
1
9
7
9
A
p
&
S
S
.
.
6
5
.
.
1
2
9
K

NUCLEATION, GROWTH AND TRANSFORMATION 

OF AMORPHOUS AND CRYSTALLINE SOLIDS 

CONDENSING FROM THE G AS PH ASE* 

E. KRIKORIAN AND R. J. SNEED

Applied Research Laboratory, General Dynamics/Pomona Division, Pomona, Ca., U.S.A.

Abstract. The condensation of solids was investigated from the initial nucleation stage through

continuous film growth, using evaporation and high-energy ion-beam sputtering. At all stages the 

kinetics of the nucleation process and the structural characteristics of the condensed phase (glassy, 

polycrystalline and monocrystalline) were defined. Although many condensates were explored, the 

specific system discussed is germanium condensing on a variety of amorphous and crystalline 

substrates. 

The kinetic behavior observed in crystalline deposits was found consistent with the accepted 

atomistic model for nucleation. This allowed determination of such nucleation parameters as: the 

activation energies of surface diffusion, Qd and adsorption, Qact , the critical nucleus size, n*, and

others. Values of such parameters were found to be systematic functions of the kinetic energy and 

flux of incident particles and of the type and temperature of the substrate. 

Two flux and temperature dependent structural order transitions were observed in the very 

initial nucleation stages and found to coincide with corresponding transitions in n*. Correlation 

was also established between these transitions and two structural transitions occurring during 

continuous film growth. This was aided by the occurrence of all four transitions in intermediate 

condensation stages, i.e. prior to coalescence of nucleation clusters into continuous film. 

All results were very distinctly affected by the vapor state of the adsorbates, implying consider­

able correlation between condensation on solid surfaces and in a vapor. 

1. Introduction

During early work on thin film epitaxy the authors (Krikorian and Sneed, 1966) found 
that growth kinetics and structural properties of films could be very systematically 
controlled by parameters such as substrate temperature, incident particle flux and 
particle energy. Further work showed that these findings applied very generally to a 
large number of materials and compounds. To gain further insight into the controlling 
mechanisms, a study was undertaken to explore the early nucleation processes as a 
function of the earlier observed thin film control parameters. To correlate the resulting 
nucleation behavior with the continuous film growth characteristics, the condensation 
process was traced from the formation of the very initial critical or stable nuclei 
through the growth into coalesced matter. At each stage of the process the objective 

* Invited contribution to the Proceedings of a Workshop on Thermodynamics and Kinetics of

Dust Formation in the Space Medium, held at the Lunar and Planetary Institute, Houston, 6-8

September, 1978. 
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130 E. KRIKORIAN AND R. J. SNEED 

was the definition of: (a) the substrate and gas phase parameters governing the kinetics 
of the process, (b) the conditions leading to the formation of either glassy (amorphous) 
or crystalline solid phases, and (c) the conditions causing the transition of the con­
densed phase from an amorphous to a crystalline state. Results of this work constitute 
the content of this paper. 

The relevancy of this work to the study of condensation phenomena in a space 
environment is not based on the specific materials experimentally explored, but on 
the phenomenological behavior patterns and the methodology for analyzing the 
experimental observations. That is, the information and methodology can be directly 
applied to the study or analysis of condensation on solid surfaces exposed to a flux of 
atomic and molecular particles in any low pressure environment and indirectly to the 
analysis of condensation phenomena occurring in the gaseous cloud prior to or 
without condensation on a solid surface. 

2. Experimental 

A diversified and extensive range of experimental parameters and conditions were 
explored. These included: particle flux density, particle energies, particle type, back­
ground pressures, substrate temperature, substrate type and substrate surface 
conditions. Obviously, all of these parameters correspond to parameters describing 
conditions that may be encountered in a space environment. However, the range of 
parameter values occurring in space may be different from those investigated here. The 
following summarizes these ranges. The gas phase particle flux densities were con­
trolled from as low as that required to form an atomic layer per minute ( ~ 1014 cm- 2 

sec-1) to as high as required for a condensation rate of about 1000 layers per minute 
( ~ 1017 cm -2 sec -1). The kinetic energy of the gase phase particles was con trolled to 
achieve values ranging from thermal levels (ambient) to values of several hundred 
electron volts. Experiments covering all stages of condensation, i.e. from very initial 
nucleation through continuous layers were mainly performed with two monatomic 
substances - germanium and tantalum, with germanium the most thoroughly studied. 
In experiments on post-nucleation growth kinetics and structural transitions a con­
siderably larger variety of materials was used, including: dielectric, semiconductor 
and metallic substances as well as monatomic and compound particles. The latter 
included compounds reactively formed on the substrate surface from a monatomic 
beam in the presence of a partial pressure of reactive gas. The environmental back­
grounds ranged from high to ultra-high vacuum conditions. Most data were generated 
in the 1 o- 8 torr range. Condensation studies inside an electron microscope were carried 
out at pressures in the high 10-7 torr range. Reactive depositions occurred in partial 
pressures in the range of 10- 5 to 10- 5 torr. Substrate temperatures were controlled 
from ambient temperature to over 1000 K. The substrates used had structures ranging 
from amorphous or glassy to polycrystalline and monocrystalline. Also selected were 
materials with different hardnesses and different thermal conductivities. Specific 
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NUCLEATION, GROWTH AND TRANSFORMATION OF AMORPHOUS AND CRYSTALLINE SOLIDS 131 

substrate materials included carbon, graphite, germanium, mica, CaF2 and others. 
Different substrate surface conditions were achieved by using cleaved and polished 
substrates and surfaces with impurity imperfections induced by background pressure 
variations. The work reported here will address only a number of selected substrate 
types to demonstrate the effects. 

The experimental techniques used to generate the gas phase to be condensed were 
vacuum evaporation and ion-beam sputtering, the former yielding the low kinetic 
energy particle flux while the latter generated the high energy flux. Specifically, ion­
beams having energies ranging from 1 kV to 30 kV were used. 

Many of the evaporation experiments were carried out in an electron microscope 
for in situ observations of the processes. This was, of course, most desirable. However, 
since only relatively low formation rates can be observed in this manner, higher rates 
were explored in an UHV station, but not until full correlation between low rate 
results was achieved by both techniques. 

The ion-beam sputtering system was ideal for this work since it operates with an 
ultra-high vacuum environment during sputtering (I0- 7 torr) and does not entail the 
plasma' interaction' with the sputtered particles typical for other sputtering techniques. 
Also, in an ion-beam system, the beam energy can be directly controlled by an 
acceleration potential, i.e. it is not dependent on the plasma conditions as is typical 
for other sputtering techniques. 

The vapor generated by both evaporation and sputtering was essentially neutral. 
Electron microscopy was almost exclusively used as the analytical tool. Where 

substrates permitted, transmission electron diffraction was used to determine the 
structural characteristics of the deposits, while reflection diffraction was used when no 
transparent substrates were involved. Determination of size, shape and density charac­
teristics of nucleation clusters as a function of time and deposition conditions was 
carried out by two methods - either by direct transmission electron microscopy when 
thin substrates were involved or by electron microscopy of 'stripped' deposits em­
bedded in either a carbon or a silicon monoxide film. By both techniques, nucleation 
clusters as small as 15 to 20 A in diameter were detectable and measurable. Actual 
measurements were performed on micrographs, enlarged up to 400 000 x - depending 
on cluster size and density. 

3. General Film Formation History 

As indicated in the introduction, the work reported here was initiated on the basis of 
some interesting observations made during studies on the epitaxy of thin films. Figure I 
illustrates these observations schematically. A so-called structural phase diagram which 
applies to virtually all material systems investigated is shown. Depending on substrate 
temperatures and deposition rates, films are formed having either amorphous, poly­
crystalline or single crystalline structures. The polycrystal to single crystal transition, 
defined as expitaxial transition, is obviously very temperature and rate dependent. It 
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Fig. 1. Film structure diagram. 
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Fig. 2. Film formation history. 

© Kluwer Academic Publishers • Provided by the NASA Astrophysics Data System 



1
9
7
9
A
p
&
S
S
.
.
6
5
.
.
1
2
9
K

NUCLEATION, GROWTH AND TRANSFORMATION OF AMORPHOUS AND CRYSTALLINE SOLIDS 133 

was possible to describe this transition quantitatively as a function of particle surface 
diffusion and condensation rates as well as of the particle and substrate material 
parameters. By contrast, the transition from the amorphous to the crystalline state 
was found to be only temperature depef!dent. It required the nucleation studies 
reported here to reveal the mechanisms controlling this transition. 

Figure 2 shows schematically the total film formation history, in terms of the average 
nucleation density (ii) and average cluster diameter 15 as a function of time. Five stages 
are shown: Stage I, the induction time; Stage JI, the initial nucleation stage (both 
cluster density and size increase with time, virtually unaffected by neighboring 
clusters); Stage 111, the saturation stage (cluster density has reached the maximum 
value (NmaJ that can be accommodated by a given substrate at a given condition; 
therefore, ii remains constant with time but the clusters continue to grow in size due 
to growth of adatoms to the clusters); Stage IV, the coalescence stage (cluster density 
decreases rapidly, due to cluster coalescence) and, finally, Stage V, the continuous 
film growth stage. In the following sections some actual experimental results obtained 
during the various stages of nucleation are presented. 

4. The Nucleation Kinetics - Typical Experimental 
Results and General Observations 

Figure 3 shows observed temperature and particle flux effects on the generation of 
nucleation clusters ii, on the saturation density Nmax, and on the rate of nucleation 
I = dn/dt during the condensation of Ge on a graphite substrate. As a measure of 
particle flux, the measured growth rate is used for convenience. For a given condition 
and material system, the growth rate is directly proportional to the particle flux. The 
negative slopes in Figure 3 correspond to coalescence of clusters as time proceeds. As 
can be seen, /, N max and ii increase with decreasing temperature and increasing growth 
rate. As shall be seen, this is one factor which establishes the consistency of the 
nucleation behavior with accepted general theories on nucleation and condensation. 

Figure 4 shows similar data comparing the results of depositions by sputtering and 
evaporation, this time on a CaF2 substrate. The dependence of Fi, I and Nmax on sub­
strate temperature has obviously the same trend as that observed on the graphite 
substrate. The comparison between the evaporation and ion-beam sputtering results 
in Figure 4 reveals that N max is lower for sputtered than for evaporated deposits - at 
equivalent temperatures. This is a kinetic energy effect which will be discussed below. 

A typical effect of the substrate material is illustrated in Figure 5. The two substrates 
used for these experiments were carbon and graphite, i.e. representative of amorphous 
and crystalline materials with similar properties. It is apparent from the data in this 
figure that for both sputtering and evaporation ii, dn/dt and Nmax are all higher on 
the carbon substrate than on the graphite substrate. It should be noted that the sub­
strate temperature and deposition rates are of the same magnitude in both cases. The 
observed substrate effects are due to the fact that an amorphous substrate can contain 
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Fig. 3. Nucleation history - germanium on graphite by in situ evaporation. 

more potential nucleation (or low energy) sites than a crystalline substrate. It should 
be noted that Nmax, Fi and dn/dt are higher for ion-beam sputtering than evaporation 
for both substrates. This is opposite to the behavior observed on the CaF2 substrate 
in Figure 4. This is again a kinetic energy effect related to the 'hardness' of the 
substrate. 

To aid in the explanation of the various possible kinetic energy effects, Figure 6 
shows a schematic illustration of three potential effects. 

The first effect is a partial embedding of the incident particle which obviously 
increases with particle kinetic energy. Similarly apparent is that for atoms of equal 
kinetic energy, the penetration is a function of the substrate 'hardness'. The result of 
embedding is a longer mean time of stay of the individual adatom at the initial adsorp­
tion site. That is, the energy of desorption, QnEs, which is proportional to the energy 
of adsorption, increases with penetration. This in turn will increase the probability 
of generating a stable nucleus and thus, in effect, an increased number of nucleation 
sites. This mechanism is compatible with the observation that the nucleation density 
and rate increases due to kinetic energy is greater on carbon and graphite than on 
CaF2 and greater on carbon than on graphite. 

The second effect described is that of surface mobility (µ, ~ exp - (Qct/ RT) which 
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controls the mean t ime of stay, the probability of the adatom finding the lowest 
energy nucleation si te and/or the probabi l i ty of col l ision with other adatoms to form 
a critically sized nucleus during i ts  mean t ime of stay. Important for the observations 
given later, is that the mobi l i ty also controls the ordering process of the adatoms or 
critical nuclei and therefore the probabi lity of forming a crystalline structure . In  low 
energy condensat ion the surface temperature imparts the energy for the surface 
mobility. For high energy incidence the particle may retain part of the energy, the 
magnitude being controlled by the momentum loss on collision, the heat dissipation 
from the substrate surface (i.e. , kr ) and the degree of embedding which, in effect,  
controls the energy for surface diffusion, Qa, of the adsorbate. Another model , leading 
to the same results, is that the non-dissipated impact energy raises the temperature of 
the very surface and therefore the surface mobility .  Many of these are competing 
mechanism. However, three factors are usually predominant . Fi rst, the mobility will 
be higher for equal particle energy and substrate temperature, on substrates with 
lower kr. Secondly, the mobility for identical condi tions will be higher on harder 
materials . Third ly, the lowest energy for nucleation (or physical adsorption) is 
normally found at already condensed nuclei or nucleation clusters rather than on the 
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Fig. 7. Nucleation history - UHV evaporation vs. U H V ion beam sputtering. 

strange substrate. These are the apparent reasons that for equal energies, the density 
and rate of formation of nucleation sites is lower, and the maximum cluster size 
larger, on Caf 2 than on carbon and graphite. CaF2 is the poorer thermal conductor 
and the harder material . 

The third effect, influencing some results discussed later, is critical when the 
incident beam contains multiatomic particles ; this increases the probability of stable 
nuclei (when the critical nucleus size n*  > I )  directly adsorbing on the surface - and 
consequently increases the nucleation rate and density. Likewise, Qad and Qd , of a 
given adsorbate will increase, thus reducing the mobility. This effect has impact on 
condensation of diatomic or molecular vapors. In our study it was also important in 
the evaluation of experimental results, since the probability of generating multiatomic 
beam components increases with sputtering energy. 

For a more direct illustration of the first two effects, and the relative predominance 
of each, data such as shown in Figure 7 can be used. Evaporation and 1 B  sputtering 
results are compared side by side for Caf 2 and graphite substrates. These are repre­
sentative of hard and soft surfaces and low and high thermal conductivity substrates. 
As discussed, higher kinetic particle energy will : (a) increase Nmax , ii and I if the 
embedding effect dominates, and (b) decrease Nmax , ii and I if residual kinetic energy 
effects predominate. As would be expected, on graphite, the nucleation k inetics is 
controlled by embedding, consistent with the softness of the substrate, and on CaF 2 

by the residual kinetic energy effect, consistent with hardness and low kr. As would 
also be expected, a more quantitative analysis suggests that more than one mechanism 
is involved simultaneously. 

To demonstrate the effect of another control parameter mentioned earlier, results 
were compared for evaporation in  di fferent background pressure environments. An 
example is shown in Figure 8, by using comparable data obtained in the U H V 
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deposition station ( lo - a  torr range) and during evaporation in an electron microscope 
(modified for pressure in the 5 x 1 0 - 5 to 1 x 1 0 - 7 torr range) . 

The primary effect of the background pressure is the adsorption of background 
vapor particles which, in turn, produce potential nucleation sites by locally affecting 
the surface energy (or pending vapor composition by the affinity of the background 
adsorbates with those from the incident particle beam). The result is that ii, dii/dt or 
(/), and Nmax will increase with higher background pressure. The magnitude of the 
effect will, of course, depend on the composition of the background vapor and its 
condensation and integration properties with both the surface and the beam particles. 
Obviously, the data in Figure 8 are compatible with this model. 

5. Analysis of Nucleation Results and Discussion 

The results presented above illustrated various effects, controlled by the conditions 
under which condensation takes place. In this section, these results are used, along 
with existing nucleation theories, to determine the more basic and general mechanisms 
of the nucleation and condensation process. Of interest are the parameters which 
control the probability of forming critical or stable nuclei, and thus the rate of 
nucleation. These include : 

Ri , particle incidence rate ; 
n*, number of atoms in a critical nucleus ; 
TK , kinetic energy of incident particle ; 
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Ts, substrate temperature; 

Qad , activation energy of adsorption (desorption) ; 

Qd , activation energy of surface diffusion ;  
En ., binding energy of atoms in  a critical nucleus (n* = 1 ,  En • = O) ; 
a0 , n0 , lattice constant (or diffusion path) and number of probable sites , respectively. 

As stated , the initial condensation process can be qui te well described by basic 
nucleation theories , modified for such factors as particle k inetic energy, as long as the 
conditions result in crystalline nucleation. For these cases, the data yielded well -defined 
critical nuclei sizes (n* + l )  for each material system as well as expected energies of 
adsorption, surface diffusion, etc. 

Figures 9 and 10 i l lustrate how the nucleation theores are uti lized to analyze our 
experimental results. Figure 9 i l lustrates how plots of log I vs . 1/T and log R determine 
values of (n* + l ) Qad + En • - Qd and n* + 1, uti l izing basic nucleation theory. 
Similar plots for log Nmax vs. 1/T and log R1 (Figure 10) yi eld values of n* Qad + £* 
(or Qad directly) as well as n* ( >  1). From the combined results in Figures 9 and 10 
the values of Qad , Qa, En • and n* can then be separately defined. 

With a well controlled set of experiments , the definition of these values is quite 
unambiguous. This i s  i l lustrated with actually measured data in Figure 11, which 
shows the temperature dependence of I ( = dn/dt) of Ge  on CaF2 . Three different 
slopes - defining regions of different critical nucleus sizes are noted, each corre­
sponding to a different structural region ; i .e. regions in which single crystal (Cp0) ,  
polycrystalline (CRo) , and both amorphous (or glassy) and crystall ine (A + CR0) 
deposits occur. 

LOG I 

k x SLOPE 

LOG I 

( 1 /T )  

I ( n * + 1 ) Gad + En * - ad I SLOPE = n *  + 1 

Fig. 9. Analysis of nucleation rate data. 
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A very interesting and important result of this investigation is the observat ion of the 
region (A + CRo) which we designate the recrystallization region. Nucleation and 
growth in this region starts with purely amorphous condensation and changes into a 
crystalline deposit with time. This does not conform to basic nucleation theories. Thus 
the behavior in thi s region had to first be empirically descri bed. In this case the con-
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Fig. 1 1 .  Nucleation rate dependence on temperature (Ge on CaF2 by UHV evaporation) . 
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densation clearly occurs at substrate temperatures and particle flux densit ies i n sufficient 
to support the format ion  of critically sized or stable nuclei . As i nd icated in Figure 1 1 , 
the growth k inetics of the i nit ial  glassy condensate d iffer drastically from that of 
i n i ti ally crystal l ine  condensates .  The effective activation energy, Q em changes to 
negative values,  and absolute values of I (and ii) differ s ignificantly from those of 
purely crystall i ne nucleat ion  (reg ion Cpo and CR0) .  As wil l  be shown later, the con­
densat ion mechan i sm in this region is controlled by a process analogous to recrystal l iza­
t ion ,  i . e .  crystal l ites are formed from the condensate already deposi ted on the surface , 
rather than by orderi ng of i ncident part ic les .  The temperature reg ion i n  which this 
occurs corresponds to the amorphous to polycrystal l ine tran s i t ion i llustrated i n  
Figure I .  

At very low temperatures, 1 OOO/T > 1 .9 i n  Figure 1 1 , the in i t i al condensat ion and 
subsequent  growth has exclusively glassy or amorphous  characteri st ics .  Here, the 
concept of nucleation  is no longer appl i cable and growth occurs by simple ad sorption 
of, typically, i nd ividual i nc ident particles - control led only by the ' sticki ng' coefficient 
Or Qad •  

The behav ior  i l lustrated in Figure 1 1  was found to be very cons i s ten t .  As  an example, 
Figure 1 2  shows comparable data for evaporat ion  and sputter ing of  Ge on  CaF2 us ing 
different fluxes and particle energies . Figure 1 2(a) shows that  for three different rates 
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Fig. 1 3 .  Substrate dependence of nucleation rate vs. ( l /T) (Ge on carbon and/or graphite) .  
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of evaporative deposition, the slopes or effective activation energies remain constant. 
In Figure 12(b) we note the kinetic energy effect on the effective activation energy 
except in the region of recrystallization where the slopes are not affected. 

Referring to the basic nucleation relation in Figures 9 and 10, the effects of the 
particle energy is introduced, in the crystalline nucleation range, by a Qad ceffectiveJ term 
(embedding effects) and an Ts CeffectiveJ term (residual energy affect) in the appropriate 
equations. l n  the recrystallization region, the process is controlled only by the simple 
diffusion equation (exp - Qd/kT.s) and is, therefore, independent of particle kinetic 
energy, if our model is correct. The results in Figure 12 are obviously supportive. 

Similar results for carbon and graphite substrates, in Figure 13 , indicate larger 
differences in activation energies between results from ion-beam sputtering and 
evaporation. This reveals the strong effect of embedding on Qad CeffectiveJ in these 
materials. Again, in the recrystallization region, the activation energies remain constant 
for evaporation and sputtering as expected. Furthermore, comparing the activation 
energies in the recrystallization region in all four sets of data in Figures 12 and 13 , the 
effective activation energies are essentially the same - adding further proof to the 
model that the observed transition is controlled by the recrystallization of the con-
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densed matter - which is the same in all four cases, and not by the substrate or other 
factors. In accordance with the relations shown in Figure 10, evaluation of the nuclea­
tion rate, I, and the maximum nucleation density, Ff max, should lead to a final definition 
of the parameters of interest. Examples of such analyses are shown in Figure 14 
( Nmax vs. 1/T), Figure 15 (I and Nmax vs. Rg) and in Figure 1 6  (Nmax vs. I/T and Rg) 
for different substrates and kinetic energies. The figures are annotated with the respec­
tive effective activation energies, Q, as well as the parameters contributing to Q.  These 
figures contain also a value for the activation energies for the structural transitions, 
Q-m - These wil l  be discussed in the next section. Without discussing all details, the 
results of this analysis are very unambiguous if kinetic energy effects are properly 
taken into account in the analysis. For all cases illustrated, these results may be 
summarized as fol lows : 

> 

( I )  Independent of substrate material, flux and kinetic energy, the size of the Ge 
critical nucleus, n* = 2 for single crystal condensation and n* = 1 for poly­
crystall ine condensation. 

(2) Independent of particle flux and kinet ic energy, the activat ion energy, for 
diffusion of the particle on the substrate surface Q ct = 0. 52 eV on Caf 2 and 
Q ct = 0. 32 eV on graphite and Q ct = 0. 35  eV on carbon ; also from the re­
crystal lization data Q ct for Ge on Ge (in the amorphous state) � 0. 75 eV. 

(3) Independent of particle flux and kinetic energy, the energy of adsorption (or 
desorption), Qact = 0. 86  eV on CaF2, Qad = 0. 55  eV on graphite and Qact = 
0. 60 eV on carbon. 
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( 4) Independent of particle flux and kinetic energy, and substrate the binding energy 
Ge-Ge, which only applies to n* > 1 ,  i . e. single crystal condensation in this 
case, En• � 1 . 5  eV. 

The substrate effects indicated in the differences of Qa and Qaa are, of course, 
expected. 

The kinetic energy effect is also clearly revealed as shown in Figure 1 7  for both the 
'soft' and 'hard' substrates. In conformance with the embedding model, the effect 
on Qaa is strongest on carbon and graphite, and has also a larger effect on Qa on these 
substrates. The quantity Qa stands for an 'effective activation' energy of diffusion and 
increases in both cases, but less than Qaa due to combined embedding and surface 
mobility effects. 

6. Structural Characteristics and Transition 
Condition of the Condensate 

The results presented in the preceding sections have shown distinct differences in 
nucleation kinetics for each different structural phase of the condensate. Each phase 
could be associated with a sharply defined range of conditions, except for the glassy 
to crystalline transition which, in addition, was time dependent. Figure 1 8  schematically 
illustrates the observations by electron diffraction and micrography of the structural 
phases observed in various stages of condensation. While the data are for depositions 
on CaF2 , they are typical for all experiments. Five distinct phases are identified. Start­
ing at the bottom, i.e . with the lowest temperatures, all deposi ts are glassy or amorphous 
from early nucleation through the formation of a continuous film. In a slightly higher 
temperature range, the time dependent amorphous to crystalline transition discussed 
previously results in purely polycrystalline films when the process is complete. The 
recrystallization process is indicated by formation of crystallites from surrounding 
amorphous growth as is evidenced by depletion halos. An additional region of 
special interest exists at a higher temperature . Here the initial nucleation occurs in 
the form of randomly oriented crystalline cluster, which in time are reoriented and 
ordered to form a single crystal condensate . In intermediate stages both random and 
preferentially oriented crystallites can be observed. Finally, in the highest temperature 
regions, only preferentially oriented crystallites are observed from the very initial 
nucleation stages through continuous film formation. The three schematics on top 
of each column show the general trend of the conditions leading to glassy, poly­
crystalline (random orientation) and single crystalline (preferred orientation) condensa­
tion as well as the typically well-defined transition conditions. The important feature 
is that the transi tions for the very initial deposits do not coincide with those in the 
final state of continuous film formation . However, the four transitions occurring in 
the intermediate condensation stages coincide with the initial and final transi tions 
res pecti vel y. 
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Figure 19 shows the same transformation schematic. However, additional tempera­
ture and time intervals are introduced to illustrate , for the lower order phases, the 
trends of ii and 15 with time and temperatures. The density ii increases with time 
as expected for all phases. However, in the crystalline region ii decreases with tempera­
ture, as typical in a condensation process, but ii increases with temperature in  the 
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Fig. 1 9 . Amorphous to crystalline transition. 

reg10ns of the time dependent amorphous to polycrystalline transition - i.e. ,  in the 
recrystallization region. This conforms, of course, to the arguments and data pre­
sented in the discussion on condensation kinetics. 

The schematics in Figures 18  and 19 served primarily in assisting the analysis of 
actual micrographs such as shown in Figures 20-23 with corresponding diffraction 
patterns. Figure 20 exemplifies the low temperature condensation behavior yielding 
amorphous deposits for all stages, while Figure 2 1  illustrates the amorphous to 
polycrystalline transition behavior at a higher temperature . Close inspection shows 
the formation of crystallites at the expense of the initial amorphous deposit. This is 
indicated by the light depletion region or halos. The formation of a final polycrystalline 
film is also apparent. Finally, Figures 22 and 23 give examples of high temperature 
behavior by showing a case where condensation proceeds totally polycrystalline 
(random orientation) and a case experiencing a polycrystalline ·to single crystalline 
transition as condensation progresses. 

The desired end result of all these studies is illustrated in Figure 24 with actual 
results from one set of experiments, the nucleation and condensation of germanium 
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Fig. 20. Typical nucleation cl usters (amorphous region) - Ge on carbon. I min, initial amorphous ; 

5 min, intermediate amorphous ; 60 min, final film - amorphous. 

on a CaF2 substrate. The features are obviously those of the schematics in Figure 18. 
It shows the well defined regions, in which the appropriate combination of substrate 
temperature and growth rate produces amorphous, polycrystalline or single crystal 
condensation. As pointed out earlier , the growth rate is directly proportional to particle 
flux and was used only as a conveniently measurable parameter. A lso, the nomenclature 
in Cp0 and CRo is used in early condensation phases, i.e. prior to cluster coalescence, 
to designate random and preferred orientations of crystalline nucleation clusters since 
the designations polycrystalline and single crystal are actually only meaningful in a 
continuous deposit. 

The most interesting part of the structural phase diagrams are the well defined 
transition regions - usually repeatable to within a few degrees centigrade. Seen are 
the strong rate or flux dependencies of all crystalline transitions as well as the 
amorphous to crystalline transition in the early nucleation stage - i.e. when the 
process is entirely taking place by interaction between the adsorbates and the substrate. 
By contrast, the amorphous to crystalline transition at later stages occurs at one fixed 
temperature and is not flux dependent. This conforms to the model of recrystallization 
and the transition temperature corresponds to the recrystallization temperature of the 
germanium condensate. The crystalline transitions can quantitatively be expressed by 
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Fig. 21 . Typical nucleat ion c lus ters - amorphous t o  po lycrysta l l i ne  t rans i t ion (recrysta l l ization 
region) - Ge on carbon .  5 min, i n i t ia l amorphous ; 20 min, i n termediate amorphous p l  us  crystal l i tes ; 

60 min ,  fi nal fi lm  - polycrystal l i ne .  

a rate equat ion wi th  a wel l  defined activation energy QTR ·  Reference i s  made here to 
Figures 14 and 16 where the acti vat i on  energy is defined by QTR = f(2 Qaa + £2 - Qa) 
which is essentially an equality of the activat ion  energies describ ing the k i netics of the 
process for n* = 2 and n* = I ;  i . e .  for the nucleat ion  of the poly- and  s i ngle crysta l l i ne 
depos i t ,  respect i ve ly .  Obvious ly the  or ig ina l  object ive of the  work was thus  met .  A fu l l  
understand ing  and relatabi l i ty of the i n i t ia l  nucleat ion behavior w i th  the  character i s t ics 
observed dur ing th in  fi lm  epitaxy (see F igure I )  was achieved .  

As far a s  genera l i ty of these resu l t s  are concerned,  F igure 25 summar izes the 
various material systems  i n vest igated which exh i bited behavior  cons is tent with the 
data presented .  A s  noted ,  monatom i c  systems  as we l l  as compound systems  prod uced 
by react ive depos i t ion an d/or by d i rect depos i t ion exh i b i t  the same behav ior .  

I n  concl us ion ,  we s ummarize i n  F igure 26 t h e  observat i on s  ach i evable wh ich make 
the reported approaches re levant to s tud ies  of con densat ion i n  a space env ironment . A 
s ign ificant fact i s  that a l l  observat ions  are control led by characteri s t ics  of the part icles 
formed in the vapor pr ior to adsorpt i on .  Exam ples are t h e  effects of flux and part ic le 
k inet ic  energy. A l so relevant to vapor effects are the resu l t s  of a s tudy ( K ri kor ian 
and Sneed, 1 966, I 967) on metal  ox ide condensat ion . The resu l t s  of t h i s  s tudy led to 
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t t
0 

+ 5 M I N  t t
0 

+ 20 M I N  t t
0 

+ 60 M I N  

Fig. 22. Typical nucleat ion cluster (polycrystal line region) - Ge on carbon . 5 min ,  in itial 
polycrystal l ine ; 20 min, intermediate - polycrystal l i ne ; 60 min ,  final film - polycrysta l l ine. 

T = TO + 20 M I N .  T = TO + 6 0  M I N .  

Fig. 23. Randomly oriented p l u s  epitaxial c l u ster deposits - (reor ientat ion region) - G e  on 
CaF2( 1 1 1 ) .  2 mm,  in i t ial - random orientat ion ; 20 m i n ,  i n termediate random orientation + 

preferred orientat ion ; 60 m i n ,  fi nal fi lm  - single crystal . 
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Fig . 24. Transition conditions during formation of Ge fi lm on CaF2 ( U H V  evaporation) . 

CO N D ENSAT ION  BE HAV I O R  - D I RECTL V STUD I ED  BY  N U C L EAT ION  EXPE R IMENTS 

Ge 

Ta 

Ag 

CO N D E NSAT ION  B E HAVIO R - D E D UCED  F RO M  TH IN  F I LM BEHAVI O R  

Ts 

Rg 

Ge Ta2o5 ( D I R E CT AND RE ACTIVE)  

Ta A1 2O3 ( D I R ECT AND  R EACT IVE )  

Ag Ceo 

ZnS 
Ta 1 Y  

PbTe 
Pb 1 _x Snx Te 

Pb 1 _x Snx Se 

GaAs 

Fig. 25 .  Genera lity of resu lts. Material systems studied showing simi lar condensation behavior . 
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• D I R ECT OBSE RVAT IONS 

- C R IT ICAL NUCLEUS S I Z E ,  NUCLEATION D ENS ITY L I M I TS AN D G ROWTH K I N ET ICS 

- SU BSTRATE E F F ECTS, E F F ECTS OF ADSORBENT K I N ET IC  E N E RGY 

- CON D I T I ONS CONTRO L L I NG STRUCT U R E  OF DEPOSITS AN D STRUCTU RAL 

TRANSFORMATIONS 

• I N D I R ECT OBSERVAT I ONS 

- AN ALYZE DEPOSIT ON SO L I D  SU R FACES FOR D I F F E R E NCES I N :  

o ACT I VAT ION E N E RG I ES O F  D I F FUSI ON AND ADSORPT I O N  

o ACT I VAT ION E N E RG I ES O F  F I LM G R OWTH AN D STRUCTU RAL TRANSIT IONS 

o CO M POSIT ION AND C E L L  STR UCTU R E  

o FOR M ATION RATES O F  N U C LEATION C LUST E R S  

o MANY OTH E R  CHARACT E R ISTICS YET T O  B E  D E F I N ED 

- A L L  AR E CONTRO L L E D  BY CHARACTE R IST I CS O F  PA RTICLES  " F O R M E D "  I N  THE 

GASEOUS CLOUD P R I O R  TO ADSO RPTI ON 

(EXAM P L E :  OX I D E  FORMATION F ROM M ETA L-OXYG EN VAPO R )  

F ig .  2 6 .  Relevancy o f  p resented mater ia l . 

pos i t i ve proof as to whether  the  ox ide part ic les  are fo rmed on  the subst rate, i . e .  after 
adsorpt i o n  of metal a toms and oxygen atoms, o r  molecu les ,  o r  i n  the  meta l  oxygen 
vapor pr io r  to depos i t i o n .  The  d ifferences i n  act i vat i on  energies of surface d i ffus ion 
fo r meta l ,  oxygen and  ox ides  gave the c lue .  Th i s  s tudy i nd icated t hat th e  methods used 
in t h i s  work fo r t he  s tudy  of condensa t i on  on so l i d  sur faces can a l so  be used for a 
s t udy of condensat i o n  i n  a vapor o r  d ust c l oud .  
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