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Pest disintegration of thin MoSi 2 films by 
oxidation at 500~ 
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Thin molybdenum disilicide (MoSi2) films have been produced by magnetron sputter 
deposition, and subjected to oxidation tests for the study of "MoSi 2 pest"-a phenomenon 
showing disintegration of a solid piece of MoSi 2 into powdery products. The as-prepared 
films were of an amorphous structure. Oxidation of the films in air at 500~ led first to 
cracking of the films, and then the cracked pieces eventually evolved into disintegrated 
powders with a yellowish appearance. Secondary electron microscopy and Auger electron 
spectroscopy revealed that the reaction products consisted of MoO3 whiskers (platelets), 
Si-Mo-O fibres, Si02 clusters, and some residual MoSi 2. The disintegration of MoSi 2 films 
appeared to be independent of their crystal structure; a similar phenomenon was also observed 
in crystallized films, with a metastable hexagonal structure, oxidized under the same 
conditions. The disintegration of the MoSi 2 films is compared to and correlated with the "pest 
reaction" of bulk MoSi2. 

1. In troduct ion  
Molybdenum disilicide (MoSiz) is a well-known high 
melting point intermetallic compound. Being a metal- 
like thermally stable conductor with exceptional oxi- 
dation resistance up to 1900~ in air, MoSi 2 has 
found many applications, such as electrical heating 
elements in high-temperature furnaces, protective coat- 
ings for high-temperature structural materials [1-4], 
and electrical contacts and/or interconnects in silicon 
device technology [5-8]. Because of its technological 
importance as an engineering material for both struc- 
tural and electronic applications, extensive research 
efforts have been spent on the material synthesis, 
characterization, and mechanical properties of both 
bulk and thin films of MoSi2. 

In spite of its superior environmental protective 
capabilities at high temperatures, MoSi 2 suffers from 
the so-called "pest reaction" during low-temperature 
(400-600 ~ oxidation [1, 9-11]. The pest of MoSi 2 is 
characterized by the total disintegration of the sample 
into powdery products. Although pest was first dis- 
covered by Fitzer in 1955 [1], the fundamental under- 
standing of its origin is not yet established. Based on 
some very recent studies from the low-temperature 
oxidation of MoSi 2, pest occurs not only in hot- 
pressed and cast polycrystalline materials [12, 13], but 
also in single-crystalline MoSi z bulk samples 1-13]. As 
a result, powdery products were formed and they 
contained M o O  3 whiskers, SiO 2 clusters, and some 
residual MoSi2 crystals. Moreover, the results from 
the study of single crystals indicated that pest reaction 
was a nucleation-controlled kinetic process. The nu- 

clei were present in the form of blisters, caused by the 
combined effects of thermal mismatch between 
S i -Mo-O surface oxide and MoSi z substrate, and 
internal vapour pressures resulting from the formation 
of volatile MoO 3 [13]. A detailed mechanism for 
MoSi 2 pest will be presented elsewhere [14]. 

Although pest reactions have been observed in 
MoSi 2 bulk samples, experimental results on the pest 
of MoSi 2 films have not been reported to date. It is 
worth noting that a few other refractory-metal di- 
silicides (e.g. WSi 2, FeSi2, NbSi2, and MnSi2) that 
have been extensively used for the oxidation protec- 
tion of high-temperature structural materials, are also 
reported to exhibit pest disintegration at various tem- 
perature regimes [15]. Not all these refractory-metal 
disilicides, when present as a coating film, however, 
have been observed to be susceptible to pest reactions 
[16-18]. In this letter, we record the first finding of 
pest reaction in monolithic MoSi 2 films. 

2. Exper imenta l  p r o c e d u r e  
The MoSi e films were deposited by d.c. magnetron 
sputtering from a hot-pressed MoSi e target (20 cm 
diameter and 6.5 mm thick, purchased from Cerac 
Inc.) on Si (1 1 1) substrates. The composition and 
structure of the target were examined by Auger elec- 
tron spectroscopy (AES) and X-ray diffraction (XRD), 
and confirmed to be M oSi 2 with a tetragonal crystal 
structure. In addition, scanning electron microscopy 
(SEM) and energy dispersive spectrometry X-ray 
microanalysis (EDS) indicated that the hot-pressed 
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MoSi 2 contained a small amount of SiO2 and MosSi s 
(in the vicinity of the SIO2) as a result of oxidation 
during sample preparation. 

Prior to deposition, the base pressure was about 
1 x 10- 5 Pa. During the sputter deposition of MoSi2, 
the substrates were first sputter cleaned under 200 V, 
d.c. reverse bias, and 0.67 Pa argon gas pressure for 
4 min. Typical deposition parameters used in this 
study were 1 kW power and 0.67 Pa processing gas 
(argon) pressure. The deposition rate under such 
conditions was calibrated to be about 10.5 nm min-  1. 
The typical thickness of the MoSi 2 films made for this 
study was 1.2 gm. The composition of the resulting 
films was then analysed by AES, and the structure was 
examined by transmission electron microscopy 
(TEM). It is pointed out that no substrate heating was 
applied during sample preparation and the overall 
temperature of the films during deposition, monitored 
by using heat-sensitive tapes, was found to be no more 
than 80 ~ 

The films were then oxidized in air (relative humid- 
ity 55%, water vapour pressure ~ 1740 Pa) at 500 ~ 
for different periods of time. The morphologies of the 
films were examined using optical microscopy and 
scanning electron microscopy (SEM). Composition of 
the reaction products after oxidation was investigated 
by AES. (Typical electron-beam size used for AES 
analysis was about 150nm.) The structures of the 
reaction products were examined by XRD and a Jeol 
2000FX TEM. 

that the as-prepared film was in an amorphous state, 
although a few crystallites with lateral dimensions of a 
few nanometres are occasionally observed near the 
edge of the films. The interatomic spacings of those 
crystallized regions, however, cannot be resolved 
clearly by high-resolution TEM. A detailed study on 
the microstructural evolution (as a function of temper- 
ature) and mechanical properties of the MoSi 2 films 
can be found elsewhere [19]. 

After oxidation at 500 ~ for only a short period of 
time, severe cracking and delamination were observed 
on the films. Fig. 2a presents a scanning electron 
micrograph showing the morphological features of a 
film after oxidation for 5 min. It is interesting to note 
in Fig. 2a that some of the delamination occurs within 
the silicon substrate (manifested by the presence of 
cleavage striations as indicated by arrows), rather than 
at the film/substrate interface, suggesting a relatively 
strong bonding between the MoSi 2 film and the sili- 
con substrate in some local regions. Upon prolonged 
oxidation, the cracked MoSi 2 films transformed into 
powders with a yellowish appearance. A scanning 
electron micrograph showing the morphological 
characteristics of the film after oxidation for 24 h is 

3.  R e s u l t s  a n d  d i s c u s s i o n  
An AES depth concentration profile from an as- 
deposited MoSi 2 film (100 nm thick) is given in Fig. 1. 
It is noted that the atomic ratio between molybdenum 
and silicon is about 1 : 2 and remains to be constant 
throughout the film. The amounts of carbon and 
oxygen (contaminants) present in the film are negli- 
gible. This concentration profile is similar to that 
obtained from the hot-pressed MoSi z standard. 

Transmission electron microscopy (TEM) bright- 
field images and electron diffraction patterns revealed 
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Figure 1 AES depth concentration profiles of an as-deposited 
MoSi 2 film. 

2 9 6 4  

Figure 2 Scanning electron micrographs showing the morphologies 
of MoSi 2 films (a) after oxidation at 500~ for 5 rain, and (b) after 
prolonged oxidation at 500 ~ for 24 h. 



presented in Fig. 2b. Most of the cracked MoSi 2 
pieces convert to agglomerated, feather-like powders. 

The detailed morphological features of the powders 
are delineated in Fig. 3. The morphologies of the 
reaction products can be categorized into needle 
(platelet), cluster, and some residual MoSi/ pieces. 
Most of the needle-like reaction products show irregu- 
lar surface features (denoted fibres hereafter), although 
some of them exhibit smooth and regular geometry 
(denoted whiskers hereafter). According to AES ana- 
lyses, the whiskers are pLedominantly MoO x (Fig. 4a) 
and the fibres contain silicon, molybdenum and oxy- 
gen (Fig. 4b), while the clusters were mainly SiO2. 
Using the sensitivity factors of 0.73 and 0.43 (based on 
an MoO3 standard) for molybdenum and oxygen, 
respectively, the MoOx was determined to be MOO3. 
It is noted that the amount of molybdenum present in 
the S i - M o - O  fibres varies significantly, suggesting 
that either the composition of these fibres is not in an 
equilibrium state or they contain a mixture of SiO 2 
and MoO 3 phases. However, based upon the previous 
study of oxidation of MoSi 2 single crystals [13], 
S i - M o - O  mfty be present as a transient oxide, which 
would evolve into MoO3 whiskers and S i O  2 clusters 
upon further oxidation. 

The reaction products found in the present study 
are very similar to those observed in the disintegrated 
MoSi 2 bulk samples, which were also subjected to 
oxidation at 500 ~ Fig. 5a and b, respectively, show 
an optical micrograph of a disintegrated, hot-pressed 
MoSi 2 bulk sample after oxidation in air for 21 h, and 
a scanning electron micrograph showing the morpho- 
logical details of the powders. According to the AES, 
XRD, and TEM analyses, the powdery products con- 
sisted of MoO3 whiskers (needles/platelets), SiO2 clus- 
ters, and some residual MoSi 2 crystals. Transmission 
electron micrographs and the corresponding electron 
diffraction patterns indicated that the MoO 3 whiskers 
had an orthorhombic crystal structure (see Fig. 6a and 
b), while the SiO 2 clusters were mainly amorphous 
(see Fig. 7a and b). The longitudinal axes of the MoO 3 

Figure 3 Scanning electron micrograph showing the typical mor- 
phologies of the reaction products observed in the disintegrated 
MoSi 2 film. 
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Figure 4 AES spectra of (a) a MoO 3 whisker and (b) a S i - M o - O  
fibre from the disintegrated powders. 

whiskers were found to be parallel to the a-axis of the 
orthorhombic unit cell (a = 0.396 nm, b = 1.386 nm, 
c = 0.370 nm). 

It is evident that thin MoSi 2 films behave similarly 
to bulk MoSi 2 during low-temperature oxidation 

- both materials are susceptible to pest reactions, and 
they disintegrated into powders of MoO 3 whiskers, 
SiO2 clusters, and some residual MoSi z. Because the 
as-prepared MoSi 2 films were of an amorphous struc- 
ture, a question yet to be answered is whether or not 
the observed pest reaction is dependent upon the 
structure of the films. Molybdenum disilicide is known 
to exist in two different crystal s t ructures-  a metast- 
able, hexagonal structure and the thermodynamically 
stable, tetragonal structure [20]. In the present study 
of MoSi2 pest by oxidation, monitoring the structural 
evolution of the films prior to pest reaction is con- 
sidered to be difficult. As a result, the amorphous films 
were crystallized initially at 300 ~ (into a hexagonal 
structure) [19] and, then, oxidized at 500~ It was 
found that the crystallized films also underwent pest 
reaction, and disintegrated into powdery products of 
MoO 3 whiskers, Si M o - O  fibres, SiO 2 clusters, and 
some unreacted MoSi z. Fig. 8 presents a scanning 
electron micrograph showing the typical character- 
istics of the reaction products. 

As far as crystallizing the films into a tetragonal 
structure is concerned, previous study indicated that 
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Figure 5 (a) An optical micrograph showing the characteristics of a disintegrated, hot-pressed polycrystalline MoSi 2 bulk. (b) A scanning 
electron micrograph showing the typical morphologies of the reaction products in the powders. 

Figure 6 (a) A transmission electron micrograph and (b) the corresponding electron diffraction pattern of a MoO3 whisker, as indicated by 

an arrow in (a). 

Figure 7 (a) A transmission electron micrograph and (b) the corresponding electron diffraction pattern of an S i O  2 cluster. The discrete spots, 
indicated by arrows in (b), have a d-spacing of 0.39 nm, which is attributable to the presence of {002} residual, tetragonal-MoSi z. 

2966 



Acknowledgements 
The authors thank Dr H. S. Hu for the AES analysis. 
This work was supported by the Naval Air Develop- 
ment Center under contract N62269-89-0261, moni- 
tored by Dr G.J. London. 

Figure 8 A scanning electron micrograph showing the morphologi- 
cal features of the powdery products from a pre-crystallized MoSi 2 
film after oxidation at 500~ for 17 h. 

the structural transformation from hexagonal to te- 
tragonal took place only at temperatures above 
800~ [19]. Moreover, the phase transformation 
process was accompanied with the formation of 
tetragonal Mo~Si3; the films contained a mixture of 
tetragonal MoSi 2 and tetragonal M05Si 3. Although it 
is yet to be confirmed, MoSi 2 films with a tetragonal 
structure are believed also susceptible to pest reaction. 
This is based on the fact that both hot-pressed and 
cast polycrystalline MoSi2 (tetragonal structure) show 
pest reaction at 500 ~ 

In summary, magnetron sputter-deposited MoSi/ 
films of both amorphous and hexagonal structures 
were found to be susceptible to "pest reaction" at 
5000C in air. The pested films disintegrated into 
agglomerated, powdery products. The reaction pro- 
ducts formed were characterized to consist of MoO3 
whiskers, Si-Mo-O fibres, SiO2 clusters, and some 
residual MoSi2; these are similar to those observed in 
bulk MoSi2 after pest. Experimental results also indi- 
cated that the crystallographic structures had little 
effect on the pest reaction of MoSi2. 
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