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In this work we report the formation of long microcrystalline linear self-assemblies observed 
during the thin film growth of several II-VI compounds. Polycrystalline CdTe, CdS, CdCO

3
, and 

nanocrystalline CdTe:Al thin films were prepared on glass substrates by different deposition techniques. 
In order to observe these crystalline formations in the polycrystalline materials, the thin film growth 
was suspended before the grains reached to form a continuous layer. The chains of semiconductor 
crystals were observed among many isolated and randomly distributed grains. Since CdTe, CdTe:Al, 
CdS and CdCO

3
 are not ferroelectric and/or ferromagnetic materials, the relevant problem would be to 

explain what is the mechanism through which the grains are held together to form linear chains. It is 
well known that some nanocrystalline materials form rods and wires by means of electrostatic forces. 
This occurs in polar semiconductors, where it is assumed that the attraction forces between surface 
polar faces of the small crystals are the responsible for the chains formation. Since there are not too 
many mechanisms responsible for the attraction we assume that a dipolar interaction is the force that 
originates the formation of chain-like grain clusters. The study of this property can be useful for the 
understanding of nucleation processes in the growth of semiconductor thin films.
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1.	 Introduction
Cadmium telluride (CdTe) and cadmium sulfide (CdS) 

are II-VI semiconductor compounds with direct energy band 
gap of 1.5 and 2.4 eV, respectively. Due to their interesting 
properties, polycrystalline films of both compounds are 
currently employed in several kinds of thin film electronic 
devices1-4. The feasibility to obtain these semiconductors 
in the form of nanoparticles with variable size and tunable 
energy band gap, showing strong quantum confinement 
effects is also an important reason for the study of these 
compounds and a number of reports on this topic can 
be found in literature5-10. Other types of nanostructures 
such as nanowires, nanobelts, nanorods, etc. based on 
these materials, mainly CdS, have also been reported11-14. 
Furthermore, these nanostructures with novel physical and 

chemical properties have found applications in devices 
such as solar cells and thin film transistors (TFTs) at the 
nanoscale level11,14. Therefore, the understanding of the 
growth mechanisms of nanostructures and self-assembled 
structures of CdS and CdTe is of major relevance to extend 
the potential applications of these semiconductors to the 
nanoscale level.

Close spaced sublimation (CSS) and chemical bath 
deposition (CBD) and thermal evaporation (TE) are the 
most used deposition techniques to grow polycrystalline 
thin films of CdTe and CdS,

 
respectively. The knowledge 

of all the mechanisms involved in the growth process of 
micro or nanocrystalline thin films is necessary to address 
the shape, compactness and size of the semiconductor grains. 
The conventional semiconductor deposition processes, such 
as CSS, CBD and TE, produces typically polycrystalline 
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films with micro or nano grain sizes and rarely is observed 
the formation of assembled micro or nanostructures. This 
is because the special conditions to obtain these assembled 
structures are not fulfilled during the thin film growth 
process, except in seldom cases. In this work we report the 
formation of mycro and nanocrystal linear chains of CdS 
and CdTe obtained on glass substrates by conventional 
CSS, CBD and rf sputtering techniques. We discuss the 
formation of the linear chains as an early or intermediate 
stage during the film deposition on glass substrates of the 
polycrystalline thin films15-18. Among the interaction forces 
which can cause particles aggregation are electrical and 
magnetic dipolar (or multipolar) attraction19,20, Van der 
Waals20, depletion attraction21, optical force22, etc. Most of 
these interactions are of electrical nature. Actually, linear 
assemblies are widely studied at nanodimensional levels, 
because as compared with microcrystalline dimensions 
attraction forces are negligible because their short-range 
interaction. However, given the polar character of II-VI 
semiconductor compounds, we think that there is a high 
probability that attraction forces, causing the observed 
particle aggregation, have dipolar origin. This fact can be 
useful for the understanding of interaction forces between 
grains in polycrystalline and nucleation processes in CdTe 
and CdS

 
thin films and in other similar semiconductors.

2.	 Experimental
In all the cases the semiconductor thin films were 

deposited on glass substrates. Polycrystalline CdTe was 
grown by means of the CSS conventional technique at source 
temperature of 650 °C and substrate temperature of 550 °C. 
To obtain the CdTe:Al thin films, Al was first deposited by 
conventional thermal evaporation onto glass substrate, later 
CdTe was sputtered onto the Al/glass, the Al was thermal 
diffused into the CdTe by annealing in Ar at 350 °C for 
half hour. 99.999% purity CdTe powder from Cerac was 
utilized in the source. The CdS thin films were grown by 
the CBD technique at 70 °C, employing an ammonia-free 
process including CdCl

2
 (0.05 M), Na

3
C

6
H

5
O

7
 (0.5 M), KOH 

(0.5 M) and CS(NH
2
)

2
 (0.5 M), as the precursor reagents23-25. 

CdCO
3
 thin film deposition was also done by the CBD 

technique, CdCO
3 

is produced by employing the same 
bath employed to get CdS films, but at room temperature 
(RT). High purity salts reagents (concentrations) used in 
the preparation, in this last case, were: CdCl

2
 (0.02 M), 

KOH (0.15 M), NH
4
NO

3 
(1.5 M), and SC(NH

2
)

2
 (0.2 M). 

More details of the growth processes have been previously 
reported elsewhere15-18. X-ray diffraction (XRD) patterns of 
samples were registered using the CuKα line of a D5000 
Siemens diffractometer. Images of long chains of CdTe and 
CdCO

3
 were obtained using a Leica DM LS2 microscope. 

The surface morphology of the CdS thin films was analyzed 
by atomic force microscopy (AFM) images by using an 
Instrument Veeco Dimension 3100 System, Nanoscope IV in 
the tapping mode. Transmission electron microscopy (TEM) 
apparatus employed was a Jeol 2010 working at 200 keV, 
the CdTe:Al layers were detached from the substrate and 
attached onto the TEM-grills.

3.	 Results and Discussion
Figure 1a, b show the XRD patterns of CdTe deposited 

by CSS and CdTe:Al, respectively with diffraction peaks at 
about 23.7, 39.2 and 46.5°, corresponding to the diffraction 
signals due to the (111), (220) and (311) crystalline planes 
of the cubic zincblende (ZB) phase of CdTe. In both cases, 
the CdTe films have a preferred crystalline orientation 
along the (111) direction with much more intense and 
narrow (111) diffraction peak for the CSS-CdTe films due 
to their better crystalline characteristics. The introduction 
of aluminum atoms in the crystalline lattice of sputtered 
CdTe:Al films produces broader and less intense diffraction 
peaks in the XRD pattern. From these XRD patterns the 
constant lattice of CdTe was determined in each case and 
the resulting values were 6.465 Å and 6.518 Å for the CSS 
and sputtered films, respectively. Comparing with lattice 
constant value of bulk CdTe, 6.477 Å26, these lattice constant 
values for the polycrystalline CdTe films indicates that the 
crystalline lattice is under compressive stress in the case of 
CSS films and under tensile stress in the sputtered films. 
On the other hand, Figure 1c shows the XRD pattern of the 
CdS film deposited for 10 minutes, where it is observed 
an intense diffraction peak at about 26.6°, related with the 
(002) crystalline planes of the hexagonal wurtzite CdS 
phase. The weak diffraction signals aside the (002) peak, 
at about 24.8 and 28.2° are related with the (100) and (101) 

Figure 1. X-ray diffraction patterns of a) CdTe polycrystalline film 
deposited by CSS, b) CdTe:Al polycrystalline film, c) CdS films 
deposited by CBD for 10 minutes and d) CdCO

3
 film.
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crystalline planes of this CdS phase. The CdS crystallites 
have the (002) preferred crystalline orientation as evidenced 
by the higher intensity of the (002) diffraction peak in this 
pattern. The c lattice constant determined from the XRD 
data is 6.702 Å, which compared to that of CdS bulk, 
6.713 Å26, evidences that the film is under tensile stress. In 
Figure 1d it is shown the XRD pattern of the chemically 
deposited CdCO

3
 film displaying several diffraction peaks 

related with the rombohedral crystalline phase. The labels 
in peaks of the pattern correspond to the crystalline planes 
of this CdCO

3
 phase. The most common structure (stable 

phase) of CdTe is zincblende, for CdS the stable phase is 
hexagonal and for CdCO

3 
the stable phase is rhombohedral. 

The latter phase can be obtained from a CBD process to 
prepare CdS with some particular growth-conditions as 
reported in Portillo‑Moreno et al.16.

In Figure  2 the SEM image shows the surface 
morphology of the CSS grown CdTe polycrystalline film. 
The arrow indicates a long chain of microcrystals observed 
among the random distributed grains which form the 
uncompleted semiconductor film. The crystallite chain has a 
length of about 180 µm and a width of about 10 µm. As stated 
above, these chains are rarely observed during the growth 
process of semiconductor films; actually it is an aleatory 
phenomenon and most of times they do not appear. On the 
other hand, a similar linear growth feature is observed in the 
TEM image of Figure 3, where a CdTe crystalline nanowire 
is exhibited, which looks at a glance, similar to the CdTe 
chain in image of Figure 2. The nanowire has a length of 
about 10 µm and a width of about 50 nm. Like in the case of 
CSS-CdTe surface image, the deposited material in this case 
is in general is formed of random spread nanoparticles with 
isolated and randomly distributed nanowires. Regarding 
CdS films, in Figure  4 it is shown 2-D AFM images of 
a) height profile and b) phase profile, measured in an area 
of 20 × 20 µm2, of a sample deposited for 2.5 minutes. 
Figure 4c, d show the corresponding images measured in an 
area of 1 × 1 µm2. For each image, the z-scale is indicated 

at the bottom. The images in Figure 4a, b display a large 
number of particles agglomerated in well defined patterns 
following straight lines on a flat background. Some isolated 
particles can be also seen on the background. The straight 
lines which follow the agglomeration pattern of particles 
are approximately parallels. The images in Figure 4c, d the 
granular structure of the linear arrays, where are observed the 
nanocrystalline formations. In this case the linear crystallite 
formations were observed at the early stages of the film 
formation. According to our report in Mazón-Montijo et al.25 
these particles correspond to the growth stage when the 
first nuclei of Cd(OH)

2
 are being transformed to CdS by 

cation exchange. Therefore, the particles are a mixture of 
Cd(OH)

2
 and CdS which with deposition time evolve to a 

CdS layer as shown by the XRD pattern in Figure 1c. The 
identification of the chemical species at the substrate was 
done by XPS measurements because the XRD pattern of 
this sample did not show any diffraction signal. Finally, we 
have also observed the linear crystallite formation during the 
chemical growth of CdCO

3
 –CdS mixed films. In Figure 5 

there is shown the unidimensional arrangement of grains 
of CdCO

3 
with a length of about 250 µm and a width of 

about 10 µm, among a number of isolated and randomly 
distributed grains on a flat background. Therefore, the 
results observed in images of Figures 2-5 show that linear 
assemblies of grains at the nanometric and micrometric scale 
can be formed during the conventional deposition process 
of semiconductor polycrystalline thin films.

In non-ferroelectric or non-ferromagnetic materials 
no attraction forces are expected among crystals in 
polycrystalline materials of micro or nano dimensions. In 
general, when crystalline grains or clusters of grains are in 
contact among them or with a substrate Van der Waals forces 
are generated between contact surfaces, depending on the 
magnitude of the force, the grains can hold joined or can be 
easily removed. These types of attraction forces are normally 
weak. Besides, the most common interactions among 
nanocrystals19,27-30 and microcrystals31-33 in polycrystalline 
materials are forces of electric dipolar nature. In polar 
lattices, electric dipoles can exist in zincblende (ZB) and 
wurtzite (W) crystalline phases19,28-29. Formation of grain 

Figure 3. TEM image of a nanowire of CdTe formed during r.f. 
sputtering deposition process.

Figure  2. SEM surface image of a CdTe polycrystalline film 
deposited by CSS at T

s
 = 650 °C and T

g
 = 550 °C.
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chains of ZB-CdTe nanoparticles has been explained by 
considering the existence of electric dipoles in determined 
crystalline directions of the nanocrystals19. ZB crystallizes 
predominantly as tetrahedrons, which because their high 
symmetry no polar axis in the crystalline lattice exists. 
However, if truncated tetrahedrons, through an (111) 
plane, are considered, a dipolar moment appears along this 
direction in the nanocrystals19. Like the terraces of truncated 
tetrahedrons, similar terraces have also been observed in 
wurtzite ZnO polycrystalline films, which give origin to 
polar surfaces34-35. Surface dipoles have also been reported in 
ZB-CdTe and W-CdS crystals27. We believe that this type of 
attraction forces are so weak because the charge on surfaces 
are not large enough to produce the needed electric field to 

Figure 4. Two-dimensional AFM images of the CdS sample deposited for 2.5 minutes: a) height profile in an area of 20 × 20 µm2, b) phase 
profile in an area of 20 × 20 µm2, c) height profile in an area of 1 × 1 µm2 and d) phase profile in an area of 1 × 1 µm2.

Figure 5. SEM image of the CdCO
3
 film grown by CBD at 50 °C 

and pH = 8.3.
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not important. On the other hand, in case (b) head-to-tail 
arrangement determines a defined direction for the packing 
of microcrystals. Furthermore, the energy is minimized in the 
second arrangement. The crystal-to-crystal formation shown 
by CdTe and CdCO

3 
microcrystals in Figures 2 and 5 suggests 

that the interaction between adjacent particles is head-to-tail. 
Anti-parallel arrangement tends to diminish excessively 
the resultant electric field. The randomly character of the 
formation of grain-chains in the growths seems to be related 
with an initial minimum number of lined‑up crystals. Since 
dipolar electric field can increases slightly in the extent of 
more particles be aggregated to the chain, a critical number 
of aligned crystals must exist in order a long chain can be 
generated and a large probability exist that the same dipolar 
force occurs in CdCO

3
38. Consequently, it is assumed that 

dipolar attraction forces can exist among microparticles in 
such a way they put themselves in contact.

4.	 Conclusions
We reported the observation of linear crystalline 

assemblies of several compound semiconductors formed 
during conventional deposition processes. The formation of 
long chains of zincblende microcrystals of CdTe, wurtzite 
CdS, rhombohedral CdCO

3 
has been proposed based in the 

existence of polarization provoked by distortions of the 
lattice due to strains semiconductor/substrates originated 
by the growth processes. The alignment occurs under a 
head-to-tail arrangement.
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influence the position of microcrystals for the alignment, 
they probably are adequate to move nanocrystals as CdTe-Al 
chain of Figure 3. Larger fields can be produced by materials 
like ferroelectric solids. Zincblende and wurtzite lattices can 
be considered as constituted by regular tetrahedrons like 
that of ZB-CdTe displayed in Figure 6. The four dipoles 
observed in this scheme have a resultant value which is 
equal to zero. However, if the symmetry of the crystals 
is broken29, for instance, because a distortion produced 
by uniform and unidirectional strain due to sticking with 
the substrate36, or by an excess of density of vacancies37, 
a spontaneous polarization will be originated, similar to 
that of ferroelectric materials27,28,33. In CdTe and CdS the 
distortion is mainly originated by differences between 
thermal expansion coefficients of semiconductor and glass 
when they are grown at temperatures higher than room 
temperature. This seems to be the case for CdTe, CdS, and 
CdCO

3
 microcrystals of Figures 2, 4 and 5. Chains of these 

compounds were tried to grow by CSS and CBD on scratches 
made previously on substrates, but it was not possible. In 
some way, an effective electric polarization is the cause of 
long-chains of grains in nano-or-micro particulate films. No 
other different attraction than that type of polarization for the 
formation of chains-like clusters for these semiconductors 
could be argued, based in our experiments. It must be taken 
into account that two different growth techniques were 
employed to prepare these materials. 

The contact between two polarized particles can mainly 
occur in two ways, as indicated in Figure 7a: Anti-parallel 
dipoles arrangement, and Figure 7b: Head-to-tail alignment. 
It can be concluded that in case (a) consecutive arrangement 
of grains leads to chains which can have arbitrary paths19, 
because the only restriction here is that particles must have 
anti-parallel dipoles, and lateral position between them is 

Figure 6. Four self-equilibrated dipoles in the ZB-CdTe lattice.

Figure 7. Crystals in contact due to attraction forces between them: 
a) antiparallel, b) head-to-tail. Dipoles in both figures are oriented 
along the (111) direction.
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