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F.A. Fernández-Lima a,b,∗, Y. González-Alfaro c, E.M. Larramendi c, H.D. Fonseca Filho b,
M.E.H. Maia da Costa b, F.L. Freire Jr. b, R. Prioli b, R.R. de Avillez d, E.F. da Silveira c,

O. Calzadilla c, O. de Melo c, E. Pedrero c, E. Hernández c

a Instituto Superior de Tecnologı́as y Ciencias Aplicadas Ave Salvador Allende esq. Luaces, s/n, AP 6163,
CP 10600, Ciudad de La Habana, Cuba
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bstract

Polycrystalline thin films of lead sulfide (PbS) grown using substrate colloidal coating chemical bath depositions were characterized by RBS,
PS, AFM and GIXRD techniques. The films were grown on glass substrates previously coated with PbS colloidal particles in a polyvinyl alcohol

olution. The PbS films obtained with the inclusion of the polymer showed non-oxygen-containing organic contamination. All samples maintained

he Pb:S 1:1 stoichiometry throughout the film. The amount of effective nucleation centers and the mean grain size have being controlled by the
ubstrate colloidal coating. The analysis of the polycrystalline PbS films showed that a preferable (1 0 0) lattice plane orientation parallel to the
ubstrate surface can be obtained using a substrate colloidal coating chemical bath deposition, and the orientation increases when a layer of colloid
s initially dried on the substrate.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polycrystalline PbS thin films are currently attracting interest
ainly due to their potential as infrared detector materials [1,2].
hese films can be obtained by several methods [3,4], but chem-

cal bath deposition (CBD) is mostly used due to its low cost and
he quality of the obtained films. The manufacture of advanced
lectronic devices with desired physical properties requires the
vailability of semiconductors films with controllable composi-
ions, grain sizes and orientations. Indeed, the photosensitivity
f the PbS polycrystalline thin film has a strong dependence with
heir structural and morphological characteristics [1,5].
The use of organic modifications of inorganic surfaces to
romote the formation of films from liquid media has been a
ecent trend in thin films deposition. More recently, organic
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elf-assembled monolayers have been used to tailor the chemi-
al characteristics of substrate surfaces [6–14]. Many methods
ave been developed to fabricate PbS nanoparticles in micelles
15], polymers [16], zeolites [17], and monolayer surfaces [18].
he oriented crystallization of nanoparticles has been observed

n the growth of PbS nanocrystals mediated by surfactant-
olymer templates [19–26]. The effect of surface structure
n photosensitivity in PbS thin films grown using a substrate
olloidal coating chemical bath deposition has been reported
5].

In this paper, we describe the influence of a colloidal coat-
ng of the substrate surface (PbS particles in a alcohol polyvinyl
olution) on the growth of PbS polycrystalline thin films by
hemical bath deposition (CBD), using Rutherford backscatter-
ng spectrometry (RBS) and X-ray photoelectron spectroscopy
XPS) for the analysis of the elemental composition, thickness

nd stoichiometry of the films. In addition, the topography and
tructure of the films were characterized by grazing incidence
-ray diffraction data (GIXRD) and atomic force microscopy

AFM).

mailto:lazaro@vdg.fis.puc-rio.br
dx.doi.org/10.1016/j.mseb.2006.09.029
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. Experimental details

The samples were grown using a traditional method of chem-
cal bath deposition; its characteristics have been described in
etail elsewhere [5]. It involves a previous seeding of germs on
glass substrate from a seeding solution to form a very thin

ayer. Afterwards the substrate is introduced in the solution of
rowth, until the film attains the desired thickness or the reaction
s completed. The seeding process regulates the concentration
f germs initially formed, ensuring a homogeneous distribution
nd a good adherence between film and substrate.

Before the immersion of the glass substrates into the growth
olution, they were mechanically cleaned with detergent and
insed in bi-distilled water (A). After that, three types of substrate
reating were adopted:

(B) Introduced in a solution of polyvinyl alcohol (2 g/l) for
24 h.
(C) Immersed for 24 h in a colloidal solution of 166 ml of
polyvinyl alcohol (6.0 g/l), 4 ml of H2S and 19 ml of Pb(NO3)2
(66.2 g/l).
(D) Immersed for 24 h in a colloid solution of 166 ml of
polyvinyl alcohol (6.0 g/l), 4 ml of H2S and 19 ml of Pb(NO3)2
(66.2 g/l) and dried in air for 10 min.

Afterwards, the substrates are introduced immediately in
he chemical bath for 50 min. An adequate composition of the
rowth solution is: 19 ml of Pb(NO3)2 solution (6.62 g in 100 ml
f H2O); 1 ml of thiourea solution (10 g thiourea + 1 g Na2SO3 in
00 ml H2O); 13 ml of alkaline solution (7.5 g NaOH in 100 ml
2O). The components were added in the mentioned order (a

hange may provide a different product at the end), to obtain a
nal dark solution. The variant C was used in a previous work
s a seeding process in order to provide nucleation centers and
mprove the adherence between film and substrate [1,5].

The RBS analysis was carried out using the 4 MV Van de
raaff KN-4000 accelerator from High Voltage Engineering
orp. of the Physics Department of the Pontifical Catholic Uni-
ersity of Rio do Janeiro, Brazil. The RBS measurements were
erformed with 2.0 MeV 4He+ ion beam and a surface barrier
etector with 18 keV FWHM positioned at an angle of 165◦ with
espect to the incident beam. The RBS spectra were analyzed
sing the RUMP code [27].

The AFM images were obtained with a Multimode AFM
ontrolled by a Nanoscope IIIa electronics (Veeco) operated
n taping mode. The grain size and shape measurements were
etermined by applying the Watershed technique [28], together
ith a shape factor algorithm [29]. The shape factor, define as
F = 4πA/P2, were P is the perimeter of the grain and A its area,
as used to obtain information about the shape of a grain. The

urface roughness values (Rms) were also determined. For the
FM image analysis, the ImageJ v. 1.33d program [30] was used

ith a home developed code. The used method was corroborated
ith the analyses made using KS400 Carl ZeissVision 3.0 code.
he roughness values Rms were obtained from the AFM images
f 30 �m × 30 �m scans. In the case of the shape factor SF,

o
c
t
(

and Engineering B 136 (2007) 187–192

he analyses corresponds to the 5 �m × 5 �m scans in order to
inimize the error of the perimeter identification and to have a

elative good statistic in the number of grains per image.
Grazing incident X-ray diffraction measurements (GIXRD)

ere performed in the PbS films using the Cu K� radiation of
�-diffractometer (Siemens model D5000). The detector was

quipped with a Soller slit for thin films and a LiF monochro-
ator.
The XPS spectra were obtained using a Mg K� X-ray source

nd a hemispheric analyzer CLAM4 from VG Instruments. The
ngle between sample surface and the electron energy analyzer
xis was 60◦. Binding energies (BE) were calculated using C
s peak (284.5 eV) as an internal reference. After subtracting
nonlinear background, each spectrum was resolved into indi-
idual component bands of a convoluted Gaussian–Lorentzian
20%) line shape.

. Results and discussion

It has shown that a great amount of precipitated material
ppears in the bath when mixing the components of the growth
olution. The precipitation process diminishes gradually and the
rowth solution becomes clear. Substrates treated with A or B
rocesses, when introduced into the bath after the initial pre-
ipitation process (when the growth solution is clear), do not
romote the PbS film growth. The growth of PbS films was
bserved when the substrates were introduced in the growth
olution during the initial stage of the mixing, i.e. when the pre-
ipitation process had not finished. On the other hand, the PbS
lm growth always takes place on a substrate treated with C or
process, probably due to the existence PbS grains on the sub-

trate as a result of the seeding process. It seems that this is a
ecessary condition to obtain a catalytic surface on the substrate,
.e. the film growth occurs if a catalytic surface is available on the
ubstrate surface. This result agrees with the PbS film deposition
escribed in reference [31].

In order to study the surface composition of the PbS thin
lms (specially the influence of the growing parameters and the
xidation products at the surface), the samples were analyzed
y XPS. From the XPS spectra, the O 1s, S 2p, C 1s and Pb
f7/2 BE curves were analyzed. The BE values were taken from
eference [32]. In the O 1s region the 529.7–529.9 eV BE was
ssigned to PbO, 531.3–531.4 eV to PbCO3, 532.6–532.8 eV to
b(OH)2. Oxygen-containing organic contamination give the O
s emission at higher BE (533 eV). In Fig. 1, the O 1s BE lines
f the XPS spectra of the PbS films are presented. The relative
oncentrations of the O 1s species are presented in Table 1.
he presence of oxygen-containing organic contamination was
bserved only in the case A as well as the lowest value of the
b O bond relative abundance. The solubility product of lead
arbonate is very low in comparison to other oxide species [33],
hus in the presence of atmospheric CO2 and water vapor or by
he influence of the polymers and thiourea from the solution,

xide species present at the surface should be converted to lead
arbonate. The oxygen concentration increased from A to D of
he Pb O bond was also observed in the Pb 4f7/2 BE region
figures are not shown).



F.A. Fernández-Lima et al. / Materials Science and Engineering B 136 (2007) 187–192 189

spectr

a
R
t
g
f
f
r
v
f
R
o
1
n
t
p
m
t
a
t
c

r

T
R

T

A
B
C
D

I
(
B
(

o
take place unless a nucleation layer is created and a catalytic
surface of the semiconductor is available. In the cases C and
D, the deposition starts once the substrate is introduced into the
Fig. 1. The curve-fitted O 1s

The characteristic RBS spectra of all the analyzed treatments
re shown in Fig. 2a. The RBS spectra were analyzed using the
UMP code [27]. To facilitate the RBS spectrum simulation of

he PbS multilayer structure films, every single step of the film
rowth process was analyzed. The spectra of the film/glass inter-
ace were simulated considering a linear composition transition
rom the PbS film to the glass. This consideration roughly cor-
esponds to the known surface glass roughness. The thickness
alues and the composition of the grown layers were obtained
rom the RBS spectra simulations (Table 1). Fig. 2b shows the
BS spectrum and a simulation using RUMP code for the case
f the treatment D. In all cases, the films showed a constant Pb:S
:1 stoichiometry throughout the film. The left tail of the Pb sig-
al peaks reveals differences in the film roughness (longer left
ail means higher roughness of the films). Samples treated with
rocedure C have the larger RBS roughness value and those sub-
itted to treatment D the lowest one. We should be aware that

he RBS roughness is a combination of the surface roughness
nd the substrate interface roughness. The RBS roughness of

he films was kept dimensionless in the analyses because of the
ontribution of the film substrate interface.

The thickness and the roughness are parameters that also
eveal peculiarities of the deposition process. The film growth

able 1
elative concentrations of the O 1s species

reatment Oxide, O 1s (PbO)
(BE 529.1 eV)

Carbonate, O 1s
(PbCO3) (BE
531.1 eV)

OH, O 1s (Pb(OH)2)
(BE 532.3 eV)

5.8 43.9 33.2
12.5 72.8 14.7
12.12 57.3 30.6
30.9 59.5 9.6

n the case of A 16.9% of oxygen-containing organic contamination was found
BE above 533 eV). All binding energies values were corrected assuming the
E for C 1s of hydrocarbon type carbon to be 284.5 eV. Values are in percent

%).

F
s
P

a of the PbS analyzed films.

nto substrates submitted to the treatments A and B does not
ig. 2. (a) RBS spectra of the PbS/glass analyzed films and (b) RBS spectra and
imulation of the D condition. The arrows indicate the starting position of the
b and S elements.
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Table 2
Thickness (as measured by RBS), mean grain size, roughness, and shape factor for different PbS samples

Treatment RBS AFM

Thickness (1015 atom/cm2, nm*) Mean grain size (nm),
10 �m × 10 �m

Rms (nm),
30 �m × 30 �m

SF, 5 �m × 5 �m

A 1650 ± 10, 460 ± 3 950 ± 60 100 0.58 ± 0.01
B 1650 ± 10, 460 ± 3 900 ± 70 96 0.56 ± 0.02
C 0 ±
D 0 ±

as 3.5
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3500 ± 10, 975 ± 3 68
2650 ± 10, 783 ± 3 50

* Thickness values in nm were calculated considering the PbS density values

rowth solution. Thus, the beginning of deposition process in
he cases A and B is retarded when compared with cases C and
. The growth in the cases A and B is affected by the poor

dherence of the PbS grains on the glass substrate. For these
easons, films deposited with the C and D treatments are thicker
han those deposited with A and B treatments (Table 2).

From the AFM images (see Fig. 3) the Watershed (WS) pat-
erns were generated to identify the grain boundaries. The way
here the grain are arranged in the surface determines whether

he grains boundaries are detected by the AFM tip and thus by
he WS technique. If two grains of the same height are aligned
n such a way that the difference between their boundaries is
eyond what the tip can resolve, the two grains will be seen
s a single one by the AFM tip and consequently by the WS

echnique. In our case, the resolution of the AFM tip can be lim-
ted laterally by the tip-sample contact area diameter (∼10 nm),
hich also indicates the smallest distance between grains later-

lly resolved by the AFM. This value is smaller than the smallest

r
f
d
a

Fig. 3. AFM images of the PbS
100 225 0.64 ± 0.02
85 34 0.63 ± 0.01

885 × 1022 atom/cm3.

rain measured in the present investigation, so in our measure-
ents this last effect is negligible.
The roughness values, Rms, were obtained from the AFM

mages of 30 �m × 30 �m scans. In the case of the shape fac-
or SF, the analysis corresponds to the 5 �m × 5 �m scans in
rder to diminish the error of the perimeter identification and
o have a relatively good statistics in the number of grains per
mage (Table 2). A significant difference in the films topogra-
hy is obtained in dependence of the condition of the initial
rowth surface. The SF values are roughly close to SF = 0.60,
hat corresponds to a triangular shape of the grains. This
grees with previously reported PbS crystals obtained using the
angmuir–Blodgett technique [34].

The mean grain size differences among the samples with

espect to the influence of the initial stage of the growth sur-
ace can be explained in terms of the differences in the growth
uring the nucleation or induction period. When the substrates
re immersed into the growth solution, the first monolayer of

thin films (5 �m × 5 �m).
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bS is formed from the nucleation centers or PbS seeds grown
uring the initial precipitation process (treatments A and B) and
uring the seeding process (treatments C and D). By controlling
he surface concentration of seeds, it is possible to control the
rain size and the grain size distribution of the final product. If
he surface concentration of seeds increases, the maximum size
hat any one of them may attain will be reduced, and the mean
rain size at the end of the process will be smaller [5]. The mean
rain size in the case D is smaller than C (Table 2). This fact
uggests a higher surface concentration of nucleation centers in
ample D as a consequence of a greater stability of the precur-
or stage. In the case of C, the reduction of nucleation centers,
reated during the seeding process by the polymer entangle-
ent weakening or dissolution, is faster than in D. Moreover,

he amount of effective nucleation centers created during the
nitial precipitation process is smaller (treatments A and B)
han the amount created in the seeding process (treatments C
nd D), which is confirmed from the mean grain size results
Table 2).

In Fig. 4 are shown the X-ray diffraction pattern obtained
rom the PbS thin films. The XRD analysis showed a galena
ype cubic structure for all the samples. In addition, the inten-
ity distribution of the X-ray diffraction peaks deviates from the
haracteristic distribution of the bulk PbS powders, except in the
ase A. It can be notice that the intensity of (2 0 0) diffraction
eak is much stronger in the other cases (B, C and particularly in
ase D). This evidences that these polycrystalline thin films of
bS have a preferred orientation with (1 0 0) diffraction planes
arallel to the substrate surface.

Fig. 5 shows the relative intensity distribution of the diffrac-
ion peaks (in relation to the peaks intensity of the condition A,
hich was considered as the sample with a random orientation)

n regard to (1 0 0) direction. It is easy to observe that the inten-
ity distribution becomes more narrow, with the prevalence of
he (1 0 0) direction, in the way as the substrate is coated with
olloidal PbS particles in a polyvinyl alcohol solution and then
ried. From these results is confirmed that the film texture has

strong influence of the initial conditions of the substrate sur-

ace, being more accentuated from A to D treatments. The more
riented film corresponds to the condition D.

ig. 4. Normalized X-ray diffraction pattern of PbS thin films with different
ubstrate treatments.

(
f
M
a

R

Fig. 5. Film texture analysis of PbS films in regard to (2 0 0) direction.

. Conclusions

Changes in morphology, composition, grain size and thick-
ess were characterized by RBS, XPS, AFM and GIXRD tech-
iques. The PbS films obtained with the inclusion of the poly-
er showed non-oxygen-containing organic contamination. All

amples maintain the Pb:S 1:1 stoichiometry throughout the
lm. The amount of effective nucleation centers and the mean
rain size have being controlled by the substrate colloidal coat-
ng. The analysis of the polycrystalline PbS films showed that
preferable (1 0 0) lattice plane orientation parallel to the sub-

trate surface can be obtained using a substrate colloidal coating
hemical bath deposition, and the orientation increases when a
ayer of colloid is initially dried on the substrate. All PbS crystals
howed a triangular shape grains.
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Garcia, Thin Solid Films 389 (2001) 301.
[6] F. Rosei, M. Schunack, P. Jiang, A. Gourdon, E. Laegsgaard, I. Stensgaard,

C. Joachim, F. Besenbacher, Science 296 (2002) 328.
[7] T. Yokoyama, S. Yokoyama, T. Kamikado, Y. Okuno, S. Mashiko, Nature
413 (2001) 619.
[8] T.A. Jung, R.R. Schlittler, J.K. Gimzewski, H. Tang, C. Joachim, Science

271 (1996) 181.
[9] T.W. Fishlock, A. Oral, R.G. Egdell, J.B. Pethica, Nature 404 (2000) 743.



1 ience

[

[

[

[

[

[
[
[
[
[
[

[

[

[
[
[
[
[
[

[

[
[
[

92 F.A. Fernández-Lima et al. / Materials Sc

10] Z.J. Donhauser, B.A. Mantooth, K.F. Kelly, 1 L.A. Bumm, J.D. Monnell,
J.J. Stapleton, D.W. Price, A.M. Rawlett Jr., D.L. Allara, J.M. Tour, P.S.
Weiss, Science 292 (2001) 2303.

11] S. Datta, W.D. Tian, S.H. Hong, R. Reifenberger, J.I. Henderson, C.P.
Kubiak, Phys. Rev. Lett. 79 (1997) 2530.

12] X.D. Cui, A. Primak, X. Zarate, J. Tomfohr, O.F. Sankey, A.L. Moore, T.A.
Moore, D. Gust, G. Harris, S.M. Lindsay, Science 294 (2001) 571.

13] A.R. Pease, J.O. Jeppesen, J.F. Stoddart, Y. Luo, C.P. Collier, J.R. Heath,
Acc. Chem. Res. 34 (2001) 433.

14] C.P. Collier, E.W. Wong, M. Belohradský, F.M. Raymo, J.F. Stoddart, P.J.
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