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Optical and structural properties of PbS:Bi** nanocrystals
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We report here the growth of nanocrystalline PbS thin films by chemical bath and the effects of doping on the structural and electronics
properties as a function of Bf concentration. Doping of such PbS films with®Biproduces considerable optical and structural changes

that have an effect on the material properties. The morphological changes of the layers were followed by Atomic Force Microscopy (AFM)
and Scanning Electron Microscopy (SEM). X-ray diffraction (XRD) spectra show growth of the zinc blende phase. The grain size for the
undoped samples was found to k€32 nm, whereas that for the doped samples was 25-15 nm, thus confirming AFM and SEM results. A
conspicuous shift for the forbidden band gap energy was observed by optical absorption from 1.2 eV for the undoped samples to a 1.7-2.0
eV range for the doped films.

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

1. Introduction their size-dependent properties and potential applications in
diverse areas. The nature and concentration of dopants are
In recent years there has been an increasing interest in thesponsible for particular properties and efficiencies of semi-
synthesis of nanomaterials due to their outstanding physiconductor NCs. The structural parameters such as crystalline
cal and chemical properties and their potential applicationsphase, grain size etc. is strongly dependent on the deposition
Following the pioneer theoretical study of semiconductorconditions. The key requirements for many of these appli-
nanocrystals (NCs) by Brus [1], tremendous efforts have beepations are the doping of PbS with various elements for en-
made to synthetize NCs with quantum size effects [2] and ihancing and controlling its optical and electrical properties.
has been proposed that, because of their optical and electrfhe |V-VI NCs thin films doped with various metals ions lead
cal properties, these semiconductor NCs are likely to playo different effects and have attracted major attention as the
a key role in optoelectronic applications including chemicalimpurity-atoms doping into the NCs provides sharp atomic
sensing devices [3]. Quantum size effects are usually fountkvels for capturing exciton electrons and holes from the host
in nanocrystallites measuring less than 10 nm observing thalemiconductor lattice.
the band gap (f of the material increases as the size of the Y . o .
particle decreases. This property makes it a candidate for ence investigation of the role of dopant concentration on

opto-electronic applications in many fields such as photogra?trucmral' optical properties of doped semiconductors NCs

phy, IR detectors, solar absorbers, light emitting devices anltf Very important from the viewpoints of basic physics as

solar cells [4,5]. For a photo-electrochemical solar cell, theWeII as applications. Thus, on this frame of reference, in

ideal band gap (B of semiconductor should bel.6 eV. The the present work we prepare undoped and"Bdoped PbS

discrete structure of energy states leads to a discrete abso'_rbqnostructured films by means of the green method of chem-

tion spectrum of nanocrystals (NCs). Thus, we can observlé:al bath (CB), in order to investigate their structural, optical

an increase in the Fof semiconductor with a decrease in the properties [13].
particle size [6]. Various nanostructures such as nanorods [7], Characterization of the thin films was made by Scan-
nanowires, [8], star-shaped particles [9], and dendrites [10] ofing Electron Microscopy (Model JSM-6610LV, JEOL). The
PbS have been synthesized. The confinement effect appeatemental composition was obtained by an energy disper-
as a shift in absorption spectra and the absorption to lowesive spectrometer (Oxford Instruments, INCAx-act). Surface
wavelengths, which is due to a change in theald control  roughness of the film was observed using an atomic force
over the assembly or aggregation of particles [11,12]. microscope (AFM, JSPM5200, JEOL, Japan). The X-ray
Thus, intrinsic semiconductor PbS thin films have beerdiffraction patterns of the solid samples were acquired in a
studied extensively during the past few decades to explor®8 Bruker Discover Series 2 diffractometer with Cy kadi-



OPTICAL AND STRUCTURAL PROPERTIES OF PBS:Bt NANOCRYSTALS 357

ation of wavelength\ = 1.5408 A. Diffraction intensity was  was carried out by chemical bath (CB) at a temperature of
measured betweer? Swith a 2q step of 0.02and a counting 40 4+ 2°C and pH = 11.0. The PbS films with six different
time of 0.6 s per point. The crystalline phases were identifiedevels of doping (\g;s+]) were obtained by the in situ addi-
by means of the JCPDS (Joint Committee of Powder Diffraction of 5, 10, 15, 20, 25, 30 mLs of Bi(N{}, in the solutions.

tion Standards) database It was operated at 40 kV and 40 mAhe quantities of the other reagents and reaction conditions
The grain size was determined utilizing the Scherer’s forwere analogous to those used in previous works [13,15].
mula on XRD patterns. The optical absorption studies were
carried out using a UV-VIS-IR spectrophometer (Cary-5000)
in the 300-900 nm wavelength range at room temperature,
determination of the wavelength of absorption maxima with
< 0.5 nm accuracy, to calculate the forbidden band gap en-
ergy (E£,) by using the ¢hv)? vs. hv plot, wherea is the
optical absorption coefficient arid’ the photon energy.

2. Chemical reactions and experimental pro-
cedure

The reactions for the growth of PbS films doped witl Bi
were determined by employing the cell potential values in
basic media already reported [14]. Worth-noting is the for-
mation of the coordination complex [Pb(NH]?*, which

is relevant for the release of Pbions and their slow re-
action with $~ ions that, under these conditions, lead to
the spontaneous formation to the PbS precipitate in an eas-
ily controlled process [15]. (a) The coordination complex
[Pb(NHs),4]%* is generated indirectly from NH4NO3. (b)
The S~ ions are present in the solution and are generated
from the thiourea decomposition in alkaline solution. (c) In
this work B+ ions were chosen as dopant to investigate the
optical and structural changes considering that the ionic ra-
dius of BB+ (Pb™2 = 0.84A, Bi3*+ = 0.74A) is smaller than
that of P3* ion, allowing its incorporation into the crystal
lattice. Therefore a water-soluble salt providing'Biions

was chosen. This is a condition for using the green CB tech-
nigue, which is performed in aqueous solution. The above-
mentioned steps allow the slow process of deposition onto the
substrate surface to take place predominantly over the direct
hydrolysis of thiourea in the bulk of the reaction bath [12]:

SC(NH3)z + 30H™ < COZ™S? + THT 1)
[PB(NH3)4]?" 4 S~ < PbS+ 3NH}

AG® = +335.48 KJ @)
Bi*" + 3¢ « Bi

AG° = —89.16 KJ (3)
[PB(NH3)4]?" 4+ S*~ + Bi®* < PbSBP" + 4NH;

AG? = +273.72 KJ (4)

From Eg.(4), the free energy change is positive, so this
reaction is not spontaneous and favours the incorpora-tion of
Bi in an ionic form under the working conditions (pH, tem-
perature, stirring and reagents concentrations).

The preparation of polycrystalline PbS thin films, un-
doped and doped with s+) volume, on glass substrates FIGURE 1.
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FIGURE 2.

The samples were labelled as PbSO0 for the undoped sampdgowth of grains and therefore the particle size distribution
and PbSBi5-PbSBi30 for the doped samples. The solutionis rather broad. Doping with B for sample PbSBi15 re-
were thoroughly mixed and the final solution was heated teults in a concomitant grain size reduction as can be seen
40+2°C during 0.5 h, with the substrate remaining inside thein (b). The surface roughness for the film is very small
solution. The optimal concentration of the doping solution(6.5 nm) [13]. Figure (c) for the PbSBIi30 film shows that
(V[giz+)) Bi(NOs3)2 (0.031 M) was determined after several the small nanograins, of approximately 40-20 nm in size, are
trials, until films had attained good adherence. The colour ofiniformly distributed, forming a smooth homogeneous crys-
the chemical bath changed from a colourless and transparetatline film. The effect of increasing the Bt dopant on the
solution to a black and turbid one in less than 15 min. grain size becomes apparent when comparing the AFM im-

ages for samples PbhSBi15 and PbSBi30.

The elemental analysis was carried out only for Pb, S and

3. Results and discussion Bi, with the average atomic percentage of Pb and S for un-

doped and doped samples. The quantitative analysis of the
The 2D and 3D surface images for2ax 2 um area of films was carried out by using the energy dispersive spec-
the PbS0-PbSBiI thin films obtained by AFM are shown intrometer (EDAX) technique at different points to study the
Fig. 1: (a) which corresponds to the PbSO sample, shows stoichiometry of the films. In Table | are compiled the atomic
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concentrations of Pb, S and Bi. It can be appreciated how the L

: o . ) ; PbSBi30
concentration of Bi in PbS films increases, reaching a per- BESEI%
cent value of Bi = 15.22. In this case, wher’Bienters as b

substitute of Pht, for each PB' ions a $~ vacancy would o e Ezgg'ﬁ
be needed for charge balancing purposes. This could be oni _MM i !
of the reasons for the decreasing of S concentration in Ta-g o gsgs:g
ble 1. Probably for the higher s+, values considered here, 5 ”"”"””A‘“:gfw“
the material obtained cannot be considered as doped semig ] T
conductor; actually, the material can be similar to a solid so- o
lution of Pb _,Bi,S [13], when B#t+ enters as substitute of %
PB**. The SEM micrographs of PbS0-PbSBi films are shown E

c

in Fig. 2, with scale bar: 0.km. In these films: PbSO0, Pb-
nSBi05, PbS15Bi, PbS30Bi, the uniform surface morphol-
ogy can be observed. The SEM micrographs show that the
particle grain size decreases with g;V:) increase concen-
tration. As can be seen, the granules are made of different
sizes. The films with doping levels of s+ 10, 20, and

PbS0O

‘%.(1 1)
la(222)
Ee(400)
e (331)
L o(420)

=
<

25 mLs are not shown. A very adherent film with red metal- 2 ] 40 50 60
lic aspect was obtained in the doping samples, revealing con- 20 (degree)
tinuous compact polycrystalline films. The granules are of \GURE 3.
different sizes; we can conclude that the doping plays a vita
rule on the morphological properties of the PbS thin films. 30 ]
As shown in Fig. 2(a), with PbSO0 the pyramidal crystallites e
are uniformly distributed over the surface, yielding thin films ]
with strong compactness. The coalescence of crystallites or 0]
thin films surface affirms their privileged orientation along — 27
(200) direction. Nevertheless, in Fig. 2(b), (c) and (d), a fat E 26 ] m
uniform structure can be seen, which in a compact way car- & 24
pets the substrate surface with PbSBi crystallites of various < 22 -
sizes. The mean size of PbSBi crystallites depends on thes 2o |
doping concentration in the bath solution. © 18] .
Figure 3 shows the diffractograms for the series of sam- 16 - n = -
ples. Such X-ray spectra display broad peaks located at the 14 | ) -
following angular positions20 = 26.00, 30.07, 43.10, 12 : : : : : : i
51.00, 53.48. However, sample PbSBi15 shows, in addi- 0 5 10 15 20 25 30
tion, a well-defined peak &) = 28.605, corresponding to Vi PR

the (211) XRD plane identical to the mineral bismuthinite FIGURE 4

(Bi2S3, PDF 17-0320). The first observation about the dep- '

osition process developed withgy-+, consists in the change chemical deposition is that the solubility product (ksp) of
of the induction period of PbSBi precipitation. The induction the base film is lower than that of the subsequent film. In
period is defined as the interval of time elapsed from addinghe present case, ksp is 10° (mol dm~*)° for Bi,S; and

the last reagents to the reaction mixture up to the momerit0~2* (mol dm~3)? for PbS at room temperature. The inten-
when the precipitate becomes visible. More exactly, it is thesity peak is reached for the PbS0 sample, indicating either the
time for initiation of the homogeneous chemical precipita-€existence of larger num-ber of (200) planes or that the (200)
tion. Comparing the induction period, we a decrease for th@lanes have lower number defects [16]. The low intensity
preparation performed in the presence of Bi salt solution i{111) and (200) peaks observed in the XRD patterns of the
the bath can be observed. The increase in nucleation centeigped PbSBi20-PbSBi30 samples indicates that the films are
density in both cases can explain this behaviour. In our casegparsely fine crystallites or nanocrystalline [17].

it is a fact that the Y45+ accelerates the nucleation process ~ The average crystallite size was calculated using the well-
either in the solution or on the substrate. We supposed that, &§own Debye- Scherer’s formula:
aresult, \fgjs+) for PbSBi15 sample act as supplementary nu- 0.9\
cleation centers leading to Bi2S3 impurities. In contrast for GS = Beosd
other films, Bi2S3 are in-soluble in this conditions ofV+, .
excess; thus, the small Bi2S3 particles act as nucleation ceiwVhere is the wavelength (1.5408), 5 is the full width at
ters contributing to the decreases of inducting period for hohalf maximum (in radian) of the peak afdds Bragg’s angle
mogeneous precipitation. The usual guideline for sequentiabf XRD peak.

®)
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Figure 4 show the average grain sizey) vs. Vgs+ for _
PbS0-PbSBi samples corresponding to the (220) plane. In 1.7 |
this Figure we can be observe that GS reduces, as for PbSCg
with GS ~33 nm, and that GS decreases for doped samples ¢ 3 167
in the 25-15 nm range, thus confirming AFM and SEM re- =, 5
sults. There are two main possible causes for peak broad-
ening. Firstly, an increase in heterogeneity of the films due 1.4
to the occupation of Bif into the host lattice. This phenom- i3]
enon may be attributed to the doping effect [13,18]. A second '
cause is a decrease in crystallite size, these effect are ass¢ 124 @
ciated to the doped PbSBi nanocrystals witfa;3; in the
regime where the cluster mechanism is dominating (on the Ll T - T T T T
0 5 10 15 20 25 30

contrary to films grown via ion-ion mechanism, where the
crystal size was larger), and consist of PbSBi nanocrystals V[B”[mls}
embedded in an apparent matrix of PbS. The ionic radii data
are P2 = 0.84A, S>~ = 1.84Aand B+ = 0.74A; there-  FigURe 7.
fore for a relative low concentration of Bf ions a majority
can be located in (i) P vacancies sites, which otherwise tinuum can be seen rising from a long wavelength tail and
would be empty (ii) in Pb2+ sites, causing the appearance gfeaks at-350 nm. In these same spectra the fact that the ab-
PB** interstitial, and (iii) in interstitial positions. It can be sorbance decreases with the concentration BfM can be
mentioned that as a result, the stable crystal structure of Pb8bserved.The intensity of the absorption increases steadily
when BT occupies more and more sites of’Phin the host  with the Bi content, and this is similar to most other re-
lattice, internal strain would arise, and the crystal structurgyorts on PbS nanoparticles [21]. The spectra of layers show
of PbSBi solid solution becomes unstable. In order to staan absorption onset of 600-700 nm with one salient shoul-
bilize the crystal structure, the GS is reduced to release thé@er around 650 nm. A broad absorbance continuum can
strain. As the Bi* concentration is increased, the diffraction be seen rising from a long wavelength tail and shoulder at
peaks become broader due to reduction in the GS. At this.350-600 nm for PbSBi15 and PbSBi30 layers. These ex-
level of Vgis+), the PbSBi can be considered a doped maciton peaks were attributed to &3S, transition [21]. The
terial [13,15]. The effect of the GS decrease by the dopingntensity of the absorption increase steadily with thg:V,
effect has been reported in films of doped PbS [19]. and this is similar to most other reports on PbS nanoparti-
The absorbance spectra vs.of various PbSBi samples cles [22]. It is well-known that this peak is strongly related
are depicted in Fig. 5. Typical absorption spectra within 30040 the surface charge separation and polarization effects, and
900 nm of the PbS0-PbSBi layers as a broad absorbance cois-thus sensitive to changes on the surface molecules [23].
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The absorbance spectra of layers show an absorption onsetBifiough there has been debate over assignment of the exci-
500 nm with one salient shoulder around 600 nm. The extonic transition at 1.42 eV, ascribed 58, to ! P.. The exci-
citonic absorption peak is reported &625 nm. A broad tonic peaks at 1.66 eV, 1.86 eV, 2.157 eV, are due to higher
peak located around-655 nm (1.9 eV) appears after PbS energy transitions fromDy, to 'De, 2S, to 2S, and 2P, to
nanocrystals produce. The energy transitions in both elePe, respectively [27]. The emission peak observed at 1.9 eV
tron and hole levels of PbS nanocrystals was revealed inorresponds to the S5, transition, which is a lowest en-
four major types, the 85, Se-Pn, Pe-Sy and R-P, transi-  ergy exciton. The possibility of obtaining opticaj Eanging
tions [24]. These exciton peaks were attributed t@-1§,  from 0.41 eV by varying the crystalline diameter of PbS from
transition. The intensity of the absorption increase steadilyi2 nm to 2 nm has been reported [21].

with the Vigis+)], and this is similar to most other reports on A large number of defects like vacancies, interstitials,
PbS nanopatrticles [22,25]. etc. can act as trap centers and affect the optical absorption.

This is a clear indication of the quantum confinement, Therefore, an increase in the optical band gap can be pri-
since the averagé&'S of the PbSBi nanocrystals is the ex- marily associated with defect-induced band tailing due to the
citon Bohr radius (18 nm). This may washout the excitoncreation of localized energy states near the band edges [29].
absorption peaks in visible region [26]. The fundamental abTherefore, such a strong absorption level has been attributed
sorption, which corresponds to the electron excitation fronto the formation of nanoparticles in high concentration of
the valence band to the conduction band, can be used to ddeping Bi*. The absence of any excitonic absorption struc-
termine the nature and value of the optical band gap.(E ture in absorption spectra may be due to two main reasons:
The procedure consists of plotting versushy and extrap- first, the weak exciton binding energy because of strong
olating the linear region of the curve to the energy axis; theCoulomb screening in narrow gap semiconductors and sec-
intercept being identified as the, EFigure 6 shows the plot ond, the existing size distribution of nanocrystals [30].
of (ahv)? versushv for direct transition of PbS0-PbSBi lay-
ers. The confinement effect appears as a shift in edge of the
absorption spectra and the absorption to lower wavelengthé. Conclusions
possibly due to the decrease@®®. It is clearly seen from
the optical spectrum an absorption edge shift toward a lowek summary, doped thin films with varying concentration of
wavelength in doped films. This clearly indicates an increas®i’* ions were prepared from chemical bath. This is an effi-
inthe E, as a result of Bi-doping. Doping of PbS with*Biis cient and green process to introducéBions into PbS lat-
expected to alter the optical,Bbetween 0.41 eV (Eof PbS)  tice with, practically, no large damage to the lattice. Prefer-
and resulting ternary PbSBi alloy [13,19]. However the fun-€ntial orientation along (200) plane for samples indicates that
damental E (0.41 eV) for PbS0 is not observed in this work. doping favours the three dimensional growth of the films. Im-
Possibly a solid solution with of PbS with Bi is formed, as  Provement in crystallinity accompanied by enhancement in
shown by the DXR results, since a small shift is seen in thedrain size is observed up to optimum concentration. XRD
diffraction peaks. patterns shov2d = 26.00, 30.07, 43.10, 51.00, 53.48,

The Fig. 7 shows Evs. Vgis+| plot for the nanoparti- ~ Which belong to the ZB phase. Doping improves surface mor-
cle PbS0-PbSBi films. Previously, there were reports abouphology to a great extent. The grain size lies in the interval
very large Stokes shift in PbS quantum dots (QDs), whichPf 33-15 nm. Optical absorption spectra are quantified for the
were attributed to the presence of localized surface states &0SBi film in which the red-shift of [is associated with the
trap states [27]. The excitonic peak at 1.73 eV is frofy ~ decrease of the averagks. Forbidden band gap energy,(E
to 'S, which is also the optical Fof this size PbS QDs. shift discloses a shift in the 1.2-2.0 eV range.
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