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Development, preliminary testing and future 
applications of a rational correlation for the grain 
densities of vapour-deposited materials 

T. KHO, J. COLLINS, D. E. ROSNER 
Yale University, Department of Chemical Engineering, High Temperature Chemical Reaction 
Engineering (HTCRE) Laboratory, New Haven, CT 06520-8286, USA 

It is conjectured and found in this work that the grain densities (suitably normalized) of 
vapour-deposited solid materials depend principally on competition between the successful 
arrival rate of their reagent molecules and the surface diffusion rate of admolecules on their 
growing surfaces. The ratio of these two rates defines an important dimensionless 
Damk6hler number, called here the "burial" parameter, 13. Available grain density data for 
seven vapour deposited materials [silicon (Si), gallium arsenide (GaAs), silicon carbide (SIC), 
silicon nitride (SiaN4), titanium oxide (TiO2), boron nitride (BN) and graphite (C)] are used to 
establish and test the "universality" of the proposed normalized grain density versus burial 
parameter correlation. As anticipated, these data show that the normalized grain densities of 
these materials increase with their corresponding burial parameters. Moreover, for 
estimated burial parameters much less than unity, the deposits formed are indeed reported 
to be amorphous, while the deposits are observed to be crystalline under conditions for 
which J3 >> 1 is estimated. As the burial parameter decreases, the reported grain densities of 
turbostratic, "layered", materials are found to decrease more gradually than for materials 
with no turbostratic structure. While the present implementation of this basic hypothesis 
cannot be regarded as "complete", it is argued that a rationally-based, reasonably 
"universal" vapour deposit density correlation of this general form can be quite useful in 
making rational predictions of deposit quality. Moreover, it appears that this path to such 
mechanistically plausible correlations, which, using available experimental data, can be 
implemented/tested even in the absence of a "complete" theory, can be broadened to 
include other important deposit characteristics viathe introduced of additional characteristic 
time ratios. 

1. Introduction 
1.1. Vapour deposition of solids 
In the course of research and development on pro- 
cesses for depositing solid films or objects from the 
vapour phase, a very rich literature on deposit prop- 
erties under various experimental conditions has been 
accumulated. However, what seems to be missing 
from most, if not all of the vapour deposition litera- 
ture, including those giving interesting experimental 
results on deposit microstructure-properties versus 
reactor conditions, are rational correlations in terms 
of relevant physicochemical dimensionless groups, 
such as Damk/Shler type ratios of relevant character- 
istic times, commonly used in the chemical reaction 
engineering literature [1]. 

1.2. Goals 
Developed and demonstrated here is a rational, non- 
dimensional correlation procedure that can be used to 
predict grain densities for deposits grown from the 

vapour phase. Such a correlation, which should be 
"universal", has long been needed and could, if suc- 
cessful, be used to guide the selection and mathemat- 
ical analysis of vapour deposition conditions required 
for the growth of materials with desired properties [2] 
at acceptable rates. Moreover, as mentioned in the 
conclusions, it seems likely that, by introducing other 
relevant dimensionless time ratios in future work, ad- 
ditional properties of vapour deposits, e.g. grain size 
and shape, deposit porosity, bulk density, etc., could 
be anticipated for use in more comprehensive trans- 
port modelling of chemical (and physical) vapour de- 
position systems. 

2. Experimental procedure 
2.1. A "burial" parameter 
Over a range of vapour deposition conditions, very 
different deposit microstructures have been observed 
via analytical methods such as X-ray diffrac- 
tion (XRD) spectroscopy and scanning electron 
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microscopy. Several researchers [3-5] have made (but 
evidently not sufficiently implemented or exploited) 
the plausible suggestion that the microstructure of 
a vapour deposited material (whether amorphous or 
crystalline) should be related to the ability of its inci- 
dent atoms-molecules to find their way to the correct 
crystal sites by surface diffusion before being "buried" 
by subsequent depositing atoms/molecules. This abil- 
ity is dependent upon the competition between the 
successful arrival rate of depositing molecules on the 
growing film and the surface diffusion rate of the 
admolecules. It is conjectured and shown in this pre- 
liminary work that the normalized grain densities of 
previously studied vapour deposited materials can be 
successfully correlated using the ratio of these two 
rates, which is estimated below for a variety of solids 
and experimental growth conditions. In the spirit of 
chemical reaction engineering [1], this ratio defines 
a crucial dimensionless Damk6hler number which, for 
convenience, shall be called the "burial" (really 'burial 
avoidance') parameter, ~3. 

2. 1. 1. Evaluation of the relevant "'burial 
parameter'" and basic assumptions 

Explicitly, the burial parameter, 13, is defined here as 
the ratio of the characteristic time, t, for successful 
arrival of a reactant molecule on the deposit surface to 
the characteristic time for an adsorbed atom or mo- 
lecule to surface diffuse to a crystal lattice position. 
Alternately, this parameter can also be viewed and ex- 
pressed as a ratio of the surface diffusion frequency, f, 

- 1  of admolecules (f, arf .... diffusion = tsurface aiffusion) to the 
successful arrival rate of depositing molecules on the 
growing film (f~ . . . . . .  ful arrival = t~c~ssful arrival), i.e. 

"Burial" parameter, 13 = 

the vapour phase will usually have a different morpho- 
logy than a fihn deposited exclusively by heterogen- 
eous nucleation and, their random incorporation 
would normally lower the density of a "codeposited" 
film. Thus, the grain density correlation should be, 
and will be, tested only under experimental conditions 
for which particle nucleation/growth in the vapour 
phase can be safely precluded. 

2. During deposition, the microstructure of the as- 
deposited film is not subsequently modified by any 
solid state transformation associated with the re- 
arrangement of atoms in the solid deposit. These 
longer time scale solid state transformations include 
the (partial) crystallization of initially amorphous film 
and subsequent grain growth. 

3. Whether the deposits under consideration are 
crystalline or amorphous, their microstructure is as- 
sumed to be homogeneous throughout the deposit. 
Thus, a decrease in grain densities is considered to be 
due to a continuous increase of disorder in the ar- 
rangement of their constituent atoms, rather than the 
existence of a heterogeneous structure composed of 
a mixture of both the amorphous and crystalline 
"patches". 

4. The crystal density of the material being depos- 
ited is considered to be higher than its amorphous 
(glassy) density. Although most materials (including 
the seven explicitly examined below) obey this "rule", 
there are some familiar exceptions, e.g. H20  in its 
crystalline state (ice) has a density of about 10% lower 
than its amorphous state (water). 

If the abovementioned "complications" are not 
present, here it is investigated whether available grain 
density data, when recast as a ratio of density differ- 
ences: (Pgra in  - -  P m i n ) / ( P m a x  - -  P m i n )  ~ ~ (see Equation 
8 below), can be correlated in accord with the burial 
parameter hypothesis presented. 

tsuccessful  arrival f su r face  diffusion 

~surface diffusion f success fu l  arrival 
(1) 

The procedures for estimating the relevant 13 values 
over a wide variety of experimental vapour deposition 
conditions for which deposit density data are available 
will be presented below. 

The basic conjecture is that if available density data 
for vapour deposited materials, suitably normalized, 
are recast in this form, the grain densities of any such 
material will increase systematically as its burial para- 
meter, 13, increases, Thus, for burial avoidance para- 
meters much less than unity, 13 < 1, the deposits 
should be low density amorphous solids, while de- 
posits should be dense and crystalline if grown under 
conditions where the burial avoidance parameter is 
much greater than unity, 13 >> 1. This hopefully "uni- 
versal" burial parameter hypothesis, to be tested and 
illustrated below, is of course, not free of certain as- 
sumptions about the vapour deposition systems to 
which it can be applied: 

1. Deposition of the solid film is attained strictly via 
a vapour-solid growth process and is not modified by 
homogeneous chemical reaction and nucleation in the 
vapour phase [6]. Clearly, microparticles produced in 

2. 1.2. Successful arrival rate of depositing 
molecules 

For a simple chemical vapour deposition (CVD) sys- 
tem: A(g) + B(g) ~ AB(s), the flux, f" ,  of a depositing 
vapour species say, A(g), on a surface can be written, 
from simple kinetic theory as follows [4] 

~PA,w 
fA . . . . . . . .  ful arrival ~- (21~MAkBT)l/2 (2) 

On the area of, say, one lattice site, At, this flux 
corresponds to the rate 

Ot p A.~,Al 
fA .. . . . . . .  ful arrival = (2r~MAkBT)I/2 (3) 

In these relations, ~ is the experimentally inferred 
fraction of A(g) incident on the substrate surface 
which leads to chemical reaction-incorporation, 
PA,w is the partial pressure of reagent A(g) near the 
vapour-solid interface, MA is the molecular mass of 
A, while kB is the Boltzmann constant. The area asso- 
ciated with one lattice site, Az is here taken to be the 
area of a unit cell in the preferred orientation plane of 
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the film divided by the number of A atoms in that area. 
Since amorphous materials are structureless, they do 
not display any preferred orientation and have no 
fixed lattice pai}ameters. Accordingly, their At values 
were simply taken to be the same as those of their 
most stable crystalline counterparts deposited from 
the vapour phase. 

The important r a t e  fA,s . . . . . .  ful arrival can also be 
written in terms of the frequently reported deposition 
rate of AB(s), rAB (in units of mole per unit area per 
unit time) as shown below 

)CA . . . . . . . .  ful  arrival = FABAINA ( 4 )  

where NA is Avogadro's number. 

2. 1.3. Surface diffusion rate o f  admolecules 
The surface diffusion coefficient for the relevant ad- 
molecules on a vapour-deposited film is not only de- 
pendent upon the surface temperature of the film but 
also on two important parameters, namely the activa- 
tion energy for surface diffusion, AEsD, and the vibra- 
tional frequency, Vo, of admolecules on the deposit 
surface. AEsD is the energy barrier that the adsorbed 
atoms-molecules need to overcome in order to move 
or surface diffuse (SD) to other surface sites. The rate 
at which an adsorbed atom-molecule surface diffuses 
from one discrete site to another can be expressed in 
the Arrhenius ("activated") form [4], as shown in 
Equation 5 

f su r face  diffusion = v o e x p ( -  AEsD/RT) (5) 

The relationship between the frequently reported ab- 
sorption or emission wavelength of the electromag- 
netic spectrum, Xo, and its corresponding frequency, 
Vo [7], is of course 

v0 = (6) 

where c is the speed of light in vacuum. 
The natural vibrational frequencies of atoms in 

molecules and in crystals fall in the infrared (i.r.) range 
[-8]. Admolecules on a deposit surface also vibrate at 
some characteristic i.r. frequency. To estimate the 
burial parameter associated with a particular deposit, 
it is necessary to identify what the diffusing species 
are* and assign appropriate Vo and AEsD values. How- 
ever, for CVD systems, the actual diffusing species are 
usually not probed directly and, hence, are almost 
inevitably a matter of some conjecture. Yet, due to the 
narrow range of i.r. absorption wavelengths for mater- 
ials, the i.r. vibrational frequencies for many materials 
and admolecules are of the order of 1013 s -1. Thus, 
almost regardless of the identity of the diffusing spe- 
cies on a deposit surface, the differences between their 
i.r. vibrational frequencies are  not considered signifi- 
cant and, as noted below, uncertainties due to this 

cause will be negligible compared to uncertainties 
associated with AEsD. 

2. 1.4. Estimation o f  the activation energy 
for surface diffusion o f  admolecules 

The activation energy for surface diffusion, AEsD, is 
the most important parameter needed to predict the 
surface diffusion rate of admolecules from which to 
estimate the corresponding burial parameter. Unfor- 
tunately, AEsD is not readily available in the literature 
for most vapour deposition systems. Below are some 
sources-methods used to estimate the appropriate 
value of the activation energy for surface diffusion. 

1. Literature: The values of the activation energy 
for self surface diffusion of certain materials are avail- 
able in the literature. Most experiments and asso- 
ciated models developed to estimate this activation 
energy are only applicable under stringent conditions 
and require the values of additional parameters not 
readily available. For example, the step-flow crystal 
growth model illustrated by Henderson and Helm I-9] 
to estimate the activation energy for self surface diffu- 
sion of silicon requires the value of parameters like the 
activation energy for adatom desorption and accurate 
reagent concentrations near the substrate surface at 
various deposition temperatures. 

2. Dryburgh's method for covalent crystals [4]: 
Dryburgh [4], proposed methods for estimating the 
activation energy for surface diffusion of covalent 
(zincblende structure), ionic and metallic crystals. In- 
deed, he presented such estimates for 33 crystals, in- 
cluding group IV elements, III V compounds, ionic 
solids and metals. The agreement of these estimates 
with experimental results was shown to be satisfactory 
for silicon (Si), germanium (Ge), gallium arsenide 
(GaAs), indium phosphide (InP) and cadmium tellu- 
ride (CdTe), all of which are covalent crystals. Since 
Dryburgh has only been able to establish confidence 
for his covalent crystal results, only his covalent crys- 
tal model was used for estimating the activation en- 
ergy for surface diffusion in this work. Dryburgh [4] 
suggested that in the case of an AB compound of 
zincblende structure, the position of an adsorbed atom 
with respect to the surface may be considered as being 
determined completely by the highly directional na- 
ture of a single sp 3 bond. Therefore, any lateral move- 
ment of the atom during surface diffusion can take 
place only if this single bond is effectively broken. 
Hence, the activation energy for surface diffusion, Esv, 
is the energy required to break a single bond between 
an A (or a B) atom and solid AB and can be estimated 
from thermochemical data, i.e. the heat of formation of 
the crystals and the heat of atomization of their con- 
stituent elements. 

3. Estimation of the activation energy for surface 
diffusion by setting the burial parameter to unity, 
[3 = 1, for a deposit which is shown by XRD patterns 
to be in transition between its amorphous and 

* There is, of course, less ambiguity in what the diffusing species are for physical vapour deposition (PVD) than for CVD (PVD involves no 
chemical reaction which may lead to the generation of many additional species). Thus, in future work, better Vo assignments may be possible 
for PVD systems. 
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crystalline state: This method of estimating the activa- 
tion energy for surface diffusion is based on the burial 
parameter hypothesis itself. It was indeed Dryburgh's 
premise [4] that  when 13 is equal to unity, the corres- 
ponding deposition temperature is near the minimum 
growth temperature required for crystals to be grown 
from the gas phase. Hence, by setting 13 equal to unity 
for a deposit shown by, say, XRD patterns to be in 
transition between its amorphous and crystalline 
state, the activation energy for surface diffusion of this 
deposit can be estimated from Equation 7 below. 
Thus, for 13 = 1 

f success fu l  arrival ~ f su r face  diffusion 

so that EsD can be estimated from 

iABAzN~ = v 0 e x p ( -  AEsD/RT) (7) 

where all properties are evaluated at the "transition 
density" growth conditions. 

2. 1.5. Selection and evaluation o f  an 
appropriate grain density variable 

Since the ("escape-from-burial") parameter 13 is dimen- 
sionless, the grain density, Pgrain, with which it is 
associated, is here made non-dimensional and nor- 
malized as follows: 

Normalized grain density (difference): 

~.~ ~ Pgrain- Pmin (8) 
Pmax -- Pmin 

The maximum grain density, p . . . .  appearing in the 
denominator of ~ is presumed here to be the theoret- 
ical single crystal density, Perystal. Conversely, the min- 
imum grain density, Pm~n, is taken to be the lowest 
observed amorphous density of the naaterial. Of 
course, "grains" do not exist in amorphous deposits, 
so the term "grain density" for such deposits is defined 
here as the solid density due to the random arrange- 
ment of the constituent atoms, and not due to the 
presence of any large scale porosity in the deposit. 
Here we neglected changes in p associated with the 
isobaric volume expansivity of these solids. 

There are seven vapour deposited solids of primary 
interest to this work, because of the considerable 
amount of experimental data available in the litera- 
ture which can be exploited to test and implement the 
proposed burial parameter-normalized density cor- 
relation, 0~(~3). These materials are: silicon (Si), gallium 
arsenide (GaAs), silicon carbide (SIC), silicon nitride 
(SisN4), titanium oxide (TiO2), boron nitride (BN) and 
graphite (C). 

Table I summarizes the important properties neces- 
sary to estimate the burial parameter for these seven 
materials. Lattice constants (a0 and Co) were obtained 
from Wyckoff 1-10] unless Otherwise mentioned. Also, 
which method was used to estimate the activation 
energy for surface diffusion, AEsD, is identified. Table 
II gives a summary of the various systems from wlaich 
data have been used in a preliminary test of the burial 
parameter hypothesis. AEa is the activation energy for 
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reaction, while PO is the preferred orientation of the 
deposit. Further details on these vapour deposited 
materials'van be found in Appendix 1. 

3. Results and discussion 
Fig. 1 Shows a plot of the best current estimates of the 
normalized grain density versus burial parameter rela- 
tion for Si, GaAs, SiC, Si3N4, TiO2, BN and graphite 
(C). From this plot it can be seen that the normalized 
grain densities of these vapour deposited materials 
indeed increase as their corresponding burial para- 
meters, 13, increase. Moreover, lying on the left side of 
Fig. 1, where 13 < l, are amorphous deposits, while the 
crystalline deposits lie on the right of the figure, where 
13 >> 1. It appears that two separate curves can be fitted 
to the crystalline data points in Fig. 1. These two 
curves are separately plotted in Figs 2 and 3. Although 
the amorphous data points exhibit considerable scat- 
ter, the general trend of a decrease in grain density as 
13 decreases is still clear. 

All data points in Fig. 1, except those pertaining to 
systems which possess a turbostratic ("layered") struc- 
ture, i.e. BN(s) and graphite, are included in Fig. 2. 
These "non-layered" materials, which do not possess 
any turbostratic structure, seem to exhibit quite an 
abrupt decrease in their grain densities as they change 
from their crystalline state to their amorphous state. 
When [3 > 1, the grain densities of these "non-layered" 
materials remain at or very close to their theoretical 
single crystal density. As 13 becomes less than unity, 
these materials experience nearly a step decrease in 
their grain densities. 

The resulting relationship between normalized 
grain density, N, and 13 for turbostratic vapour depos- 
ited materials, i.e. BN(s), C(s), etc., is displayed in 
Fig. 3. Since none of the amorphous data used in this 
work belong to the family of turbostratic materials, it 
is assumed that there is only one general curve for 
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Figure 1 Correlation of the "observed" normalized grain densities 
(Equation 8) of some vapour deposited materials with the burial 
(escape) parameter, [3, (Equation 1) estimated from deposition con- 
ditions (Table II) and material properties (Table I): (--) Si [9], ( - - )  
Si [32], (~) Si [33], (O) Si [34], (zX) GaAs [351 (A) GaAs [36], ( + ) 
SiC [37], ( x ) SiC [38], (O) Si3N4 [18, 39], (O) Si3N4 [20], (*) TiOz 
[40], (D) BN [28, 41], (11) C [42-44]. 
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Figure 2 Correlation of the normalized grain densities of '~ 
layered" vapour-deposited materials with the burial (escape) para- 
meter, [3, (Equation 1) estimated from deposition conditions (Table 
II) and material properties (Table I): (--) Si [9], ( ) Si [32], (~) Si 
[33], (4,) Si [34], (~) aaAs [35], (&) aaAs [36], ( + ) SiC [37], ( x ) 
SiC [38], (�9 Si3N 4 [18, 39], (O) Si3N4 [20], (*) TiO2 [40]. 
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Figure 3 Correlation of the normalized grain densities of vapour- 
deposited materials having turbostratic ("layered") structure with 
the burial (escape) parameter, [3, (Equation 1) estimated from depos- 
ition conditions (Table II) and material properties (Table I): (0) Si 
[34], (�9 Si3N4 [18, 39], (O) SigN4 [20], (fq) BN [28, 41], 
( I )  C [42 44]. 

amorphous deposits, whether their crystalline 
counterparts exhibit a turbostratic structure [see Ap- 
pendix 1, section on BN(s)] or not. As a result, the 
amorphous data points for the "non-layered" mater- 
ials are also included in Fig. 3. From this figure, 
turbostratic materials exhibit a more gradual change 
in their grain densities as their burial parameters de- 
crease (compared to the abovementioned more abrupt 
change observed in "non-layered" materials). 

This difference in behaviour between turbostratic 
and "non-layered" materials may be explained by 
their relative ability to tolerate "lack-of-order" in their 
structure. In their crystalline state, "non-layered" ma- 
terials must maintain co-ordination for their constitu- 
ent atoms in all three dimensions. Once, this type 
of material loses order in one direction, its entire 
structure "collapses" and the material becomes 
structureless or amorphous. Hence, "non-layered" 
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materials would be expected to exhibit a more abrupt 
decrease in their grain densities as they change from 
their crystalline state to their amorphous state. On the 
other hand, turbostratic materials can tolerate the 
lack of three-dimensional co-ordination, as these ma- 
terials retain order in only two-dimensions. Therefore, 
turbostratic materials exhibit a more gradual decrease 
in their grain densities as they change from being 
crystalline to being amorphous. 

Recall that the activation energy for surface diffu- 
sion, AEso, of some of the vapour deposited materials 
tested in this work were actually estimated by setting 
13 to be unity for deposits which are shown by XRD 
patterns to be in transition from their amorphous 
phase to their crystalline phase. One could argue that 
crystalline data points and amorphous data points 
which have their AEso estimated in this way, were 
forced to correspond to 13 > 1 and to 13 < 1, respec- 
tively. It cannot be denied that the greatest source of 
error in estimating the burial parameter originates 
from the values of AEso used. However, data with 
AEsD not obtained by setting 13 to unity, but obtained 
from either the literature or from Dryburgh's model 
[4], also follow the trend of increase in grain density 
with increasing [3. Moreover, these data obey the 
general pattern that amorphous deposits lie on the 
13 < 1 side of an N(13) plot, while crystalline deposits 
lie on the 13 > 1 side of such a plot. 

There will, of course, be other causes of "scatter" in 
the proposed correlation, some of which deal with the 
processes presumably "precluded" in the basic as- 
sumptions made earlier. Additionally, note that since 
13 is a ratio of the successful arrival rate of depositing 
molecules to the surface diffusion rate of admolecules, 
it is very dependent on the actual prevailing deposit 
surface temperature. Incorrectly reported deposit sur- 
face temperatures will therefore lead to the prediction 
of incorrect [3 values, even if the parameter assign- 
ments (Vo, AEsD, etc.) are correct. Hence, some of the 
scatter of data points in Fig. 1 may be due to different 
degrees of accuracy in the deposit surface temper- 
atures reported in the literature. 

4. Conclus ions  
1. It is conjectured and demonstrated (using data 

for seven important materials) that the grain densities 
of vapour deposited materials are indeed determined 
principally by what has here been called the "burial" 
parameter (ratio of the mean time between successful 
impacts of depositing molecules on a unit cell area of 
the growing film to the mean time for an admolecule 
to surface diffuse to a lattice position). As expected 
from this universal normalized density versus burial 
parameter hypothesis, the reported grain densities in- 
crease as their associated burial escape parameters, 13, 
increase; and they also obey the general trend that, for 
13 < 1, the deposits formed are amorphous, while for 
[3 > 1, crystalline deposits are observed. 

2. Actually, two types of relationship between the 
grain density and its associated [3 appear to be distin- 
guishable (Figs 2 and 3). One trend involves turbo- 
stratic ("layered") materials such as BN(s), C(s), 
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(Fig. 3), while the other involves materials which do 
not exhibit a "turbostratic" structure (Fig. 2). Evid- 
ently, the grain densities of turbostratic materials 
decrease more gradually as their corresponding 
[3 values decrease. 

3. Some vapour deposition systems are evidently 
incapable of producing amorphous deposits, e.g. 
TiO2(s) films grown from TTiP [40]. As made clear 
from the present vantage point, in such systems the 
reaction activation energies are such that rates of 
reaction and the rates of surface diffusion do not cross 
at a feasible temperature for amorphous films to 
deposit. 

4. As a byproduct of this work, in the absence of 
more direct information, the activation energy for 
surface diffusion of admolecules on a growing deposit 
of "any" substance may be estimated by setting the 
burial parameter to unity for conditions correspond- 
ing to deposits shown by XRD patterns to be in 
transition between its amorphous and crystalline 
phase. 

5. The simultaneous presence of homogeneous nu- 
cleation of microparticles in the vapour phase [6] 
causes changes in the grain density of deposits grown 
(via heterogeneous nucleation) on the substrate. The 
minimum density for CVD-graphite at some inter- 
mediate deposition temperature, attributed to the 
presence of gas phase reactions that produce soot [45] 
would cause these points to fall far from the present 
correlation. 

Based on these encouraging findings, several recom- 
mendations are offered for future investigation: 

1. It should be possible to introduce dimensionless 
time ratios other than the abovementioned burial 
parameter (Equation 1) to correlate/predict other 
vapour deposit properties of enegineering interest. In- 
deed, one such characteristic time ratio already in 
widespread use is the socalled Thiele modulus (ratio 
between the characteristic time for depositing molecu- 
les to diffuse through micropores in the substrate to 
the time for successful arrival of depositing molecules 
on the substrate surface), which dictates the ultimate 
porosity of vapour infiltrated deposits [46]. 

2. It is anticipated that the dimensionless ratio of 
the characteristic time for successful arrival of deposi- 
ting molecules to the characteristic time for heterogen- 
eous nucleation will be related to the number of 
monomers within each grain and hence, the grain size 
of any deposit. The validity of this hypothesis is being 
investigated by exploiting data from the literature 
and experimental data from the authors' own research 
group [40]. 

3. In addition to grain size and grain density, grain 
shape may also be necessary for predicting the bulk 
densities of vapour deposited materials. 

Based on this line of reasoning, it seems likely that 
at least three different time-ratio parameters will be 
needed to predict the bulk densities of most vapour 
deposited materials. In any case, this approach to the 
ultimate development of rational, reasonably "univer- 
sal" correlations between deposit quality and depos- 
ition conditions appears to be a promising one, 
worthy of further development. 



Appendix 1 
Silicon carbide 
CVD-SiC(s) has a zincblende structure called 13-SIC 
[16]. From Dryburgh's model, its AEsD value was 
estimated as 2 eV (or 193 kJmo1-1) [4]. 

Silicon nitride 
Typical CVD-Si3N4(s) is a-Si3N~ which has a hexa- 
gonal structure [16]. Its minimum density was taken 
to be the lowest amorphous density reported by 
Niihara and Hirai [18] (2.6 g cm-3). Using data pub- 
lished by Niihara and coworkers [18-20], AEsD was 
estimated to be about 330 kJmo1-1, by setting the 
burial parameter to be unity for deposits obtained in 
the transition regime between the amorphous and 
crystalline phase. When Hirai and Goto [20] repeated 
some of the experiments performed earlier by [18], 
different deposition patterns were observed. Hirai and 
Goto [20] attributed this difference to the uncorrected 
buoyancy effect which resulted in reduced deposition 
rates in the reactor of [18]. 

Titanium oxide 
The crystal structure of CVD-TiOz films have been 
detected by XRD to be mainly anatase and rutile 
[40, 471. The amorphous density for TiO2 particles 
produced in a CVD tubular flow reactor was reported 
to be about 2.9 x 103 to 3.2 x 103 kgm -3 [23]. Since 
some of these particles were reported to be porous, the 
upper value of this range was taken as the minimum 
density for TiO2 in this work. By observing the an- 
nealing behaviour of very thin amorphous film, 
AEsD for TiO2 anatase was estimated to be about 
145 kJmo1-1 [21]. This value was confirmed by set- 
ting ~3 to unity for published data of [25] and hence, 
was used in this work. Since only AEsD for anatase 
TiOz(s) is available, only anatase films were con- 
sidered in this work. 

The deposition of TiO2(s) films via TTiP in an 
impinging jet CVD reactor from 600 to 1300 K at 
a total pressure of 1.013 x 105 Pa has been conducted 
in the authors' own research group [40]. Through 
XRD, it was found that these films were all polycrys- 
talline. By assuming that the deposition rate in the 
heterogeneous reaction controlled regime is first- 
order, with an activation energy for reaction of about 
120 kJmo1-1 [40], it was found that for the burial 
parameter to be unity, the corresponding deposition 
temperature must be near 375 K, which is much less 
than the minimum deposition temperature studied in 
the CVD system. Hence, it can be concluded that the 
rates of reaction and the rates of surface diffusion in 
the CVD system, do not cross at a feasible temper- 
ature for amorphous :films to deposit. 

Boron nitride 
Depending on the deposition conditions, CVD BN 
can be amorphous, turbostratic or hexagonal BN 
[26]. The structure of hexagonal boron nitride (h-BN) 
resembles that of graphite, in that it is made up of 
sheets of atoms in three-fold co-ordination. Turbo- 
stratic BN (t-BN) has two-dimensional order, but 

lacks three-dimensional co-ordination, perhaps best 
visualized as sheets of paper stacked randomly on top 
of one another. Consequently, the interlayer spacings 
of t-BN are larger than those of h-BN. These "ex- 
tended" interlayer spacings in turbostratic materials 
translate to a slight, but noticeable, systematic change 
in their corresponding grain densities. 

The amorphous density of BN does not appear to 
be available from the literature. In part because BN(s) 
and graphite are very similar in many aspects, the 
amorphous density of BN was assumed to be the same 
as that of amorphous carbon; about 1.5 x 103 kgm -3 
[29]. AEsv for BN(s) was estimated to be around 
310kJmo1-1 by setting 13 to be unity for deposits 
which are in transition between their amorphous and 
crystalline states [27, 28]. 

Graphite 
Apart from its amorphous structure and its hexagonal 
structure (graphite), CVD-carbon also exhibits a 
turbostratic structure. The amorphous density for 
amorphous (glassy) carbon is about 1.5 g cm- 3 [29]. 
Kiirpick et al. [31] reported values ranging between 
1 and 1.7eV (96-164kJmo1-1) for the activation 
energy for desorption of CH, CD4 and C2Hz from 
graphite single crystal surface [31]. These results were 
estimated by using four different methods from ther- 
mal desorption spectroscopy experiments. Since AEsD 
of a material should be lower than its activation en- 
ergy for desorption, AEd, the lower value of the range 
reported for AEd should represent a conservative 
upper bound for AEso. Hence, AEsD of graphite is 
assumed to be 96 kJ tool- 1 in this work. 

Most of the graphite data punished in the literature, 
including those used to test the burial parameter hy- 
pothesis in this work [42-44], exhibit a minimum in 
deposit density at some intermediate deposition tem- 
peratures. It was first shown by Diefendorf [45] that 
this minimum density Could be eliminated if the gas 
phase reactions that produce soot are restricted by main- 
taining a low degree of saturation. Therefore, one can 
attribute this minimum density occurrence to the pres- 
ence of gas phase reactions that produced soot. Conse- 
quently, data which correspond to this occurrence were 
omitted for testing the burial parameter hypothesis. 

Hirai and Yajima [42] used resistance heating to 
supply the necessary energy for their CVD experi- 
ments. Harvey et al. [48] pointed out that when resist- 
ance heating of a rod is used, the inner regions of 
a 1 mm thick graphite deposit may be hotter than its 
surface by 200-400 ~ (473-673 K) when the surface 
temperature is 2000 ~ (2273 K). Hence, data on ma- 
terials deposited at temperatures greater than 2000 ~ 
(2273 K) were also omitted in this work. 
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Added in proof 
The "burial" parameter approach to correlating/pre- 
dicting the degree of molecular disorder in deposits 

- and, hence, deposit density, has been quantified here 
for deposits grown from the vapour, with an explicit 
flux relation (Equation 2) valid for low density gases. 
Based on the comments of reviewers, however, two 
points should, perhaps, be made more explicitly: 

First, in any particular deposition reactor there may 
be a rate-limiting diffusion boundary layer further 
from the growth interface, and the reagent vapour 
partial pressure in the feed may significantly exceed 
Ph, w (see e.g., Ref. [1], pp 345-347). However, the 
resulting molecular flux would necessarily equal that 
across the (Knudsen-) sublayer adjacent to the surface. 
Thus, our deposit disorder correlation approach is not 
limited to interface-controlled, low density reactors. 

Second, the underlying premise (regarding a "uni- 
versal" connection between the "degree of amorph- 
ousness" in the deposit and the competition between 
surface diffusion and "burial") transcends the parti- 
cular case of deposits grown from the vapour phase, 
explicitly addressed/quantified in this paper. 
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