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The growth of highly faceted PbSe microcrystals from the aerosol-assisted chemical vapor
deposition (CVD) of novel lead phosphonodiselenoato compounds (Pb[Ph(RO)PSe,],, where
R is a methyl group (Me) (1) or an ethyl group (Et) (2)) is reported. This is the first such example
of growth using a CVD technique. As-deposited materials are analyzed by X-ray diffraction
(XRD), scanning electron microscopy coupled with energy-dispersive X-ray analysis (SEM/
EDAX), transmission electron microscopy (TEM), high-resolution transmission electron micro-
scopy (HRTEM), and Raman spectroscopy. During the deposition studies, it has been found that
the resulting morphologies are strongly dependent on the growth temperature, as a result of

kinetics.

Introduction

Lead chalcogenides are extremely important in both
basic scientific studies and technological applications.' >
Lead selenide (PbSe) is a leading material, because of its
small band gap of (0.27 eV) and large bulk exciton Bohr
radius (46 nm), which results in strong confinement of the
electron—hole pair and large optical nonlinearity.® From a
technological perspective, PbSe is a promising material
in many applications, including laser materials,” thermo-
electric devices,* near-infrared (near-IR) luminescence,'®
and IR detectors.!" The recently discovered phenomenon
of the multiple exciton generation (MEG) effect in PbE
(where E = S, Se, or Te) materials could lead to an entirely
new paradigm for high-efficiency and low-cost solar cell
technology.'* '
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The deposition of PbSe thin films have been reported
by various methods, including molecular beam epitaxy,'’
electrodeposition,'® pulse laser deposition,'” and chemical
bath deposition.'"® Reports on the growth of PbSe thin
films by chemical vapor deposition (CVD) techniques
are scarce.'”® An earlier report on the thermal
decomposition'® of [Pb((SeP’Pr),N),], which is a pre-
cursor sufficiently volatile for low-pressure CVD, re-
sulted in globular PbSe films. Later, hyperbranched
structures of PbS and PbSe were reported by CVD from
PbCl, and S/Se under hydrogen flow.?* The formation
of PbSe in nanocrystalline form has been demonstrated by
several methods: decomposition of a single molecular
precursor,?’ polymer-assisted solvothermal method,** soft
templated routes, %23 electrodeposition,24 and so on. Here-
in, we report the aerosol-assisted chemical vapor deposition
(AACVD) from lead phosphonodiselenoato compounds
(Pb[Ph(RO)PSe;],, where R is a methyl group (Me) (1) or
an ethyl group (Et) (2)) to give PbSe films/crystals on glass
and Si/SiO,(100) substrates, which are new precursors
for this material. Deposition on Si/SiO,(100) substrates
leads to highly faceted PbSe micrometer-sized crystals with
morphology strongly influenced by growth temperatures.
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Scheme 1. Synthesis of Compounds 1 and 2
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Experimental Section

Both the complexes Pb[Ph(RO)PSe,], (where R = Me (1) or
Et (2)) were prepared using the reported method.?® Thermo-
gravimetric analysis (TGA) was conducted using a Seiko Model
SSC/S200 system at a heating rate of 10 °C min~! under N,
between 25 °C and 600 °C. X-ray diffraction (XRD) studies were
carried out using Cu Ka radiation on a Bruker AXS D8 advance
diffractometer. The samples were mounted flat and scanned
over a 26 range of 20° to 80°, in steps of 0.05° with a count time
of 5.5s. The films were carbon-coated, using an Edwards Model
e306A coating system before performing the image analyses.
Scanning electron microscopy (SEM) analyses were performed
using a Philips Model XL 30FEG instrument, whereas energy-
dispersive X-ray analysis (EDAX) was carried out using a DX4
instrument. Transmission electron microscopy (TEM) analyses
were conducted using the Tecnai F30 instrument operating at up
to 300 kV, and a Ramanscope System 2000 spectrophotometer
in the range of 135—500 cm ™! with an excitation wavelength of
632.8 nm was utilized for Raman spectroscopy studies.

The deposition of films from both compounds was carried out
on glass and Si/Si0,(100) substrates. The glass microscope slides
were kept in dilute nitric acid overnight and then rinsed with
deionized water. The Si/SiO,(100) substrates were thoroughly
cleaned using a literature procedure.”® In a typical deposition,
0.1 g of the precursor was dissolved in 10 mL toluene in a round-
bottom flask. The argon flow rate, which was controlled by a
platon flow gauge, was kept constant at 160 sccm throughout the
CVD studies. Three glass or Si/SiO,(100) substrates (ca. 1 cm X
1 cm) were placed inside the reactor tube and then heated at the
desired temperature for 10 min before carrying out the deposi-
tion. The aerosol of the precursor solution was formed by
keeping the round-bottomed flask in a water bath above the
piezoelectric modulator of a Pifco ultrasonic humidifier (Model
1077). The aerosol droplets of the precursor thus generated were
transferred into the hot wall zone of the reactor by the carrier gas.
The reactor was placed in a Carbolite furnace.

Results and Discussion

Both complexes 1 and 2 were prepared by the reaction
of lead acetate with two equivalents of sodium phosphono-
diselenoate in high yield; the latter was derived from 2,4-
bis(phenyl)-1,3-diselenadiphosphetane-2.,4-diselenide [PhP-
(Se)(u-Se)]l» (Woollins Reagent) with the corresponding
sodium alkoxide (see Scheme 1).** The compounds were
relatively air-stable at room temperature and had good
solubility in high-boiling-point solvents.

The physical behavior determined by TGA (under N>,
10 °C/min) indicated that the decomposition occurs in
two unresolved steps in the temperature ranges of 195—
391 °C for 1 and 169—405 °C for 2 (see Figures S1 and S2
in the Supporting Information). The residual mass for
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Figure 1. Typical XRD pattern of PbSe film on glass at 400 °C from
compound 1.

compound 1 can be tentatively assigned to bulk PbSe
(Wt % left 40%, calcd 36%). However, in the case of
compound 2, a larger residue is observed (wt % left 44%,
calcd 35%), probably as a result of some side products of
decomposition, such as selenium contamination.

Because of the poor volatility of the compounds, deposi-
tion experiments were conducted in a AACVD kit at
300—500 °C for 1 h. During the initial CVD runs, it was
determined that a temperature of 300 °C was too low to
initiate deposition. At > 400 °C, dusty metallic films were
formed and were determined to be nonadherent, as they
could be easily removed from the surface. Prior to each
deposition run, substrates were heated under argon at
growth temperatures for 30 min to eliminate the formation
of any residual oxygen-containing species.

The XRD patterns of as-deposited materials on glass
confirmed the formation of pure PbSe films at all deposi-
tion temperatures (International Centre for Diffraction
Data (ICDD) File Card No. 04-04-4328). A typical XRD
pattern for a cubic PbSe film (deposited at 400 °C from
compound 1), which has a preferred orientation along the
(200) plane with a full width at half-maximum (fwhm) of
0.2°, is shown in Figure 1. The calculated unit-cell para-
meters and fwhm of all the films are presented in Table 1
and are in good agreement with the literature value.
Scanning electron microscopy (SEM) studies were carried
out to analyze the morphology of deposited materials.
Deposition experiments conducted on glass using com-
pound 1 yielded a variety of different products, depending
on the substrate temperature (see Figure 2). The morpho-
logy of the material deposited at 300 °C consisted of rows
of interlocked plates surrounded by globular mate-
rial. However, at 400 °C, micrometer-sized truncated
octahedrons embedded in the globular film were clearly
visible. At the highest temperature (500 °C), only globular
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Table 1. Calculated Unit-Cell Parameters for All the Deposited Materials”

temperature (°C) compound substrate lattice constant (A)
300 1 glass 6.125
400 1 glass 6.126
500 1 glass 6.126
300 2 glass 6.120
400 2 glass 6.127
500 2 glass 6.123
300 1 Si/Si0, 6.126
400 1 Si/Si0, 6.126
500 1 Si/Si0, 6.125
300 2 Si/SiO, 6.127
400 2 Si/Si0, 6.126
500 2 Si/Si0, 6.125

“The literature value for cubic PbSe (ICDD No. 04-04-4328) is
a=6.128 A.
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Figure 2. SEM images of PbSe films deposited on glass at (a) 300 °C,
(b) 400 °C, and (c) 500 °C on glass from compound 1. Insets are the
corresponding high-resolution scanning electron microscopy (HR-SEM)
images.
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Figure 3. SEM images of PbSe films deposited on glass at (a) 300 °C,
(b) 400 °C, and (c) 500 °C on glass from compound 2.

material was observed. CVD growth runs conducted
using compound 2 on glass produced globular rod-type
material in all cases (see Figure 3). Quantitative EDAX
analysis of all resulting materials showed a Pb:Se ratio of
1:1 (within the errors of the method).

Further AACVD experiments were conducted on Si/
SiO,(100) substrates using the same conditions as those
for the glass substrates. The XRD measurements confirmed
the formation of cubic PbSe (ICDD No. 04-04-4328) from
both compounds. The XRD spectra that resulted from
compound 1 at 300—500 °C are shown in Figure 4. The
calculated lattice constants given in Table 1 are in good
agreement with the literature value (¢ = 6.128 A). As the
growth temperature increases, a correlation between an
increase in intensity of the (200) peak and a decrease in
the (111) peak emerges. A decrease in the relative intensity
of (111) reflection indicates that growth along the (111)
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Figure 4. XRD of PbSe films on Si/SiO, at (a) 300 °C, (b) 400 °C, and
(c) 500 °C from compound 1.

direction is taking place, thus promoting the formation of
(100) facets. At lower growth temperature, the growth along
the (100) direction increases, resulting in the elimination of
the (100) facets and promoting the formation of (111) facets.

The SEM images shown in Figure 5 for compound 1
deposited on Si/SiO; indicated two types of PbSe crystals:
micrometer-sized octahedrons at 300 and 400 °C and
cubes at 500 °C. It is also evident that the density of the parti-
cles increases as the growth temperature increases. The
crystallites were scattered on the Si/SiO, surface, which
resulted in a discontinuous film. This may be a result of poor
wetting between the PbSe crystallites and silicon substrate.>’
The crystal morphology of PbSe crystals is dependent on the
relative rates of growth in the (100) and (111) direction. The
formation of octahedra suggests that the PbSe crystal growth
is faster in the low-energy (100) direction.?® The driving force
behind the transformation from octahedrons to cubes may lie
in the fact that the growth rate in the (111) direction is greater
than that in the (100) direction.” ' The highest growth
temperature (500 °C) seems to shift crystal growth into a
thermodynamic regime. These observations suggest that the
growth of symmetric PbSe crystals is very sensitive to the
deployed kinetic conditions in the CVD system. Unlike
previous studies, no stabilizers (e.g., polyacrylamide* or
poly(vinylpyrrolidone),** or any other amines®) were used
to manipulate the surface energy of the different facets, which
might result in the evolution of a different morphology.

To gain further insight into the mechanism, growth runs
were conducted for 5 and 10 min at 400 °C using com-
pound 1 on Si/SiO,(100) substrates (see Figure 6). After
5 min, small PbSe crystals that are truncated octahedron
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Figure 5. SEM images of PbSe crystals deposited on Si/SiO, at (a) 300 °C,
(b) 400 °C, and (c) 500 °C from compound 1. Insets are the corresponding
HR-SEM images.

through their (111) facets clearly have a tendency to
aggregate. The promotion of surface domains on neigh-
boring particles, to match up by sharing their (111) face,
leads to an increase in lower-index planes and satisfies
geometric criterion and dipole interactions of low
energy.’* % After 10 min, truncated octahedrons are
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Figure 6. SEM images of PbSe crystals deposited after (a) 5 min and
(b) 10 min on Si/SiO, from compound 1. Inset in panel (a) shows a
HR-SEM image.

generally observed by exposing their (100) facets (see
Figure 6b).

The resulting SEM images of deposited material from
compound 2 on Si/SiO,(100) are shown in Figure 7. At
300 °C, a mixture of poorly defined octahedrons and rods
is evident. However, at 400 and 500 °C, octahedrons and
0D truncated cubic (tetradecahedron)-shaped PbSe crys-
tals are deposited, respectively. The evolution of trun-
cated cubes involves the cuboctahedral seed growing
along the (111) plane at a higher growth rate than that
of the (100) plane. It is predicted that different growth
products from compounds 1 and 2 under similar deposi-
tion conditions could be a result of different thermal
behaviors and provide different decomposition pathways
for the nucleation of the crystals. The stoichiometry of all
grown crystals was confirmed by EDAX analysis (1:1),
and no impurities such as phosphorus or nitrogen were
detected (see Figure S3 in the Supporting Information).

The TEM and HRTEM images of octahedron deposited
at 400 °C from compound 2 on Si/SiO,(100) are shown in
Figure 8. The HRTEM image shows a lattice spacing of
0.359 nm, which is consistent with the (111) plane of cubic
PbSe (ICDD No. 04-04-4328; lit. value = 0.353 nm).
Within the same image, the lattice fringes indexed to the
(110) plane can also be found (calc. 0.218 nm; lit. 0.217 nm).
The SAED pattern of te same image shows clear diffraction
spots, indicating single crystallinity of the octahedrons.
Note that six almost symmetrical elongated spots appear
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Figure 7. SEM images of PbSe crystals deposited at (a) 300 °C, (b) 400 °C,
and (c) 500 °C on Si/SiO, from compound 2. Insets are the corresponding
HR-SEM images.

in the ring of the (220), indicating the preferentially orien-
tated octahedrons at the interfaces with the (111) zone
nearly parallel to the incident electron beam.

To compliment XRD results, Raman spectra of the
PbSe cubes grown from compound 1 at 500 °C on Si/
Si0,(100) were obtained using a helium—neon (He—Ne)
laser operating at 632.8 nm at room temperature, which
led to Raman-active vibrational modes. The signal inte-
gration time was 30 s. A typical Raman spectrum of the
PbSe cubes with 50 mW laser power is shown in Figure 9.
The first-order longitudinal optical phonons at the
I'-point of the Brillouin zone (LO) at 138 cm ™' is in a similar
position to the earlier report.*! The weaker structure at

(41) Upadhyaya, K. S.; Yadav, M.; Upadhyaya, G. K. Phys. Status
Solidi B 2002, 229, 1129.



4624  Chem. Mater., Vol. 22, No. 16, 2010

Figure 8. (a) TEM and (c) HRTEM image of octahedron from com-
pound 2 on Si/SiO, at 400 °C. (b) is the corresponding SAED pattern.
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Figure 9. Raman spectra of PbSe crystals deposited using compound
1 0n Si/SiO,(100) with different laser powers of S0 mW: (a) 25%, (b) 50%,
and (c) 100%.

168 cm™ ! is assigned to 2LO(X), although several wave
numbers shift from the theoretical value.* The broad peak
at274cm” ' is associated with two phonon scattering (2LO).
Longitudinal optical phonons are responsible for the

(42) Wang, N.; Cao, X.; Guo, L.; Yang, S.; Wu, Z. ACS Nano 2008, 2, 2.
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Raman shifts in crystalline semiconductors. In con-
trast, surface phonons and transverse optical phonons
are not observable, because of the low intensities and
symmetry restrictions.*” Unlike previous studies, no
evidence of photodegradation of PbSe crystals was
detected as a result of an increase in the laser power,
which might be due to the absence of any organic
substituents. However, it is apparent that the Raman
shifts are slightly blue-shifted as the laser power is
increased incrementally. It is well-known that PbSe
material has very low thermal conductivity*’ and any
increase in the local temperature that is due to the use of
high power on the focused laser spot could result in
Raman shift.

Conclusion

The control over crystal growth has been displayed in
synthesizing submicrometer cubes, truncated octahe-
drons, and octahedron via a single source route. The
shapes of the as-obtained PbSe crystals can be controlled
by choosing different ligands, and the ratio of (111) to
(100) facets of the nanocrystal that are exposed can also
be manipulated. It has also been shown that variation in
growth temperatures can have a profound effect on the
growth of PbSe crystals. This report provides a simple
and efficient way to control the surface properties of
highly faceted PbSe crystals.
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