thar control over assembly through the preparationess. Thus, on
this frame of reference, in the present work attehgs been made to prepare PbS arfttd&iped nanostructured
films by chemical bath (CB), in order to investigattructural and optical properties of undoped doged-PbS
films [13].
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CHEMICAL REACTIONS AND EXPERIMENTAL PROCEDURE

The reactions for the growth of PbS films dopedhvBi**weredetermined by employing the cell potential ealin
basic media as reported [14, 15]. The aforementicteps allow the slow process at the substrafacauto take
place predominantly over direct hydrolysis of thieain the bulk of the reaction bath as follow [12, 15]

SC(NH,), + 30H™ & C0%™ + §* + 7H* (1)
[Pb(NH3),]?" + Pb + S?~ & PbS + Pb%** + 4NH;

AG°= + 335.48 KJ (2)
[Pb(NH3),] %t + H,S + 5% © PbS + 4NH; + S + 2H* + 2e

AG® = + 362.88 KJ (3)
HPbO™ + H,0 + [Pb(NH3),] ** + H,S + S~ © PbS + 4NH; + S + 2H* + Pb + OH™ + Pb**

AG® = +799.48 KJ (4)
SincedG° > 0, and as such, the reaction is not a spontaneocs$s.

Bi3* 4+ 3e © BiAG°® =-89.16 KJ (6)

Preparation of polycrystalline PbS thin films ommgg substrates was performed at a temperaturédaf 24C for
undoped and doped withig,; grown by CB and pH = 11.0. The growth of PbS filwith six different levels of
doping Mgi2+; Were obtained by the additian situ 5, 10, 15, 20, 25, 30 mLs in the solutions folSRirowth
Pb(CHCG),(0.01 M), KOH (0.5 M), NENO;(1.5 M), SC(NH), (0.2 M) [13, 15]. The samples were labelled as
PbSO0 for the undoped sample and PbSBi5-PbSBi3théodoped samples. The optimal concentration ofiteng
solution [V giz+] Bi(NO3), (0.031 M) was determined after several trials, IUiiths had attained good adherence.
This solution is routinely added to the reactioxtunie during the growth of the PbS films [13, 15].

The Atomic Force Microscopy (AFM) images of therfl were obtained by a Nanoscoped E model contade mo
AFM. The crystalline structure characterization wasried out by X-ray diffraction (XRD) patternsgistered in a
D8 Discovediffractometer, using the Culine. The optical absorption spectra, measuredi@yimg a Unicam
8700 Spectrometer, allow to calculate the forbiddand gap energy gEby using théahv)?vs. hv plot, wherex is
the optical absorption coefficient ahd the photon energy.

RESULTS AND DISCUSSION

Atomic Force Microscope (AFM)

The surface images in an area ofit0x10um of the PbS0-PbSBi thin films obtained by AFM ah®wn in Figures
1.Shown the 3D:g) PbSO0 indicate that growth of small grain disttéalis rather different from each other indicated
regular growth rate of the graink) (PbSBil5 the grain density reduced indicating shmller grain of PbS doped
Vgiz+ the size of the grain is noticed. The surface roegh is very small (6.5 nm) [13])(PbSBi30 shows that the
small spherical nanograins of approximately 40-2@ size were uniformly distributed over the smooth
homogeneous background of crystalline phase
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(a) (b) (c)
Figure 1. Images of Force Atomic Microscope PbSO-MBBi thin films. (a) PbS0 (b) PbSBi15 (c) PbSBI30.
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Figure 2. Diffractograms of X-ray (XRD) for doped and undoped PS0-PbSBi films.
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X-Ray Diffraction (XRD)

Figure 2 shows diffractograms XRD of PS0-PbSBi éilrBuch X-ray spectra display peaks located ataff@ving
angular positions: 2= (26.00, 30.07, 43.10, 51.00, 53.48).All thedérakition peaks can be perfectly indexed to
diffractograms of PSO-PbSBisamplesdisplaying tinetdende (ZB) crystallinephase according to refeegmatterns
JCPDS 05-0592. However, the sample PbSBil5 shogak B = 28.605°, (211) defined XRD peak identical with
the mineral bismuthinite (Bs;, PDF 17-0320). The XRD spectra for PbSBIO, indigatither the existence of a
larger number of (111) planes or that the (111phgdahave a lower number defects [16]. The low Bitgrpeaks
observed in the XRD patterns of the doped PbSBi2BH?30 samples indicates that the films are coprieé
crystallites or nanocrystalline [17]. The displayzattern is due to an amorphous glass substrat@laadossibly
due to some amorphous phase present in the Pbgialtite size of films. There are two main possibhuses for
peak broadening. The first is an increase in hgtateity of the films due to the occupation of ‘Bito the host
lattice. This phenomenon may be attributed to thyeirdy effect [13, 18]. A second cause is a decreasgystallite
size, these effects are associated whit the nasiatsydoped-PbSBi with Mz, in the regime were the cluster
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mechanism is dominating (on the contrary to filmsvgn via ion-ion mechanism, were the crystal sizes arger),
and consist of PbSBi nanocrystals embedded in parept matrix of PbS.

A possible explanation to this experimental fact ba given as follows: The ionic radii data aré?Pb1.21 A, $ =
1.84 A and Bi* = 1.10 A, and therefore, for a relative low cortcation of BE* ions a majority can be located if (
PE* vacancies sites, which otherwise would be emip}yir{ PK* sites causing the appearance of'Riterstitial,
and {ii) in interstitial positions. It can be mentioneatthhe stable crystal structure of PbS, as a restien BF*
occupies more and more sites of Pim the host lattice, internal strain would arised the crystal structure of
PbSBi solid solution becomes unstable. In ordestabilize the crystal structure, the grain sizeetuced to release
the strain. Figure 3 shown average grain size (@SMgis+) for PbS0-PbSBi samples corresponding to the (220)
plane.
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Figure 3. Average grain size (GS) vs. ¥s+; for PbS0-PbSBi samples corresponding to the (220)gme.

In this Figure can be observed that GS reducesnitbe seen for the PbS0, GS ~33 nm, and that $hdeGreases
for doped samples 25-15 nm range [13]. As th& Boncentration is increased, the diffraction pehksome
broader due to reduction in the grain size. At il of Vjgis+;, the PbSBi can be considered a doped material [13,
15]. The effect of the GS decrease by the dopifecehas been reported in films of PbS doped [A9)ecrease in
the degree of order of crystallites is expectedetnl to enhanced growth of stable nuclei at thegalnstages of
growth, followed by impaired grain growth, and hemesulting in smaller grains in the Bi.

ABSORPTION SPECTRA

The absorbance spectra ¥swith various Bi content are depicted in Figurdthese spectra we appreciated that
the absorbance decreases with the concentratiggefi. The intensity of the absorption increases stgauiih the
Bi content, and this is similar to most other réparn PbS nanoparticles [21]. The spectra of lagbiey an
absorption onset of 600-700 nm with one salienukter at around 650 nm. A broad absorbance contincan be
seen rising from a long wavelength tail and peaR0-650 nm for PbSBi1l0 and PbSBil5 layers. Theséaxc
peaks were attributed to a ABS, transition [21]. Likewise, the intensity of thesalption increases steadily with
the Vigis+), and this is similar the most other reports on Rafoparticles [22, 23]. The absorbance specttayefs
show an absorption onset of 500 nm with one salgmaiulder around 600 nm. The excitonic absorptieakp
reported at ~600 nm is well-known that this peaktiengly related to surface change separationpatetization
effects [23]. A broad peak located around ~655 trB €V) appears after PbS nanocrystals produce.ehbegy
transitions in both electron and hole levels of RBSocrystals was revealed in four major typesfHe,, S-Py, Pe-

S, and R-P, transitions [24].These exciton peaks were attribuie a 1$1S, transition. The intensity of the
absorption increase steadily with thg}/;, and this is similar the most other reports on RaSoparticles [22]. The
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excitonic absorption peak has been reported at A6O(R5]. This is a clear indication of the quantaamfinement,
since the average GS of the PbSBi nanocrystaleigxciton Bohr radius (18 nm). One the reasonslisence of
exciton absorption peaks in the spectrum of PbSergstals is that the nanocrystals are confindgt ontwo

directions and the third dimension is extendedsThay washout the exciton absorption peaks in leigibgion
[26].
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Figure 4. Absorbance spectra vs. with various Bi content.
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Figure 5. tws. (@hv)?plot for the nanoparticle PbS0- PbSBi film.
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The direct  were obtained from linear portion ¢&hv)? vs. hv plot, through the intersection of the straighelin
with the axis of the photon energy, agvalue is obtained in a similar way to all samplés[6 figure 5, theplot of
(ahv)? versushv for direct transition of PbS0-PbSBi layers is thsed. The confinement effect appears as a shift in
edge of the absorption spectra and the absormidower wavelengths, possibly due to the decreaed and the
decrease in number of defects. It is clearly seem the optical spectrum an absorption edge shifatd a lower
wavelength in doped films. This clearly indicatesimcrease in the fas a result of Bi-doping. Doping of PbS with
Bi** is expected to alter the optica) Between 0.41 eV (fof PbS) and resulting ternary PbSBi alloy [13,. 1By,

the observed large modification of ternary PbSRiyaand existence of strong quantum confinemetiigmsystem.

Previously, there were reports about very larg&&eshift in PbS quantum dots (QDs), which washaited to the
presence of localized surface states or trap St2fésThe excitonic peak at 1.73 eV is frd@ to 'S, which is also
the optical f of this size PbS QDs. Though there has been debateassignment of the excitonic transition a21.4
eV, assign it asP, to 'P.. The excitonic at 1.66 eV, 1.86 eV, 2.157 eV,due to higher energy transitions frdby,

to 'De, %S, t0 °S, and?P, to °P,, respectively [27]. Emission band at 433 nm aneallg related to the transition of
electrons from the conduction band edge to hotepped at interstitials Pbsites, the emission at about 433 nm
presents a Stocks shift compared to the absorptoid edge (226 nm) in the UV-vis absorption speldith The
emission peak observed at 1.9 eV corresponds toSH® transition which is a lowest energy exciton. The
possibility of obtaining PbS optical,EEanging from 0.41 eV by varying the crystallin@mieter from 13 nm to 23
nm was reported [22].The Figure 6 showgusEVg;s4; plot for the nanoparticle PbSO- PbSBi film.
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Figure 6.E4vs.Vsis+) plot for the nanoparticle PbS0- PbSBi film.
CONCLUSION

In summary, we have found an efficient processntmduce Bi* ions into PbS lattice with, practically, no large
damage to the lattice. XRD spectra shadn=2(26.00, 30.07, 43.10, 51.00, 53. 48), which bglto the ZB phase.
The grain size lies in the interval of 33-15 nmiCgd absorption spectra are quantified for the Bildfm in which
the redshift of Eis associated with the decrease of the averagé-@8idden band gap energy,)Bhift disclose a
shift in the range 1.2-2.0 eV.
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