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Thermal decomposition reactions of the Lewis acid-base adducts ~-Bu3;Ga—Sb(z-Bu); 1 and #-Bu3;Ga-Sb(i-Pr); 2
were investigated at different temperatures. Both adducts lead to the formation of crystalline GaSb particles in
the temperature range of 275-450 °C, proving their potential to serve as single source precursors for the
preparation of GaSb. In contrast to 1, 2 tends to form crystalline, highly-oriented GaSb whiskers under the
pyrolysis conditions. Detailed temperature-dependent studies clearly reveal the strong influence of the
decomposition conditions on the whisker growth. While at temperatures between 275 and 375 °C single GaSb
needles preferably were formed, higher temperatures (400-450 °C) lead to the formation of crystalline GaSb
dendrites. As-prepared carbon-free, cubic GaSb whiskers were characterized in detail by SEM, TEM, electron

diffraction, EDX and EEL spectroscopy.

Introduction

Group 13 antimonides are narrow direct band gap semicon-
ductors with small band gaps (E, [eV]: 1.60 (AISb), 0.67
(GaSb), 0.16 eV (InSb)) and high electron mobility, which
render them very attractive for potential applications in
optoelectronic devices. GaSb for instance is used for the
production of light-emitting and light-detecting devices oper-
ating in the 2 pm wavelength range' as well as in field effect
transistors,” infrared detectors® and hot electron transistors.*
Traditionally, it has been prepared by MBE (molecular beam
epitaxy)’ and LPE (liquid phase epitaxy)® processes. The CVD
process, which has become the most important technological
process for the preparation of thin films of binary group 13
nitrides, phosphides and arsenides (ME; M = Al, Ga, Sb) since
initial studies by Manasevit almost 40 years ago,’ surprisingly
is less important for the synthesis of the corresponding
antimonides.® So far, only GaSb and InSb films were obtained
by CVD processes,” while the preparation of AISb films of
reasonable quality failed.'® To the best of our knowledge, all
AlSb films obtained by this technology show unacceptably
large concentrations (impurities) of carbon.

The growth of thin films of binary group 13 nitrides,
phosphides and arsenides by CVD typically uses group 13
trimethyl derivatives MMe; (M =Al, Ga, In) and group 15
hydrides EH;. The latter, which produce atomic hydrogen
during the CVD process, are used in great excess to reduce any
carbon contamination of the resulting materials. However, an
analogous process is not possible for the preparation of group
15 antimonides due to the following reasons:

(1) SbH3, formally an ideal precursor,'! can’t be used for an
industrial process because it is thermally very unstable and
decomposes even at temperatures below —60°C. Similar
problems are valid for primary and secondary stibines of the
type RSbH, and R,SbH, in particular those with small
substituents (R =Me, Et).

(2) The presence of an excess of the stibine during film
growth, which may lead to the formation of elemental Sb on
the substrate, has to be strictly avoided because under typical
growth conditions, the volatility of elemental Sb is very low.
This is in sharp contrast to the lighter group 15 elements, N, P
and As. The very low volatility of elemental Sb prevents it from
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getting removed from the surface. To obtain the desired binary
material, an almost equimolar molar ratio of the group 13
precursor and the stibine is necessary.

For these reasons, group 13 trialkyls R;M (M =Al, Ga, In)
and triorganostibines R3Sb typically serve as precursors.'?
However, both the inability to produce atomic hydrogen
during the pyrolysis as well as the very stable metal-carbon
bonds favor the incorporation of large amounts of C into the
resulting material. In the case of the growth of GaSb and InSb,
these problems have almost been solved by using Sb(NMe,);, '
which contains weaker Sb-N bonds, but this particular
precursor failed for the synthesis of AISb.

A possible alternative pathway to overcome the described
problems during the growth of binary group 13 antimonides
is based on a different concept, the single source precursor
concept. A single source precursor contains the specific
elements of the desired material connected by a chemical
bond pre-formed in a single molecule. Typically Lewis acid—
base adducts R3;M-ER’; or heterocycles of the type
[RoMER’,], are used. Their most striking properties are their
lower metal-carbon bond energies compared to the pure group
13 and group 15 trialkyls, allowing lower pyrolysis tempera-
tures, their reduced air- and moisture-sensitivity and their
reduced toxicity. However, they typically have much lower
volatilities. So far, reports on the preparation of binary group
13 antimonides by thermal decomposition of single source
precursors are very rare. Only [Me,MSb(#-Bu),]; (M =Ga, In)
and [R,AISb(SiMes),], (R =Et, i-Bu) have been reported to
yield crystalline MSb films by CVD processes."* The small
number of reports clearly results from the under-explored
precursor chemistry. Standard metal organic reactions like H,-,
alkane- or salt-elimination reactions, which have been devel-
oped for the synthesis of ME heterocycles containing the lighter
elements of group 15, are not useful synthetic pathways for the
synthesis of group 13-Sb heterocycles. In addition, Lewis acid—
base adducts containing trialkylstibines are much less stable
compared to the corresponding amine and phosphine adducts
due to the reduced Lewis basicity of the stibines. Therefore,
compounds of the desired types were almost unknown,'#*!
until we'® and others'” started only five years ago detailed
investigations on the synthesis of simple Lewis acid-base
adducts R;M-SbR’; and heterocycles [R,MSbR’;], (M=Al,
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Ga, In; R, R’=alkyl, SiMe;). Furthermore, Wells et al. also
proved adducts and heterocycles bearing silyl substituents to be
suitable precursors for the synthesis of GaSb nano-particles by
simple thermal decomposition reactions.!’

However, we focused on the synthesis of completely alkyl-
substituted adducts to eliminate the possibility of any Si
contamination of the resulting material. In particular adducts
containing weak Ga—-C and Sb-C bonds appeared attractive
for initial studies. Therefore, i-Pr and 7-Bu substituted adducts
were chosen for preliminary decomposition studies, because the
M-C bond energies for Sb—(i-Pr) and Sb—(¢-Bu) bonds are
much lower than for Sb-Me or Sb-Et bonds.!® In addition,
secondary and tertiary ligands offer the possibility for a
B-hydride elimination pathway, which is known to produce
materials of good quality containing very low C impurities. The
results of our investigations are described herein.

Experimental
General sample preparation

15mg of the particular adduct was placed under an Ar
atmosphere in a glass tube, which was then sealed under
atmospheric pressure. The tube was heated with a heating rate
of 50°Ch™" to the desired temperature. Heating was main-
tained for 2 h at this specific temperature, followed by cooling
to ambient temperature with a cooling rate of 100°C h™ L. In all
cases, the resulting tube was covered inside with a dark grey,
shiny film.

Sample characterization

The material was characterized by means of electron micro-
scopy. Scanning electron microscopy studies (SEM) were
carried out on a Philips XL20 (W filament), equipped with an
energy dispersive X-ray spectroscopy (EDX) device (Noran
Voyager, Si(Li)). Pieces of the broken glass tube covered with
the GaSb material were sputtered with a thin gold film to
improve the conductivity and therefore the contrast of the
material film.

Transmission electron microscopy studies (TEM) were
performed either on a Philips CM30ST (LaBg cathode) at
300 keV equipped with a parallel electron energy loss (EEL)
spectrometer (Gatan P666) or on a Philips CM300UT (FEG) at
297 keV equipped with a SlowScan CCD (Gatan, 2k x 2k) and
an imaging filter (Gatan GIF) for recording EEL spectra and
energy-filtered images with a second CCD (1k x 1k) at the end
of the filter. A HP-Ge EDX detector (Noran Voyager) was
present on both transmission electron microscopes for EDX
analysis. Sb-L and Ga-K lines were used for quantification of
the EDX data. The Sb/Ga ratio was determined using the
“Metal-Thin-Foil-Method” with k-factors (Cliff-Lorrimer
method) yielded from calibration of the EDX system with
certified GaSb from Aldrich Chemical Company. The samples
were prepared on perforated carbon foils without further
grinding.

Results and discussion
t-Bu;Ga-Sh(t-Bu); (1)

Adduct 1 was pyrolysed in the described manner at
temperatures between 250 and 450°C. The morphology of
the resulting films as determined by SEM is very uniform and
the crystal size is not influenced by the temperature of
pyrolysis. A typical image of a sample obtained at 400 °C is
seen in Fig. 1.

The material is crystalline, with particles of 500-1000 nm
length. The bigger particles with bright contrast are glass
fragments from breaking the tube. Due to their reduced
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Fig. 1 SEM images of GaSb crystallites obtained from 7-Bu;Ga—
Sb(#-Bu); 1 at 400 °C.

conductivity, they appear as white particles. EDX studies both
of single crystallites and bigger areas show the presence of Ga
and Sb in an atomic ratio of 1.00-1.04, indicating the formation
of slightly Ga-rich particles.'® In addition, the spectra obtained
from bigger areas show the presence of Si (1-2%), which is
probably due to the glass substrate.

To investigate the morphology, crystallinity and elemental
composition of the particles in more detail, TEM studies were
performed. Typical bright-field images of particles as obtained
from precursor 1 at 400 °C are shown in Fig. 2.

The particle size ranges from 200 to 500 nm in length, which
is in agreement with results obtained by SEM. Unfortunately,
only a few crystals are thin enough to be electron-transparent.
However, they appear to be built up by several layers of
crystalline plates. EDX studies performed on single particles
reveal the results as obtained by SEM. The crystals contain an
almost ideal 1: 1 composition of Ga and Sb, while Si could not
be detected. The element distribution within the particles is
uniform. The slight Ga excess is unsurprising since CVD
experiments, e.g. for the preparation of GaAs or InP, often lead
to group 13 element-rich materials. The quantification of the
EDX analyses as obtained from measurements on different
particles is shown in Table 1.

EEL spectroscopy was used to determine any impurities such
as C and O within the crystalline particles. While the carbon
concentration in any particle analyzed is below the detection
limit of EELS, O was clearly present within the samples.
However, the exact concentration couldn’t be quantified
accurately since the O-K line (532 eV) is very close to the
Sb-M line (540 ¢V).?® However, the amount of oxygen does
not increase with the crystal thickness, indicating oxygen to
be present as a surface layer. Contamination of the GaSb
particles with O is reliable due to the sensitivity of GaSb
towards surface oxidation. Since the sample preparation
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Fig. 2 TEM bright-field images at different magnifications of GaSb
obtained from 1 at 400 °C.

wasn’t performed under an inert gas atmosphere, such a
process is possible.

The particles were also investigated by selected-area electron
diffraction. The well-defined, sharp diffraction patterns of the
GaSb nanoparticles clearly proved the particles to be crystal-
line. They show Debye-Scherrer rings with d-spacings
comparing well to literature values of sphalerite-type, cubic
GaSb. Particles obtained at lower (375-275°C) and higher
temperatures (450 °C) showed comparable results, which are
therefore not presented in detail herein.

The results obtained from precursor 1 clearly demonstrate its
potential to serve as a single source precursor for the growth of
crystalline GaSb films. In particular the absence of any carbon
contamination and the very low decomposition temperatures
render 1 very attractive for further, detailed MOCVD studies.
These are currently under investigation.

t-Bu3Ga—-Sb(i-Pr); (2)
The pyrolysis experiments and the sample preparation of

adduct 2 were performed in the same way as described for

Table 1 Quantification of EDX analyses as obtained from different
particles

1 2 3 4 5
Ga 50.7 50.3 50.1 50.9 50.4
Sb 49.3 49.7 49.9 49.1 49.6
Ga:Sb 1.03 1.01 1.00 1.04 1.02
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Fig. 3 SEM images of GaSb crystallites obtained from 7-Bu;Ga—
Sb(i-Pr); 2 at 400 °C.

compound 1. However, the surface morphology of the films as
obtained from precursor 2 is clearly different from that of 1.
Fig. 3 shows images of a film obtained at 400 °C.

The sample contains particles of 500-1000 nm in length,
comparable to those obtained from precursor 1. These
crystallites are GaSb, as was demonstrated by TEM and
EDX studies.?! In addition, particles of clearly different shape
are present. Large needles (up to 5 pm), which seem to be
grown from a common ball-shaped origin, with large length/
diameter ratios, as well as single needles were detected. EDX
spectra obtained from the dendritic-type particles in the
scanning electron microscope indicate the formation of a
Ga-rich material. However, the results differ significantly in
respect to the Ga:Sb molar ratio, which varies from 1.70 to
2.20. To avoid any effect from material beneath the needles
and to quantify the exact Ga: Sb molar ratio of these particles,
TEM studies were performed. The dendrites were mechanically
separated from the films using a light microscope and placed on
a carbon foil supported by a Cu grid. Fig. 4 shows bright-field
images at different magnifications of as-prepared dendrites.

Both the single needles as well as a complete dendrite,
containing a ball-shaped center, from which several single
needles are grown in different directions, can clearly be seen.
Since the preparation technique prevents any powdering,
polishing or etching of the material, only some dendrites are
electron transparent. Each needle is capped by a spherule. EDX
studies (Fig. 5) performed on several individual centers, needles
and ball-shaped tips showed different Ga : Sb molar ratios, as
is summarized in Table 2.

Quantification of several EDX analyses of the dendrite
centers indicate a 2:1 stoichiometry (Ga:Sb). However,
electron diffraction studies only reveal the presence of cubic-
type GaSb. In addition, the electron diffraction patterns show a
strong and diffuse background beside the Bragg intensities.
Obviously, the centers contain a variable excess of amorphous
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Fig. 4 TEM bright-field images at different magnifications of dendrites
obtained from 2 at 400 °C.

Ga. In contrast to these results, the Ga: Sb molar ratio within
the single needles is almost equal to 1.

To determine the concenrations of C and O within the parti-
cles, EEL spectra were recorded. A typical spectrum of a single
crystalline needle is shown in Fig. 6. The intensity of inelastic
scattered electrons is spread at three different amplifications,
due to its large decrease over the given energy range.

Ga and Sb have ionization edges at AE=1120 eV (Ga L) and

400

cu Ga a

Intensity/counts

energy/keV

Fig. 5 EDX spectra obtained at a ball-shaped dendrite center (a) and at
a single needle (b). Additional elements in the EDX spectra are caused
by the copper grid (Cu) supporting the sample and by the pole piece of
the microscope (Fe, Co), as was shown by a blank test.
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20.

Table 2 Quantification of EDX analyses as obtained at different
centers, needles and tips

Center Needle Tip

1 2 3 4 1 2 3 4 I 2

Ga 63.7 66.5 656 68.7 50.8 51.2 50.1 50.3 99.8 99.7
Sb 36.3 335 344 313 492 488 499 497 02 03
Ga:Sb 1.75 198 191 219 1.03 1.05 1.00 1.02 — —
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Fig. 6 EEL spectra of a single crystalline GaSb needle in the range
from 0 to 1300 eV energy loss.

AE=540¢V (Sb M). In addition, O was found as a very small
shoulder at AE=532¢V (O K) close to the Sb M-edge. C,
showing a sharp edge at AE=283 eV (C K), could not be
detected within the samples, even after background correction
and deconvolution against plural scattering. The Ga : Sb molar
ratio within the needles is uniform, varying only from 1.00 to
1.03. In contrast to the results obtained for the center and the
needles, the tips contain almost pure, amorphous Ga. This is
visualized in the Sb-distribution map as obtained from a single
needle.

The Sb-distribution map was calculated by means of energy-
filtered imaging, which was recorded at the tip of the needle.
An intensity profile of the Sb distribution was calculated for
the area indicated by the box in Fig. 7. The homogeneous
distribution of Sb within the crystalline needle can clearly be
seen. In contrast, the amorphous tip contains almost no Sb.
However, the drop of the Sb-concentration curve is not abrupt,
indicating the tip to be partially grown into the needle. The
needle is covered by a small amorphous, O-containing layer,
resulting from a surface oxidation process.

Some needles are thin enough to be electron transparent, so
they were subsequently investigated. The needles were found to
be very often macled, as can be seen in Fig. 8. Twinning is also
observed for small areas.

As was found for precursor 1, SA (selected area) electron
diffraction patterns of the nanoparticles show Debye—Scherrer
rings with d-spacings comparing well to literature values of
sphalerite-type GaSb, indicating the formation of crystalline
GaSb (Fig.9). The lattice parameter was determined as
608(2) pm, which agrees very well with the literature value of
609.5 pm.>

Electron diffraction patterns of a single needle show single
Bragg intensities of cubic GaSb. In diffraction patterns along
the [011]-type zone axis additional reflections in the 4-direction
could be observed. These additional intensities are caused by
{111}-type mirror twins. They are also present in diffracto-
grams (FFT’s) of high resolution TEM (HR-TEM) images of
the same direction.

HR-TEM lattice images were taken perpendicular to the
long axis of the needle. Only the edge of the needle is
sufficiently electron transparent, while it grows stepwise thicker
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Fig. 7 TEM bright-field image of the tip of a single needle (a) and Sb-
distribution map of the same region (b). Part (c) shows the profile of the
Sb distribution taken from the marked box in (a) and (b).

towards the middle. The measured distances of the lattice
planes agree well with the d-spacings of cubic GaSb. The
marked distances in Fig. 10a, recorded along the [110] zone
axis, correspond to 10 lattice spacings of the type {200}
(d=3.04 nm) and {220} (d=2.14 nm) and those in Fig. 10D,
recorded along the [112] zone axis, to 10 lattice spacings of the
type {111} (d=3.49 nm) and {220} (d=2.14 nm), respectively.
In addition, the small oxygen-containing amorphous border
can clearly be observed. Beside large areas free of defects, some
stacking faults and twin boundaries are found in the lattice
images, especially along the [110]-type zone axis.

50 nm

Fig. 8 TEM bright-field image of a GaSb needle showing the twinning.
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Fig. 9 Selected area electron diffraction patterns of a single, crystalline
GaSb needle taken at different orientations. ED pattern (b), taken

along the [011] zone axis, shows additional intensities (arrows), caused
by {l11}-type twins.

Whisker growth mechanism

The growth of the dendritic-type crystals depends on the
temperature conditions as was demonstrated by pyrolysis at
different temperatures. Fig. 11 shows typical SEM images of
samples obtained at 275 °C and 450 °C.

At 275°C, no dendrites but only single GaSb needles of
2-5 um in length were formed. In contrast, the film obtained at

Fig. 10 HR-TEM lattice images of a GaSb needle taken along the
[110]- (a) and [112]-type zone axes (b), respectively.
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Fig. 11 Typical SEM images of GaSb samples obtained from 2 at
275°C and 450 °C.
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Fig. 12 Scheme of the VLS whisker growth mechanism.

450 °C shows a significantly denser dentrite coverage compared
to the film obtained at 400 °C. Again, both the single needles
and the dendrites are crystalline, pure GaSb and both show Ga
spherules at their tips. However, while those of the sample
obtained at 450 °C contain only amorphous Ga (Sb<1%), the
Sb concentration of the tips at single needles obtained at 275 °C
is higher (4-5%). Sb is present in the form of crystalline GaSb
in the spherules, as was demonstrated by electron diffraction
studies. Obviously, both the Sb concentration and the crystal-
linity of the GaSb within the tips depend on the pyrolysis
temperature.

The single needles and the needles of the dendrites are known
as whiskers. It is well established that whiskers can be formed
from the gas phase by thermolysis of molecular precursors
and their synthesis was investigated intensively due to their
fascinating physical properties.”* Most of the studies have
concentrated on the synthesis of technologically important
Al,03, Si, SiC or Si3Ny4 whiskers, which are powerful additives

3246 J. Mater. Chem., 2001, 11, 3241-3248

for ceramic materials, improving their mechanical strength
dramatically.?® Besides this class, whiskers containing group
13-15 elements were also synthesized, e.g. AIN, GaN, GaAs
and InP.2® The whisker growth process is fully understood
since the seminal work of Ellis and Wagner.”” The most
important growth mechanism is the so-called VLS process
(vapor-liquid—solid) (Fig. 12). At the interface between a liquid
phase, usually a metal with a low melting point, and the
gas phase thermally induced decomposition reactions of the
precursors occur. The small liquid droplets, e.g. elemental
Au, are usually generated by sputtering, laser ablation or
chemical vapor deposition before the decomposition reaction
of the precursors.”® However, they can also be formed during
the decomposition process when two or more precursors with
different decomposition temperatures are used, which is likely
in CVD reactions. The droplets serve both as a catalyst for the
decomposition of the precursors, reducing the decomposition
temperature significantly, and as a solvent for the decomposi-
tion products (elements). After becoming supersaturated in the
droplet, precipitation starts, leading to the growth of a single
crystal at the interface between the liquid and the solid phase
(substrate). The droplet typically remains at the tip of the
whisker.?’ A comparable mechanism is true for the SLS process
(solution—liquid—solid), which was introduced by Buhro et al..*
In contrast to the VLS process, the whiskers are grown in
solution. However, the growth mechanism is almost the same.
The SLS process also occurs in the presence of a metallic liquid
droplet, which initializes the whisker growth. As was found for
the VLS process, the droplet remains at the tip of the resulting
whisker.

In our case, the initializing Ga droplet is formed in situ by
thermal decomposition of #-Bu;Ga, which probably is present
in the gas phase due to some dissociation of the starting adduct.
Further decomposition reactions of the tri-fert-butylgallane
and the triisopropylstibine occur preferentially at the Ga
droplets. The resulting elemental Ga and Sb dissolve in the
droplet, until the solution supersaturates with Sb and the
growth of crystalline GaSb whiskers occurs at the liquid-solid
interface. However, our results clearly show a temperature
dependence of the whisker growth, which may be explained as
follows. At low temperatures, the decomposition rate of the
stibine is low. This leads to a slow enrichment with Sb and local
inhomogeneities of the Sb concentration in the Ga droplet
are avoided. Therefore, the precipitation of the GaSb whisker
takes place in a controlled manner, when the supersaturation is
reached, leading to the formation of single GaSb needles.

In contrast, high temperatures yield high decomposition
rates, which favor the formation of inhomogeneities of Sb
within the molten Ga droplet. Therefore, local supersaturation
within the droplet is possible, resulting in simultaneous,
uncontrolled growth of several needles from a single droplet.
Consequently, dendritic-shaped crystals are formed.*'

The formation of GaSb whiskers needs temperatures of
at least 275°C, while at lower temperatures (250°C) the
decomposition of the precursor is incomplete.*> However, these
temperature are much below the temperatures typically needed
for the deposition of GaSb thin films by CVD processes, which
usually range from 500 to 550 °C. Obviously, the Ga droplets
catalyse the decomposition of the trialkylgallane and stibine.
Analogous results were reported for the synthesis of Si
whiskers. By using small Au droplets deposited on a Si
substrate, the reaction temperature was lowered from 1400 °C
(on a pure Si substrate) to 700 °C. At the same time the growth
rate increases significantly (20 times higher). With Pt droplets,
the results were even more impressive, since the growth rate
became 60 times higher.

In case of III-V materials, whisker growth was realized for
nitrides, phosphides and arsenides while to the best of our
knowledge, Sb-containing whiskers haven’t been grown, so far.
The temperatures which are necessary for the growth of III-V



whiskers are material-specific. While AIN whiskers were
obtained at temperatures above 1000°C,** GaN whiskers
were grown at 910°C>* and GaAs whiskers were grown
from Ga/AsCly/H, and GaCls/AsCly/H, on quartz glass or
GaAs substrates, which were covered with small Ga droplets,
between 550 and 680 °C.>* Compared to these temperatures,
the temperatures necessary for the growth of GaSb whiskers
as reported herein are very low. Currently we are investigating
the growth of GaSb whiskers in detail in the gas phase and in
solution.

Summary and conclusion

Pure GaSb crystals were obtained by thermal decomposition
of two different single source precursors in sealed glass tubes
in the temperature range between 250 and 450 °C. Dependent
on the precursor and the reaction temperature, simple GaSb
crystallites as well as GaSb dendrites and single GaSb needles
were obtained. The crystallites were characterized by means of
EM methods such as SEM, TEM, EDX, EELS, and electron
diffraction studies. Common crystal sizes vary from 500 to
1000 nm, while the needles are up to 5 pum in length. Carbon
couldn’t be detected in any sample, while O is present due
to some surface oxidation. In particular the absence of any
C within the particles as well as the low decomposition
temperatures observed for almost complete pyrolysis of the
precursors demonstrate the single source concept to be pro-
mising for the synthesis of the desired class of materials. The
specific adducts used in these preliminary studies seem to be
suitable candidates to serve as single source precursors for
the growth of thin GaSb films by the MOCVD process. Results
on detailed studies will be reported in the future.
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