








5.3 The BaF2 Surface Mesh 

When considering BaF2ISi as a platform for subsequent film growth, we can idealize 

the growth surface, or surface mesh, to be the set of BaF2 (1 11) planes parallel to the Si 

(100) substrate. In particular, when bulk terminated along the (1 11) BaF2 planes, the four 

cubic orientations in 3-D reduce to two distinct hexagonal plane orientations offset by 30' 

in 2-D. This is illustrated in Figure 5.5 by the top down view of the four cubic 

orientations along the [ I l l ]  axes. The cubic orientations labeled I and III in the figure 

produce identically oriented 2-D hexagonal surface mesh structures within their (1 11) 

planes; and a similar correspondence occurs for the 3-D orientations labeled I1 and IV. 

This surface mesh crystallography was verified by both RHEED and LEED patterns 

taken from the BaF2 film surface. For the RHEED patterns, absolute reciprocal distance 

measurements were calculated through the use of calibration measurements obtained 

4 cubic orientations 2 distinct ( 1 1 1)  hexagonal planes 
@ = 30" (11) 4 = 90" (IV) 

Figure 5.5 A top down view of the four B* cubic structure orientations (i.e. [I 111 
axes through page). The dashed triangles indicate the (1 11) planes. When bulk 
terminated along the (1 11) planes, two distinct hexagonal meshes are produced. 



from basal oriented single crystal sapphire (i.e. the a-A1203 (00.1) surface). From the 

known lattice constant of 4.76 A for basal sapphire, a camera constant K (units of A-'1 # 

pixels) was obtained. From this calibration, we were able to determine that the lateral 

spacings within the BaF2 RHEED pattern (Figure 5.6(a)), which repeated every 30" upon 

sample rotation, were a superposition of two distinct surface mesh domains. Specifically, 

the dl * lateral spacing in the RHEED pattern corresponded to the case where the RHEED 

beam was parallel to [I121 and the d2* lateral spacing corresponded to where the 

RHEED beam was parallel to [T 10],,~~, or equivalently [10 i ]  ,aF2 (see Figure 5.6(b)). 

Figure 5.6 (a) 30 keV RHEED pattern for the BaF2 surface, where the reciprocal 
lateral space distances dl* and d2* are shown. (b) A ball model of the BaF2 (1 11) 

surface relating the reciprocal lattice space distances dl* and d2* in (a) with their real 
space distances dl and d2 in terms of the lattice constant a. The large and small 

spheres in the model correspond to Ba and F atoms, respectively. 



For RHEED patterns obtained in this study, the effective surface area of the sample 

analyzed within a given RHEED pattern corresponds to the electron beam width 

(approximately 100pm), and length (approximately 1 mm) in the direction of the incident 

beam resulting from the grazing incidence angle between the beam and sample. Since 

this analyzed surface area is much larger than the apparent average grain size observed in 

the AFM images of the BaF2 surface (approximately 500 nm2), a superposition of 

multiple surface domains within the diffraction pattern is to be expected. In addition, the 

presence of vertical streaks within the RHEED spot profile were indicative of long range 

order existing in a direction parallel to the surface as compared to the surface normal 

direction. This qualitative assessment corresponds well with the AFM observations, 

which indicated a surface dominated by relatively smooth grains. 

Perhaps even more revealing than the RHEED data were the LEED patterns of the 

BaF2 surface structure (Figure 5.7(a)), which clearly shows a superposition of two 

hexagonal surface meshes in reciprocalheal space offset by 30'. (For 2-D hexagonal 

systems, the geometry of the hexagonal mesh is maintained in both real and reciprocal 

space - the only difference, other than magnitude, is a 30' in-plane offset. The 

conversion equations from real to reciprocal space in a 2-D system are the same as the 3- 

D conversions for 2 * and b * in Equation 3-10, except E now becomes the unit normal 

fi of the plane defined by 2 and b .) As with RHEED, the larger LEED electron beam 

width samples multiple surface domains, and hence a superposition of diffraction events 

from both domains is observed. 
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Figure 5.7 (a) 50 eV LEED pattern from the BaF2 surface. (b) A model of the BaF2 
surface mesh illustrating how the film is composed of grains possessing two distinct 

surface mesh orientations. The I through IV labels are consistent with the four distinct 
cubic orientations in Figure 5.5. (c) A superposition of the reciprocal space surface 

mesh domains in (b). 

By assimilating all of the morphological and crystallographic data discussed, we have 

developed a model of the BaF2 surface mesh structure which will act as the template for 

subsequent film growth, as illustrated in Figure 5.7(b). To summarize, the four distinct 

grain orientations within the BaF2 film layer reduce to two distinct hexagonal surface 

mesh platforms. The combined effect of the two hexagonal mesh platforms results in a 

surface mesh that maintains 30' in-plane rotation symmetry. This symmetry is illustrated 

by superin~posing the reciprocal space domains in Figure 5.7(b), as illustrated in Figure 

5.7(c), which accurately predicts the observed LEED pattern in Figure 5.7(a). 
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CHAPTER 6: CHARACTERIZATION AND ANALYSIS OF W03 FILM 
GROWTH AND BaW04 INTERFACIAL REACTION LAYER 
FORMATION 

6.1 W03 Film Deposition Parameters 

The resultant microstructure of a grown thin film strongly depends not only on the 

substrate structure, but also on the deposition method and the growth conditions. All 

films discussed in this thesis were deposited via electron-beam evaporation of a 99.995% 

pure W03 source to a total thickness of 50 nm. The growth condition parameters at our 

disposal included substrate temperature, 0 2  flow rate, deposition rate, deposition 

pressure, and the presence of an oxygen plasma to assist the deposition process. For all 

W03 films grown in our studies, only the substrate temperature was varied. Experiments 

were performed at room temperature to approximately 650°C, where BaF2 is known to 

dissociate and form BaSi2 with the silicon substrate at approximately 700"~. '  All other 

deposition parameters were held fixed, which included an 0 2  flow rate of 5 standard 

cubic centimeters per minute (sccm), deposition rate of 0.2 &s, and deposition partial 

oxygen pressure of ton. In addition, film depositions were assisted by a 200 watt 

powered ECR 0 2  plasma to enhance the surface diffusivity of the adsorbed oxygen 

species as well as to ensure that excess oxygen was present to yield stoichiometiric W03. 

The selection of the fixed deposition parameters was in large part based upon the success 

others have experienced in producing high quality, epitaxial grade W03 thin films on 

sapphire 

6.2 Chemical Analysis of the W03 Film Layer 

Table 6.1 summarizes the XPS results for W03 films that were deposited at substrate 

temperatures ranging from 350 to 550°C. In particular, the measured binding energy for 



Table 6.1 - XPS measurements from W03 films grown at different temperatures 

Substrate Binding Energy ; FWHM (eV) Peak Area Ratio Doublet Sep. 
Temp (OC) w4f712 01s 0 1 s/W4f712 W4f (eV) 

350 35.9 ; 1.20 530.9 ; 1.48 2.65 2.1 , 

400 35.8 ; 1.16 530.8 ; 1.42 2.95 2.2 
450 35.8 ; 1.18 530.7 ; 1.44 2.95 2.1 
500 36.0 . ----- 530.9 ; ----- 3.18 2.1 
550 35.8 : 1.13 530.7 : 1.42 3.20 2.1 

the W4f712 peak ranged from 35.8 to 36.0 eV, where the 4f512,712 doublet separation was 

approximately 2.1 eV in all cases. The measured binding energy for the 01s  orbital 

ranged from 530.7 to 530.9 eV. All of these measured peak positions and 4f doublet 

separations correspond well to those reported for WO~.~ . '  Furthermore, high resolution 

spectra of the W4f doublet indicated that the tungsten atoms primarily reside within the 

fully oxidized, w + ~  oxidation state. Evidence for this is seen in Figure 6.l(a), which 

shows representative W4f and 01s  spectra of films that were deposited over the entire 

substrate temperature range. The highly symmetric nature of these peaks is indicative of 

a single bonding state. If multiple oxidation states had been present, the combined effect 

of reduced (i.e. ~ ' ~ - 4  and fully oxidized tungsten species would broaden and distort this 

symmetry due to the presence of lower binding energy states (e.g. approximately 1 to 2 

eV lower for w+' and w*). These findings are consistent with 01s  to W4f712 peak area 

ratio measurements for substrate temperatures of 400°C and 450°C, which indicate the 

correct 3: 1 oxygen to tungsten ratio. For higher or lower substrate temperatures, there 

were slight deviations from the 3: 1 ratio, which correspond to either oxygen deficient or 

oxygen excessive films. 

To explain these slight stoichiometric deviations from W03, we first consider the 

oxygen deficient film grown at 350°C. Although reduced peaks could not be resolved 
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within the W4f doublet, the slightly broader full width at half max (FWHh4) 

measurements for the W4f7/2 and 01s peaks did suggest that a small component of 

reduced tungsten resided within this film as compared to the FWHh4 measurements for 

films grown at higher temperatures (see Table 6.1). The presence of a reduced tungsten 

component would therefore be consistent with the concentration ratio calculations for this 

particular film growth temperature. 

For substrate temperatures ranging from 350 to 450°C, all peaks within the XPS 

spectrum could be accounted for by either tungsten or oxygen; Figure 6.l(b) shows a 

representative survey spectrum for films grown within this temperature range. However, 

Binding Energy (eV) 

Figure 6.1 XPS spectra from W03 films. (a) High resolution scans of the 01s and 
W4f binding energy peaks. (b) Representative survey spectrum from films deposited 

over the range room temperature to 450°C. (c) Representative scan from films 
deposited in the range 500-550°C. 



for growth between 500 and 550°C, a small Ba3d component, without a corresponding 

F ls  peak, began to emerge, as shown in Figure 6.l(c). Although this XPS signal resulted 

in a total barium concentration of less than 1% for both the 500 and 550°C films, the 

formation of an oxidized barium compound layer at the W03 / BaF2 interface could 

explain the excess oxygen measured in these films. Specifically, if a small percentage of 

the measured 01s photoelectrons were emerging from a film layer beneath a pure W03 

layer, where this second layer additionally possessed an oxygen to tungsten ratio that was 

greater than 3: 1 (e.g. BaW04), then the measured 0 1 ~ / W 4 f ~ / ~  ratio would be greater than 

3: 1 as well. Although merely speculation at this point, evidence of this additional layer is 

presented in the next section, thereby substantiating this hypothesis for the apparent 

excess in oxygen within these films. 

6.3 Structural Analysis of the W03 / BaW04 Film Layers 

Contained in Figure 6.2 are various RHEED transmission patterns from the W03 films 

that show the effects of substrate growth temperature on the film microstructure. For 

substrate temperatures between room temperature and 350°C, W03 films yielded diffuse 

and faint bands within the RHEED patterns as seen in Figure 6.2(a). Such diffuse 

diffraction patterns result from amorphous or very finely grained polycrystalline film 

structures that randomly scatter the RHEED beam. However, for substrate temperatures 

ranging from 400 to 500°C, RHEED transmission patterns revealed the presence of highly 

ordered film structures. Figure 6.2(c) shows a representative RHEED pattern for this 

temperature range, where azimuthal sample rotations produced the same pattern every 

30". A line intensity profile along the top row of spots in Figure 6.2(c) is shown in Figure 



6.2(d), which indicates a superposition of multiple peak intensities within the diffraction 

spots. This fine structure within the RHEED pattern is consistent with the superposition 

of multiple crystalline domains of nearly equal lattice spacing. Conversion from 

reciprocal to real space indicated that these patterns result from monoclinic, 

orthorhombic, andor triclinic lattice structures of W03, which are all nearly cubic in 

nature and have similar lattice constants to within a few tenths of an angstrom (see Table 

2.1). Since the bulk form of the triclinic structure is known to only be stable over much 

lower temperature ranges (-50 to 17OC), this phase was ruled out, leaving the possible 

structures to be the monoclinic andor orthorhombic phase W03. Further distinctions 

100 200 300 500 

Pixels 

Figure 6.2 30 keV RHEED transmission patterns from W03 films deposited at (a) 
350°C, (b) 550 OC, and (c) 400-500°C. (d) A line intensity profile along the row of 
spots shown in (c). Distances between the peaks have been fitted with the relative 
reciprocal space distances for the (002), (020), and (200) inter-planer spacings of 

monoclinic phase W03, which are represented by the vertical lines along the 
horizontal axis. 



between these phases and cubic face orientations could not be resolved in the RHEED 

data due to the extremely small differences in lattice constants within and between the 

monoclinic and orthorhombic structures. To illustrate this point, vertical lines have been 

placed along the horizontal axis in Figure 6.2(d) which show the fitted reciprocal space 

distances for the bulk monoclinic phase (002), (020), and (200) inter-planar spacings. 

For clarity, only the reciprocal space distances for the monoclinic phase are shown since 

the same set of planes for the orthorhombic phase produce nearly identical spacings. 

Further increases in substrate temperatures (i.e. 2 550°C) rendered RHEED patterns 

consistent with that seen in Figure 6.2(b). The superimposed faint spots and ring patterns 

seen in Figure 6.2(b) indicate that films deposited in this temperature regime contain 

mixtures of polycrystalline and epitaxial components. 

To gain further insight into the structural development of the W 0 3  films, XRD 8-8 

measurements were conducted for the same samples analyzed by RHEED. A 

compilation of this data is presented in Figure 6.3, which outlines five Intensity vs. 28 

plots for the films grown from 350 to 550°C range. Consistent with the RHEED data, the 

350°C film showed no sign of crystalline film structure other than the BaF2 (1 11) 

substrate peak. However, at 400°C, film structure begins to emerge, which is evidenced 

by additional peaks at 28 = 23. 1" and 26.4". With increased substrate temperatures of 

450°C, 500°C, and 550°C, Figure 6.3 indicates the eventual coexistence of three peaks at 

23.1°, 23.6", and 24.2", which were identified as the monoclinic andlor orthorhombic 

W 0 3  phase orientations of (002), (020), and (200), respectively. (For simplicity, the 

above film structure will be referred to as monoclinic only from this point forward, since 

the nearly identical lattice parameters for monoclinic and orthorhombic phases of W 0 3  



could not be distinguished within the error limits of our measurements.) In addition to the 

monoclinic W03 triplet and the BaFz (1 11) substrate peak at 24.g0, the 8-8 scans also 

reveal a relatively strong peak at 26.4" for substrate temperatures of 400°C or greater. 

Although several phases of low index W03 d-spacings correspond to this 28 

measurement, subsequent structural analysis revealed that this peak did not belong to any 

phase of W03, but resulted from the formation of tetragonal phase barium tungstate, or 

BaW04, having a (1 12) orientation (see Figure 6.6(a) for bulk lattice model). 

Furthermore, with the exception of the trace amounts of barium that were identified in the 

500 and 550°C films, XPS studies indicated that the film surfaces consisted of tungsten 

and oxygen species only. From this, we could deduce that formation of BaW04 was 

B aF2 
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Figure 6.3 XRD 8-8 scans for W03 films deposited at the indicated temperatures. 
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most likely occurring at the interface between the W03 film and BaF2 substrate. In 

addition, consistent with the RHEED observations, W03 film structures appeared to 

become compromised at the substrate temperature of 550°C, which was indicated by the 

intensity drop for these corresponding peaks in the 0-0 measurement. This failure of the 

deposited film to produce andor maintain structural integrity at higher temperatures was 

presumably due to the aforementioned reactions between the BaF2 film layer and the 

silicon substrate to form BaSi at these elevated temperatures. Such transformations 

within the BaF2 film would likely disrupt the existing surface mesh matrix, thereby 

affecting its heterepitaxial relationship with the W03 layer. Indeed, for a substrate 

temperature of 650°C, XRD measurements (not shown) indicated the complete absence 

of the BaF2 (1 11) structure as well as the lack of a structured W03 layer. Stumborg et al6 

have reported similar non-adherence of MBE grown films on BaF2 (1 11)/ Si (100) 

substrates over this temperature range. 

In order to uniquely determine the particular structural phases of W03 and BaW04, 

the 0-0 scans alone in Figure 6.3 could not completely provide the requisite information 

since a significant overlap exists for many low index planes among several phases of 

W03 for the region of interest (i.e. 20 - 23' - 27°).7p8 However, it was possible with 

XRD pole figure measurements to completely determine the dominant lattice structure 

domains within the film. The reason for this is due to the fact that, not only 20, but x and 

$ parameters must also be correct to satisfy the Bragg condition for a particular set of 

planes associated with a particular lattice structure. The structural uniqueness provided 

by these three parameters, along with a material knowledge of the filmhubstrate system, 



significantly reduces the possible candidates for the film structure, and in most cases to 

just one possible candidate. 

With this in mind, pole figure measurements were performed on all grown films that 

exhibited the presence of lattice structure via RHEED and XRD 0-0 measurements. In 

particular, Figure 6.4(a) shows a pole figure that was conducted for the identification of 

monoclinic W03 by setting 20 = 34.2", which corresponds to the (202) plane of m-W03. 

Twelve peaks, equally spaced about the azimuthal @ angle, were measured at a polar 

angle of x = 46", which was the expected polar angle displacement between the (002) and 

(202) planes for monoclinic W03. Similar pole figure measurements (not shown) for the 

monoclinic W03 (020) and (200) orientations in the 0-0 scan also revealed twelve peaks 

at the appropriate x angles for the (220) and (202) planes, respectively. 

Confirmation of (1 12) oriented BaW04 was also established by performing pole figure 

measurements. In Figure 6.4(b), 20 was set to 31.g0, corresponding to the (200) set of 

(a) m-W03 (202): 20 = 34.2" 
Poles at x = 46" 

@ = 0" 

(b) BaW04 (200): 20 = 31.9" 
Poles at x = 53" 

Figure 6.4 XRD pole figures measured from the (a) m-W03 film and (a) BaW04 film layers. 



planes for BaW04. Again, twelve equally spaced peaks in @ appeared at a polar angle of 

x = 53', which agrees with the expected angle between the (1 12) and (200) planes of 

tetragonal BaW04. It is worth noting that, although the (200) and (020) planes have 

equal 28 and x parameters within the pole figure for BaW04 in Figure 6.4(b), the 

difference in @ is not exactly 120' as would be the case for a cubic-like structure, but is 

about 124.2'. The reason for this is because the c lattice parameter (= 12.7 A) is slightly 

larger than 2a (= 2 x5.6 A) for BaW04, where c = 2a would have produced an exact 120' 

difference in @. The net result is an overall misalignment of approximately 4.2' in @ 

within the measured peaks of Figure 6.4(b) for the (200) and (020) poles. A high- 

resolution @-scan at these 28 and x settings shown in Figure 6.5 illustrates this slight 

discrepancy, revealing the doublet nature of the twelve peaks in the pole figure of Figure 

6.4(b). A more detailed explanation of this high symmetry in the pole figures is given in 

section 6.4. 

6.4 Substrate Symmetry and Lattice Match Considerations for 
W 0 3  and BaW04 Formation 

To understand why twelve peaks occur in the pole figures for both W03  and BaW04, 

we recall that the underlying BaF2 (1 11) substrate surface mesh maintains an overall 30' 

in-plane symmetry. Assuming that this surface mesh initially mediates the subsequent 

film structure, then the symmetry that exists within the surface mesh will be the overall 

symmetry translated into the primary film growth plane. For the BaW04 layer, this 

results in the formation of twelve distinct crystalline domains such that each domain is 

(1 12) oriented and possesses one of twelve possible orientations about the [ l  12IBawo4 



axis. In other words, if the BaW04 layer was a single crystal specimen, then only one 

pair of peaks (e.g. 1 and 1' in Figure 6.5) would have been measured. The fact that 

twelve pairs of peaks were measured can therefore only be explained by the presence of 

twelve distinct single crystal domains. The @-scan in Figure 6.5 illustrates these twelve 

domains for the BaW04 layer, where the unprimed and primed labels correspond to the 

124.2' separation between the (200) and (020) planes within a single domain. 

Since the W 0 3  structure is monoclinic, then, strictly speakmg, the only explanation for 

the twelve measured peaks in the W 0 3  pole figure is the existence of twelve distinct 

crystalline domains within this film layer as well. However, as previously mentioned, m- 

W03 is very nearly cubic, such that a single domain of a similarly oriented cubic lattice 

@ (degrees) 
Figure 6.5 XRD @-scan from the BaW04 layer. Every pair of unprimed and primed 
numbers (e.g. 1 and 1') correspond to the (200) and (020) planes of a distinct BaW04 

grain orientation about the @-axis (= [ l  ~ ~ I B ~ w o , ) .  
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would produce four peaks separated by 90' in this pole figure, corresponding to the (202), 

(022), (202), and (022) poles of the cubic structure. Slight deviations from cubic, such 

as the case for m-W03, would then produce small changes in the 20, X, andlor + 
parameters at which the poles are measured. Although such deviations were large and 

therefore distinguishable within the BaW04 +-scan as shown in Figure 6.5, such fine 

structure could not be resolved within the error limits of our diffractometer for the nl- 

W03 pole figure. 

To see why the BaF2 surface mesh influences the specific film orientations, we 

consider the in-plane lattice misfits between BaW04 (1 12) and BaF2 (1 1 l), and between 

W03 (002), (020), (200) and BaW04 (1 12). Figure 6.6(a) shows the BaF2, BaW04, and 

m-W03 lattice structures with the corresponding interfacial planes; Figures 6.6(b) and 

6.6(c) illustrate the lattice match schematics for the BaW04 I BaF2 and W03 I BaW04 

interfaces. To calculate the lattice misfit f ,  we utilized the following expression:9 

where ao(f) and ao(s) refer to the film and substrate bulk lattice parameters, respectively. 

Equation 6-1 is a modified form of that given by 0hring9 which does not include the m,n 

factors. Their inclusion here allows for misfit calculations to be perfomled over an 

integral number of lattice parameters other than the limiting case of m,n = 1. (The 

determination of the m,n values for a specific calculation is based upon the minimization 

of f for a given set of interfacial planes.) Table 6.2 shows the results of these various 

misfit calculations for all of the possible in-plane combinations at the two interfaces. We 

see that a smaller overall misfit exists at the W03/BaW04 interface (0.66% - 5.2%) 
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Figure 6.6 (a) Bulk lattice structures showing interfacial planes. Schematic drawings 
are shown for the real-space lattice matches between (b) BaW04 (1 12) and BaF2 (1 1 I), 

and (c) m-W03 (100) and BaW04 (1 12). For both schematics, the open 
squaresIdashed lines (solid circles/solid lines) indicate the overlayer (underlayer) mesh. 

Table 6.2 - Bulk lattice misfits 

Interface f 

BaWO, (1 12) / BaF, (1 11) 3.4%, 10.6% 
WO, (002) / BaWO, (1 12) 2.6%, 5.2% 
WO, (020) / BaWO, (1 12) 2.6%, 3.1% 



versus the relatively larger misfit at the BaW04/BaF2 interface (3.4%, 10.6%), which 

must been compensated for by additional lattice strain andlor dislocations at this 

boundary. Although the misfit of 10.6% is relatively large, others have reported similar 

misfits in metal oxide systems for which epitaxial growth was attained. 2,3,10 Therefore, in 

both cases, the in-plane misfits reasonably explain the structural orientations of the 

BaW04 and W03 film layers. Similar misfit calculations for a possible W03/BaF2 

interface range between 14% - 20%, thereby making the existence for such a 

heteroepitaxial interface less likely. 

6.5 Post-Deposition Air Annealing Experiments 

The W03 grown films on BaF2/Si substrates were subjected to post-deposition air 

anneal studies, where XRD 0-8 scans were utilized to examine the thermal stability of the 

W03 film microstructure, as well as to investigate the reactivity of the W03 - BaF2 

interface. Figure 6.7 displays annealing study results for two films, one initially deposited 

at a substrate temperature of 350°C (Figure 6.7(a)) and the other at 500°C (Figure 6.7(b)). 

Both films were furnace annealed in air at 400°C, followed by 0-0 scans after 1 hour and 

24 hour anneal times. For the 500°C substrate temperature film, the monoclinic W03 

triplet and the (1 12) BaW04 peak maintained their intensity, suggesting that these film 

layers preserved their structure over the entire anneal period. The (1 11) BaF2 peak 

experienced some reduction after 1 hour, suggesting structural change in the BaF2 layer 

as a result of the 1-hour anneal. However, the BaF2 peak intensity remained unchanged 

following a subsequent 24 hour anneal, which implied that the majority of structural 

changes within the BaF2 layer occurred within the first hour. For the 350°C substrate 



temperature film, crystallization of the (1 12) oriented BaW04 structure developed and the 

diffraction intensity increased with subsequent annealing; no formation of structured 

W03 developed. In addition, a peak at 20 = 28.0' formed after 24 hours, which through 

pole figure measurements was identified as (004) oriented BaW04. 

It is interesting to note that crystalline BaW04 formed more readily when the W03 

film had a random polycrystalline as opposed to a heteroepitaxial structure. This 

suggests that mass transport, which occurs through a vacancy mechanism for atomic 

dif f~sion,~ occurs more readily within the polycrystalline W03 films, presumeabley due 

to the greater defect density (e.g. vacancies) in these structures. In contrast, if single 

crystal materials are involved, then mass transport phenomena are limited to bulk lattice 

vacancy and/or interstitial diffusion, which are inherently slower processes due to the 

higher activation energies involved. Although the BaF2 layer is highly crystalline, recall 

Anneal 
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Figure 6.7 400°C post-deposition air anneal effects on W03/BaW04/BaF2 
microstructures for W03 films deposited at (a) 350°C and (b) 500 OC. 



that well-defined grain boundaries were observed in AFM images for this surface. In 

general, such grain boundaries are known to serve as rapid migration paths within solids 

due to the low activation energies associated with diffusion processes along the 

boundary. 9,l l-13 The presence of these migration paths in the BaF2 layer would then 

foster inter-atomic diffusion for the larger population of mobile tungsten and oxygen 

atoms, as well as the smaller population of loosely bound barium and fluorine surface 

atoms. In all likelihood, an admixture of diffusion mechanisms are involved, where 

initial rapid migration down the short-circuit grain boundary network is likely slowed as 

tungsten and oxygen atoms leak into the BaF2 lattice via lattice vacancy andfor interstitial 

diffusion processes to form the BaW04 structure. 
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CHAPTER 7: INTERFACIAL REACTION AND GROWTH MODEL 

Up to this point, we have presented arguments that explain the symmetry and 

orientation aspects of the grain structures that form within the W03/BaW04/BaF2 film 

layers both during and post film deposition. In addition, possible diffusion mechanisms 

have been postulated to explain the apparent migration of the tungsten and oxygen atoms, 

which enable the formation of the BaW04 interfacial reaction product. In this chapter, 

we focus on the thermodynamic aspects as well as the kinetics of the system, and 

consider the free energy of formation, AG, as a driving force to produce a BaW04 

compound at the W03/BaF2 interface. 

7.1 Free Energy of Formation Considerations 

In Figures 7.l(a)-(d), an interfacial reaction and growth model depicts the different 

stages of film structure development that occurred during W03 deposition. In particular, 

during the early stages of film growth, a solid BaF2 material is in the presence of a W03 

flux and oxygen plasma, where the flux is assumed to be in a gaseous phase. For the 

initial formation of a BaW04 compound, the desired reaction equation can be described 

as follows: 

BaF2(s) + W03(g) + 0* (or 0') -+ BaW04(s) + F2 (7-1) 

Table 7.1 lists the standard free energy of formation, AGO, for the corresponding products 

and reactants in equation (7-1). Calculating the overall AGO for this chemical process 

(i.e. CmAGO(products) - CnAGO(reactants), m,n = coefficients in chemical equation) for 

temperatures ranging from room temperature to 500°C results in a free energy change of 
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Figure 7.l(a)-(d) Interfacial reaction and growth model showing different stages of 
film structure development. See text for details. 

Table 7.1 - Standard free energy of formation values (in kJ) 
(from References 1,2) 

AGO (room) AGO (500°C) 

BaWO, (s) -1598 -1427 



approximately -395 to -302 kJ/mol, respectively, when 0* is considered; and -1710 to - 

1605 Wmol when 0' is ~onsidered.'.~ Therefore, given these constituent reactants, the 

product formation of BaW04 is highly spontaneous under standard conditions. In order 

to relate this quantity to the more dynamic conditions (i.e. non- standard) present during 

film growth, we utilize the fact that the system equilibrium constant, K, is related to AGO 

by the following 

K = e-AGolRT 

where R is the ideal gas constant and T is the absolute temperature. Substituting in the 

AGO values from above, logK = 68.8 to 52.6 for o*; and 11 1.7 to 104.8 for 0' for 

temperatures ranging from room to 500°C. 

To assign some meaning to these K values, we consider that, from the laws of mass 

action, the equilibrium constant may alternatively be expressed in terms of the 

concentration levels of the reactants and products at equilibrium:3s4 

[products] 
K = - - [BaWO,l[F,l 

[reactants]' [B~F,][w~,][o*(o~ O')] 
(7-3) 

where the brackets [ ] indicate concentration (in molarity or partial pressure), and p / r are 

the coefficients in the balanced chemical equation. In general, a system may achieve 

equilibrium by either moving to the right or to the left of the reaction equation. However, 

for instances when K >> 1, then the numerator in (7-3) must be much larger than the 

denominator. In these situations, equilibrium will then typically lie to the right, and 

products are favored; and conversely for K cc 1. Therefore, knowledge of K (usually 

expressed as logK) will indicate which direction the reaction will follow in order to 

establish equilibrium. In regard to the calculated K values above, we can therefore 



conclude that the formation of a BaW04 compound is an overwhelmingly favored 

process. 

Figure 7.l(a) illustrates the initial stage of film development, followed by the 

processes depicted in Figure 7.l(b), which shows the eventual seed layer formation of the 

BaW04 (1 12) structure. The formation BaW04 is a thermally driven process, such that 

lattice match considerations with the BaF2 substrate dictates the particular orientation that 

the structure assumes. Indeed, the BaW04 product simply adopts the existing mesh 

structure offered by the (1 11) plane of B e 2 ,  which naturally results in the primary 

growth plane for a (1 12) orientated BaW04 tetragonal structure. 

In order for the formation of BaW04 to continue, it becomes necessary for the 

temperature dependent diffusion of (considering all possibilities) Ba and F atoms, andlor 

W and 0 atoms to take place. Since surface and grain boundary diffusion processes 

require much lower activation energies than interstitial and lattice diffusion, these 

processes dominate during the early stages of film development. In addition, the larger 

population of mobile tungsten and oxygen adatoms would likely serve as the primary 

diffusing species for BaW04 formation as compared to barium and fluorine diffusion. 

Figure 7.l(b) illustrates this adatom diffusion along the surface and into the BaF2 grains 

via the grain boundaries, thereby enabling the continued production of BaW04. The 

slower interstitial and lattice diffusion processes would then allow for the complete 

structural development of the BaW04 layer as the migrating atoms diffuse into the BaF2 

crystal structure. 

We know that these diffusion processes during film deposition must eventually be rate 

limiting since monoclinic W03 eventually forms at substrate temperatures greater than 



400°C, and is the only compound detected within the top layers of the film as per XPS 

studies. In all likelihood, the constant rate at which W03, 02+, and 0* were depositing 

upon the surface eventually surpassed the rate at which diffusion mechanisms could 

facilitate BaW04 formation. This hypothesis would be consistent with grain boundary 
I 

diffusion being the primary facilitator for BaW04 formation. Specifically, the initial 

rapid migration of adatoms would be eventually slowed by the need for interstitial and 

lattice diffusion processes to penetrate deeper into the BaF2 lattice and continue BaW04 

development. These stages of film development are illustrated in Figures 7.l(c) and (d), 

where it is shown how a fully developed m-W03 layer eventually forms. 
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CHAITER 8: CONCLUSIONS AND FUTURE RESEARCH 

We have demonstrated that a high quality (1 11) oriented BaF2 buffer layer on single 

crystal Si (100) provides a good substrate for the heteroepitaxial growth of monoclinic 

phase W03 films. In addition, an interfacial BaW04 reaction product forms at the W03 - 

BaF2 interface. The presence of the BaW04 phase appears to depend upon the growth 

temperature and diffusion processes occurring across the WO3/BaW04/BaF21Si 

interfaces. From XRD pole figure analyses, we identified a distinct heteroepitaxial 

relationship between all layers in the W03 (002), (020), (200) 1 BaW04 (1 12) I BaF2 

(1 11) I Si (100) system, such that the high symmetry of the BaF2 substrate mesh induced 

a similar symmetry in subsequent film layers. The stability of the W03 film layer upon 

post-deposition air annealing provides promising results in terms of chemiresistive 

microsensor applications. The following section revisits these conclusions in more detail, 

and is followed by suggestions for preliminary sensor device application testing via 4- 

point van de Pauw conductivity measurements, as well as other areas of future research. 

8.1 Conclusions 

A high quality (111) oriented BaFz buffer layer film on a Si (100) single crystal 

substrate presents a suitable growth mesh for the integration of heteroepitaxial 

metal-oxide films with silicon. XRD pole figure analysis revealed that the BaF2 film 

structure was composed of four distinct cubic domains. AFM images of the film 

morphology suggested that these grains were approximately 500 by 500 nm2 in lateral 

extent. Both RHEED and LEED patterns revealed how these cubic domains reduced 



to two distinct hexagonal surface mesh structures, resulting in an over all 12-fold 

symmetric surface mesh. 

Multi-domain heteroepitaxial monoclinic phase W03 films on BaFz (100) 1 Si 

(100) substrates have been obtained via MBE deposition methods. XPS 

measurements indicated film stoichiometries that corresponded well with W03 for 

substrate temperatures between 400 - 500°C. Films grown below 400°C and above 

500°C indicated slight reductions and excesses in the oxygen component, 

respectively. RHEED transmission patterns showed a superposition of multiple film 

structures within a single pattern for W03 films deposited between the substrate 

temperatures of 400 - 500°C. XRD 8-8 and pole figure measurements confirmed that 

these film structures corresponded to the coexistence of (002), (020), and (200) 

oriented monoclinic phase W03 film structures. In addition, due to the high 

symmetry of the substrate growth mesh, pole figures demonstrated that the W03 film 

maintained twelve distinct crystalline domains. 

A thermally driven BaW04 reaction product forms at the W03 - BaFz interface. 

Confirmation with XRD 8-8 and pole figure analysis indicated that a temperature 

dependent BaW04 reaction product formed over the same temperature ranges as the 

heteroepitaxial W03 film. Calculations of the free energy of formation and 

equilibrium constant for this system illustrate how a BaW04 reaction product is 

heavily favored based upon the drive toward equilibrium for the system. These 

reactions are likely facilitated by the presence of well-defined grain boundaries within 

the BaF2 film layer, since these pathways would enhance atomic diffusion into the 

BaFz structure. 



W 0 3  film structures remain stable upon post-deposition air annealing. XRD 0-0 

measurements indicated that the heteroepitaxial W03 films maintained their structure 

upon annealing at 400°C in air for 24 hours. This result is particularly important 

since the potential application for these films as cherniresistive microsensing elements 

typically requires the sensing film to be maintained at temperatures of up to 400°C 

during operation. 

8.2 Future Research 

Conductivity measurements for selected gas exposures. Currently at LASST, the 

interconnected HalYconductivity measurement chamber is well equipped to perform 

fully automated conductivity measurements in a controlled gas exposure setting. 

Specifically, this system utilizes a 4-point van de Pauw conductivity measurement, 

which is comprised of four spring loaded contact probes that establish electrical 

contact with the sample. Although numerous attempts were made to perform these 

measurements on the W03 films developed in this investigation, the force of the 

contact pins on the film invariably caused mechanical damage during measurement 

that electrically shorted the probes to the Si substrate, thereby nullifying the 

measurements. To prevent this from occurring, one possible modification would be 

to incorporate a thick Si02 layer at strategic points on the Si substrate during the 

production of the BaF2 layer. The contact probe points would then correspond to 

these Si02 sites after W03 coverage of the entire surface, thereby providing the 

necessary thickness and electrical barrier from the Si substrate. 



Further analysis of the BaW04 reaction product layer. Currently, we do not know 

how this interfacial layer would affect the response characteristics of the W03 sensing 

layer for typical gas exposures. Presumably, if a thick enough BaF2 insulation layer 

remains, then conductivity changes measured within the sensing film should still be 

the result of gas-W03 interactions only. However, knowledge and control over the 

thickness of the BaW04 layer may provide additional insight as to the specific 

response characteristics generated by these films. Such control may be possible by 

varying the deposition rate during the initial stages of film growth. Specifically, 

slower growth rates (e.g. < 0.2 k s )  would likely produce a thicker BaW04 layer 

since diffusion processes would have more time to foster this interfacial reaction. 

Conversely, faster rates (e.g. > 0.2 k s )  may produce W03 growth at an earlier point 

during deposition due to surface kinetics. To test this hypothesis, a proposed 

experimental procedure would be to grow thinner films (e.g. 25 - 250 A) within these 

suggested growth rate regimes. The use of thinner films would then allow for the 

detection of when the crossover from BaW04 to W03 occurs. 

Synthesis and characterization of other metal-oxide systems on BaFz/Si 

substrates. The near single-crystal-like quality of these BaF2 films, coupled with 

their well defined surface mesh, provides an attractive substrate material for the 

subsequent heteroepitaxial growth of other metal-oxide compounds. In particular, our 

preliminary work with titanium-oxide films deposited on these substrates has 

indicated the successful growth of rutile Ti02 (002) oriented structures, which have 

exhibited similar multiplicity in grain orientations as the m-W03 films. 
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