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Abstract 

The pulsed laser deposition of zeolites to form zeolitic thin Nms is described. Films were grown 
using both mordenite and faujasite targets and were deposited on various substrates. The optimal films 
were obtained when the target and substrate were separated by 5 cm. These films are comprised of small 
crystallites embedded in an amorphous matrix. Transmission electron microscopy reveals that the 
amorphous material is largely porous and that the pores appear to be close to the same size as the parent 
zeolite. Zeolitic thin films are of interest for sensor, gas separation, and catalytic applications. 

Introduction 

In the ongoing search for a satisfactory zeolitic film yielding economical gas separation and 
catalytic applications, various film deposition techniques are being investigated. These include the 
attachment of zeolite crystals to a gold surfaces using thio-organosilane coupling layers.192 However, 
since these layers could not be formed free of voids, the entire structure must be coated with an 
organosilane overlayer to make pinhole-free coatings? Zeolite crystals have also been oriented in metal 
grids by utilizing an electric field.3 The structure was then electroplated to seal the voids in the grid not 
filled by zeolites leaving about 15% of the membrane porous. While this unique membrane is quite 
attractive for gas separation and catalysis, it may prove to be useful only for special applications. Zeolites 
have also been constructed on various supports4>5 or as free-standing films.6 Although many of these 
strategies provided films without pinholes, some of them are too thick to yield reasonable permeabilities 
or are difficult and expensive to produce. Furthermore, some of the zeolite films incorporate organic 
components in the structure, excluding them from high-temperature or chemically harsh environments. 
Indeed, while in theory, zeolite membranes promise to provide significant advantages for gas separation, 
sensors, and catalysis, considerable development must occur before these expected advantages are 
realized. Further improvements in zeolite thin films will come by not only perfecting existing techniques 
for film formation, but additional deposition methods must also be investigated. 

Recently, pulsed laser deposition (PLD) has been used to form thin-film zeolitic membranes.7 
While PLD has been used in the deposition of dielectric, ferroelectric, and piezoelectric films as well as 
semiconducting layers, superlattices, and high-temperature superconducting thin f h ,  to our knowledge 
this is the first reported deposition of zeolitic films using this technique. PLD has several advantages 
which make it an attractive method for the deposition of these films. Besides providing reasonably good 
deposition rates, PLD can congruently evaporate multicomponent targets. It also produces high-energy 
atoms, molecules, ions and clusters which can enhance the formation of crystalline films. Under the 
proper conditions, the films deposited by PLD can be very uniform. Examination of them shows that the 
zeolitic films are made up of zeolite crystals embedded in an amorphous matrix and thus the problem of 
voids between crystals is overcome. This report provides a description of the deposition process and a 
brief characterization of the resulting films. A discussion of the ablation process is also included to 
rationalize the observed properties of the deposited films. 
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Exuerimental 

The deposition chamber used for the PLD deposition of the zeolitic films is depicted in Figure 1. 
All depositions were made in an ambient oxygen environment of 130 to 140 mTorr. 

A 

Figure 1 Schematic of the PLD experimental apparatus. Symbols: A, Nd-YAG laser; 
B, prism; C, focusing lens; D, substrate holder; E, target; F, oxygen inlet. 

A Nd-YAG laser (Continuum NY81-10) was used for the ablation of the zeolite. It provided 5 Hz 
pulses that had a typical pulse width of 5 nsec. The laser fluence at the target was 0.9 J/cm2. Both 
mordenite and faujasite targets were used to deposit films and were provided by Dow Chemical 
Company. Deposition times were typically 30 minutes and yielded 0.4 to 0.5 pm thick films. The 
targethubstrate distance was either 2.5 or 5 cm for all the depositions. Films to be analyzed by electron 
microscopy were deposited on silicon wafers while those used in the gas uptake measurements were 
placed on quartz crystal monitors (QCM's). 

The zeolitic thin films were analyzed using x-ray diffraction, transmission electron microscopy 
(TEM), x-ray photoelectron spectroscopy (XPS), and gas uptake experiments. A comparison of the 
electron and x-ray diffraction patterns of the target material with the electron diffraction pattern of the 
deposited film demonstrated that the crystallites in the film were those of the target zeolite. The structure 
of the deposited material was studied most extensively with the TEM. The instrument utilized was a 
Philips CM-30 high resolution TEM operating at 300 KV. 

Results and Discussion 

The zeolitic films resulting from depositions of the mordenite and faujasite targets were 
qualitatively similar and thus will be discussed simultaneously. In both cases, those films deposited at 
2.5 cm from the target were much less uniform and contained less crystalline material as indicated by 
electron diffraction than those deposited at 5 cm from the target. Increasing the distance between the 



target and substrate much beyond 5 cm results in a film which contains pinholes. This is the 
consequence of the loss of much of the kinetic energy of the ablated clusters before reaching the 
substrate. A view of a film deposited at the closer distance is shown in Figure 2. While faint rings 
could be observed in the selected area diffraction of the mordenite film, that of the faujasite film showed 
only amorphous features. On the other hand, the films deposited at 5 cm from the target showed 

Figure 3 Plane view of the faujasite film deposited at 5 cm from the target. View from the edge of 
the ion-milled hole in the sample. Inset is the selected area electron diffraction pattern of 
the film. 



considerable crystallinity. The faujasite film with its diffraction pattern is displayed in Figure 3. 
Measuring the Moire patterns in the TEM images, the average crystal size calculated for the mordenite 
films was 120 A while that for the faujasite f d  was 450 A. 

To understand the differences in the films produced at varying targetlsubstrate distances, an 
examination of the processes occurring in the laser plume is necessary. The plume consists of two 
components, a fast moving portion which is well described by the shock wave model, and a slower 
which follows viscous drag flow.8 In an ambient atmosphere of 100-300 mTorr, the fast component 
disappears after the ablated material has moved several centimeters from the target leaving only the 
slower one. Indeed, in an oxygen environment of 150 mTorr and a laser fluence of 3.0 J/cm2, the faster 
component is completely absent at 5 cm from the target.9 Since the laser fluence in the deposition of the 
zeolite films was only 0.9 J/cm2, it is reasonable to expect that the fast segment disappears quite quickly 
and thus it has little effect on the film features. The characteristics of the slower, viscous flow 
component are dominated by collisions with the ambient gas.979 Furthermore, the kinetic energy 
diminishes exponentially with increasing distance from the target. It has also been observed that the UV 
emission decreases exponentially with increasing distance from the target.10 This is indicative of three- 
body nonradiative recombination processes. Thus the species reaching the substrate at 2.5 cm are much 
more reactive and possess considerably more kinetic energy than those contacting it at 5 cm. This can be 
used to rationalize the observation that the films deposited at the closer distance are less crystalline. 

Two possibilities present themselves when one considers the film growth and concomitant 
crystallinity on the substrate. Crystalline zeolite clusters the size of the crystallites observed in the films 
deposited at 5 cm may be ablated from the target and deposited on the substrate. The decrease in 
crystallinity observed in the films deposited at short distances could be due both to crystal breakup when 
the zeolite clusters strike the substrate with excess kinetic energy and to interaction with other reactive 
species at the substrate surface. The crystalline clusters depositing on the substrate at greater distance 
from the target have less kinetic energy and encounter fewer reactive species. In this scenario, the 
observed crystallinity or lack of it is a result of interactions at the substrate surface. The other possibility 
is that the zeolite crystals grow to the dimensions observed in the films after contacting the substrate. At 
the closer distance, the excess kinetic energy and relative abundance of reactive species are not favorable 
for crystal growth. Separating the target and substrate allows those reactions which militate against 
crystal growth to diminish. As the species from the laser plume slow down, vapor growth of the zeolite 
crystals may be more favorable. 

Contending against the frrst possibility is the fact that the size of the crystals observed in the films 
is much larger than the typical species comprising the laser plume. In many laser ablation processes, the 
s ecies observed in the plume include atoms, ions, molecules, and small clusters. Crystals of over 100 K in length are much larger than these species. Investigation of the species involved in the PLD of 
zeolites was performed using a time-of-flight mass spectrometer. A partial spectrum showing the upper 
mass region is displayed in Figure 4. Since the instrument had an upper limit of 400 amu, only clusters 
of lower mass than that could be examined. Nevertheless, the mass spectral data show that there are 
larger clusters present. Thus it may not be unreasonable to suggest that clusters the size of the observed 
crystallites in the film are present in the plume. 

The prospect of zeolite crystals growing on a substrate in the PLD process is also not without its 
dilemmas. While PLD has been used for a variety of epitaxial growth applications, the substrate 
provides no such opportunity for the zeolite crystals. Furthermore, zeolites are metastable structures and 
it is questionable whether they could be grown using this process. Possibly the best rationalization for 
the presence of zeolite crystallites in the PLD films is that small clusters or lattice subunits form 
nucleation sites allowing the crystals to grow to the observed dimensions. Such growth is hindered at 
the close deposition distance since excess kinetic energy and the presence of additional reactive species 
favors crystal breakup and formation of other, noncrystalline products. 

The electron diffraction patterns of the fiims correspond to that of the parent zeolite materials. 
The results of this analysis will be published elsewhere. The structures in the films are, however, 
strained when compared to the original zeolites. Comparing the X P S  spectrum of the deposited film 
with that of the target shows that the binding energy of the silicon 2p bond is shifted to higher energy by 
about 2 eV. 
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The mass spectrum of the PLD zeolitic film from 300 m u  to 400 amu. 

Figure 5 TEM cross-section view of the faujasite film showing the characteristics of 
the pores amorphous material. 



images appears to be between 8 and 13 which is approximately the size of the openings in zeolite 
cages, The channels in mordenite are 7 A and 5.7 A while those in faujasite are 7.4 A.11 While there are 
places where several pores converge to form larger channels, these channels do not transverse the entire 
film, The films have shown selective gas uptake demonstrating that they are useful as sensors. The 
details of this investigation are to be published elsewhere. 

Conclusions 

Zeolitic films have been formed using PLD from the ablation of both mordenite and faujasite 
targets. The films are a mixture of zeolite crystallites embedded in an amorphous matrix. The crystals 
observed in the films are those of the parent zeolite target material. Films displaying better uniformity 
and crystallinity are formed when the substrate is separated from the target by about 5 cm. This suggests 
that the greater kinetic energy of the crystallite clusters in the vapor phase and larger amount of reactive 
species reaching the substrate are not conducive to the growth of uniform, crystalline films. Crystalline 
clusters appear to be transported onto the substrate and then may form nucleation sites for the growth of 
larger crystallites. The amorphous matrix in which the crystals are embedded is also largely porous and 
the size of the pores are on the same order as the channels found in the zeolites. The zeolite thin films 
have demonstrated selective gas uptake and are thus suited for sensor applications. 
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