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Introduction 

Group V chalcogenide materials have potential ap- 
plications in solar cell' and reversible optical storage 
technology.2 In addition, SbzTe3 and BizTes have been 
extensively studied since the 1950s for thermoelectric 
 application^.^ BizTe3 and its alloys with SbzTe3 and Sbz- 
Se3 are the most efficient compound semiconductor 
materials currently available for thermoelectric cooling at  
room temperature. Previous studies on these compound 
semiconductors have been conducted on bulk materials 
prepared by high-temperature solid-state synthetic tech- 
niques. Thin films of these V/VI semiconductor materials 
have been less studied, although electrical properties of 
thin films prepared by sputtering or reactive evaporation 
have been recently r e p ~ r t e d . ~  We now report the growth 
of SbpTe3 thin films by a novel MesSiNMez elimination 
reaction at  room temperature using Sb(NMez)3 and (Me3- 
Si)pTe in a reduced pressure metal-organic chemical vapor 
deposition (MOCVD) reactor. Conventional MOCVD 
processes for growing thin semiconductor films require 
pyrolysis or photolysis of organometallic precursors to 
break metal-ligand bonds and form the semiconductor 
material.5 To our knowledge, this is the first report of a 
room-temperature MOCVD process for preparing thin 
binary semiconductor films relying on the chemical 
reaction of the precursors, not pyrolysis or photolysis of 
the precursors, to grow thin films of a semiconductor 
material. 

Powders of VIVI semiconductors can be processed by 
metallurgical methods in order to fabricate thermoelectric 
materials with greater mechanical strength than melt- 
grown materials which are easily cleaved. The VIVI 
semiconductor powders have been prepared by grinding 
and sifting the melt-grown materials into various particle 
sizes (50-250 pmh6 The powders were then processed by 
hot- or cold-pressed sintering methods. We now report 
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the precipitation of submicron polycrystalline powders of 
SbzTe3 and BizTe3 from solutions at unusually low 
temperatures from the reactions of Sb(NMez)3 or Bi- 
(NMe2)3 with (MesSi)zTe, respectively. 

Results and Discussion 

Solution precipitation methods using elimination reac- 
tions to produce semiconductor powders have been previ- 
ously reported. For example, alkane elimination reactions 
have been used to prepare bulk metal sulfide materials 
and chlorotrimethylsilane elimination reactions have been 
used to prepare nanometer-size particles of GaAs in 
solution.7a We have prepared submicron polycrystalline 
powders of SbzTe3 and BipTe3 at  temperatures as low as 
-30 "C by solution precipitation using 2 equiv of the 
precursors Sb(NMe&? and Bi(NMe&,1° respectively, with 
3 equiv of (Me3Si)~Tell (eq 1). The new MeaSiNMep 

hexanes 
2M(NMeZ), + 3(Me3Si),Te - MzTe3 + 6Me3SiNMez 

(1) 
-30 "C M = Sb, Bi 

elimination reaction efficiently leads to the formation of 
group VIVI bonds and results in the direct synthesis of 
Sb,Te3 and BizTe3 at  unusually low temperatures (eq l).l2 
The reaction appears to go completion and no intermediate 
organometallic reaction products have been observed in 
solution. Furthermore, these reactions appear to be self 
limiting with respect to the VIVI precursor stoichiometry, 
thus excess unreacted group V or VI precursor can be 
recovered. NMR characterization of the reaction byprod- 
ucts reveals only MeaSiNMez and any excess starting 
reagents in solution. Elemental analyses of these powders 
verify the 213 ratio of the VIVI elements and indicate that 
significant incorporation of the Me3Si or NMez groups 
into the solid material does not occur. 

(7) (a) Bauch, C. G.; Johnson, C. E. Inorg. Chim. Acta 1989,164,165. 
(b) Johnson, C. E.; Harris, D. C.; Willingham, C. B. Chem. Mater. 1990, 
2, 141. 

(8) (a) Olshavsky, M. A.; Goldstein, A. N.; Alivisatos, A. P. J. Am. 
Chem. SOC. 1990,112,9438. (b) Berry, A. D.; Purdy, A. P.; Wells, R. L.; 
Pasterczyk, J. W.; Johansen, J. D.; Pitt, C. G. Mater. Res. SOC. Symp. 
Proc. 1991,204,107. 

(9) Moedritzer, K. Inorg. Chem. 1964, 3, 609. 
(10) Ando, F.; Hayashi, T.; Ohashi, K.; Koketau, J. J.  Inorg. Nucl. 

Chem. 1975,37, 2011. 
(11) Contrary to reporta in the literature, we found (MesSi)zTe to be 

very stable at room temperature when stored in the absenceof light. 
However, (Me8Si)zTe is air and water sensitive: Detty, M. R.; Seider, M. 
D. J. Org. Chem. 1982, 1354. 

(12) Organic solvents were distilled under Ar from sodium/benzophe- 
none. Since Sb(NMe&, Bi(NMe&, and (MesSi)zTe are air, water, and 
light sensitive, all manipulations of these precursors was done under Ar 
using inert atmosphere techniques. Reaction flasks containing the 
precursors were wrapped in AI foil to minimize exposure to light during 
storage. BizTes Powders: To a stirring solution of 1.279 g (4.669 mmol) 
of (Me3Si)zTe in 10 mL of hexanes a t  -30 OC (CCb dry ice bath) was 
added dropwise (drop time = 20 min) in the dark a solution of 1.118 g 
(3.276 mmol) of Bi(NMez)s in 10 mL of hexane. After the addition was 
complete, 10 mL of hexane was used to wash down any trace of Bi(NMe& 
in the dropping funnel, and the black slurry was warmed to room 
temperature slowly and stirred at  room temperature overnight. The slurry 
was filtered and washed with two 10-mL portions of hexane. The black 
BizTes powder (1.123 g, 90% yield based on (Me3Si)ZTe) was dried under 
vacuum for 4 h. Anal. Calcd for BizTes: Bi, 52.20; Te, 47.80. Found Bi, 
51.40; Te, 47.67; C, 1.18; H, 0.11. SbzTea Powders: SbzTespowders were 
prepared in an analogous manner using Sb(NMe2)s. During the reaction 
a silver mirror deposited from the solution onto the glass walla of the 
flask. The silver SbzTesmaterial(O.26Og, 52% yield based on (Me8Si)zTe) 
was scraped off the flask, filtered, washed with hexanes, and dried under 
vacuum. Anal. Calcd for SbzTe~: Sb, 38.88; Te, 61.12. Found Sb, 38.69; 
Te, 60.66; C, 1.54; H, 0.23. 

0 1994 American Chemical Society 



728 Chem. Mater., Vol. 6, No. 6, 1994 

L L  Y) ', 1!1 m m p )  !I .;I 1. IS 1: 1.9 
VJ J 

Figure 1. X-ray powder diffraction (Cu Ka) scansof (A) &Tea 
powder prepared at -30 OC, (B) SblTea powder prepared at -30 
' C  then annealed at 160 "C for 4 h, (C) Sb~Tes film grown on 
Si(ll1) at rom temperature, and (D) calculated XRPD pattern 
for randomly oriented crystallites of rhombohedral SbTe,." 

X-ray powder diffraction (XRPD) data were obtained 
for the powders and films produced by reaction l.I3 The 
XRPD pattern of the fine, silver Sb~Tea powder prepared 
at -30 OC exhibited very broad peaks that are equivocally 
assigned to a low-temperature phase of Sb~Te3 or (Sb,Te) 
of poor crystallinity/ordering (Figure 1A). However, 
annealing of the powder a t  160 "C under argon improved 
the crystallinity and ordering of the material (Figure lB), 
and the resulting XRPD pattern was found to match 
reference and calculated powder patterns for rhombohe- 
dral SbzTe3 under ambient conditions (Figure lD).14a4 
The crystallite sizes for the annealed SbzTes powder are 
approximately 278-425 A for general hkl and -685 A for 
the (110) reflection, assuming that the observed line 
broadening isduesolelyto particlesizeeffects.lu Scanning 
electronmicrmcopy (SEM) ofthe annealed SbTespowder 
verifies the submicron particlesize (Figure 2). The XRPD 
pattern for the fine, black Bi~Te3 powder prepared a t  -30 
"C (Figure 3A) is unmistakably rhombohedral BizTe3 
(Figure 3C).14a Furthermore, the XRPD pattern exhibits 
additional broadening at d spacings of -3.14, 2.22, and 
1.78 A, which might be attributable to a low-temperature 
phase of Bi~Te3 or (Bi,Te). However, annealing of the 
BizTe3 powder a t  160 OC results in the disappearance of 
the additional broad peaks and an improvement in the 
crystallinity/ordering (Figure 3B). The crystallite sizes 
for the annealed Bi~Te3 powder are approximately 321- 
484Aforgeneralhkland -647Aforthe(llO)refle~tion.'~ 
SEM of the annealed BizTe3powderverifiesthe submicron 
particle size (Figure 4). 
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Figure 2. SEM of Sh2Te3 powders precipitated out of solution 
at -30 "C and annealed under argon at 160 O C .  
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Figure 3. X-ray powder diffraction (Cu Ka) of (A) BiiTes 
powder prepared at -30 OC, (B) Bi;T% powder prepared at -30 
"C then annealed at 160 OC for 4 h, and (C) calculated XRPD 
pattern for randomly oriented crystallites of rhombohedral Bir 
Tea." 
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Figure 4. SEM of BizTe3 powders precipitated out of solution 
at -30 O C  and annealed under argon at 160 O C .  

Polycrystalline SbzTea films were grown on Si(ll1) at 
room temperature in reduced pressure (-0.25 Torr) 
horizontaland vertical MOCVDreactors usingSb(NMe& 
and (MeaSihTe in the gas phase.15 The films were grown 
under Sb-rich conditions with V/VI ratios varying from 
1.2to 1.8. Theonly volatile byprcduct identified by NMR 
(collected in a -78 OC trap) and the residual gas analyzer 
(in situ monitoring of reactor exhaust) was Me3SiNMe2.'6 
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Figure 5. SEM of Sb2Tes film grown on Si(ll1) in a vertical 
MOCVD reactor at room temperature. 

The surface morphologies of the films vary from smooth, 
highly reflective surfaces to dull gray with many surface 
defects depending on the growth rate and reactor condi- 
tions. Smooth specular films (Figure 5)  were grown at 
-0.25 Torr, with V/VI ratios greater than 1, and growth 
rates at about 1 pmlh. Thin films that were -0.5 pm 
thick where highly reflective, where as films grown at 
atmospheric pressure using Ar as a carrier gas were dull 
gray with a sooty morphology. The XRPD patterns of 
the SbzTes films grown a t  reduced pressure at room 
temperature (Figure 1C) indicate that the films are 
unmistakably polycrystalline Sb~Te3. The films exhibit 

(15) (a) Len. K. E.: h M k  C. K.: Hipa. K. T. Motor. Rea. Sa-. 
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10% HFsalutian. The substrates were blom dry with NI and evacuated 

8ome preferred orientation in the LO151 direction by 
comparison to the calculated powder pattem for randomly 
oriented crystallites (Figure 1D). Annealing of the S b  
Te3 film at 160 OC under AI results in delamination of 
parts of the film from the substrate and only a slight 
improvement in the film crystallinity. Auger depth profile 
analyses1' of the films establishes the 2/3 atomic ratio of 
Sb/Te throughout the film with cnrbon and oxygen 
detected in 3 and 2 atomic 7%. respectively. No Si was 
detected in the films within the limits of Auger. 

Conditions for optimum SbiTe3 film growth are cur- 
rently being explored. Although BizTe3 films have been 
grown by MOCVD at room temperature using Bi(NMe& 
and (MesSi)zTe, problems associated with consistent 
vapor-phase transport due to condensation of the solid 
Bi(NMe2)s in the inlet line and reactor walls are still being 
resolved. Similar preparation of group V chalcogenide 
systems have also been preliminarily explored. P(NMe2)s 
and As(NMed3 readily react with (Me3Si)zTe at room 
temperature to give an as-yet uncharacterized precipitate 
and MeaSiNMe. Furthermore,although Sb(NMez)s does 
not react with (Me3Si)zS in solution even when heated to 
55 "C, Bi(NMe& reacts immediately with (Me3Si)zS at 
room temperature to give a black precipitate of an 
uncharacterized bismuth sulfide and MesSiNMez. We 
have also observed a reaction between As(NMe& and As- 
(SiMeda to give As and MesSiNMez. 

The new MesSiNMez elimination reaction represents a 
new methodology for preparing V/VI semiconductor films 
and powders. Preliminary experiments indicate its po- 
tentialgeneralusefulnessfor preparingthinfilmsand bulk 
powders of other semiconductors or coating materials. This 
type of reaction also provides a novel synthetic route to 
forming metal-metal bonds at low temperatures in or- 
ganometallic molecules. 
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