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ABSTRACT 

It has presented a review of the results of the survey on the formation and behavior of submicropores (SMP) in mono- 
and poly-crystalline systems, condensed in the “open vacuum” and quasi-closed volume. The mechanisms, patterns and 
characteristics of these processes, depending on the physical and technological factors are reviewed. 
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1. Introduction 

It has presented a review of the results of the survey on 
the formation and behavior of submicropores (SMP) in 
mono- and poly-crystalline systems, condensed in the 
“open vacuum” and quasi-closed volume. The mecha- 
nisms, patterns and characteristics of these processes, 
depending on the physical and technological factors are 
reviewed. Development of new materials for different 
areas of technology is substantially related to a porosity 
problem, which considerably affects the properties of 
materials and process characteristics. Different crystal- 
line and amorphous condensed systems, such as coatings, 
multilayer modulated structures are widely applied. Their 
typical structural components are pores of various dis- 
persity, shape and nature of the location in the volume. 
The results of [1-4] indicate that pore formation in these 
systems is caused due to the laws of the formation of 
amorphous and crystalline structures at condensation of 
the substance. The main factors that determine the nature 
of the pore formation process at condensation are the 
followings: competition of diffusion and sorption proc- 
esses, gas emission and adsorption, the orienting effect of 
the molecular flow, ratio of supercooling, evaporation 
and condensation degree, as well as the structural condi- 

tion, chemical composition and topology of the substrate 
surface and distinction of its thermal dilatation of con- 
densate. 

Mechanisms of pore formation at condensation—va- 
cancy diffusion, sorption of gases, the “shadow” effect, 
loose fusion of elements of the structure and growth in-
homogeneity—act together in different proportions de- 
pending on the physical conditions of formation process 
and structure of condensate, and are subject to simulation. 

In order to conduct such simulation in practice, the is- 
sue of location of preferred formation of pores of differ- 
ent dispersion in conditions of domination of each me- 
chanism is of utmost importance. Therefore, this paper 
discusses the results of survey on submicroporosity in 
mono- and poly-crystalline condensates for the purpose 
to identify the main factors, which cause or limit intra- 
granular pore formation processes. 

2. Experimental 

Condensed surfaces of Au, PbS, CdTe and dispersion 
strengthening vacuum condensates Cu-Al2O3 (concentra-
tion of Al2O3 ≤ 0.1 mass%) have been inspected by the 
methods of X-ray structure analysis (XSA), small-angle 
X-ray scattering (SAXS), transmission electron micros- 
copy (TEM) as well as by precise measurement of hy-  *This author deceased on 20 June 2005. 

#Corresponding author. drostatic density. The research methods are described in 
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[2-4]. Influence of insoluble and soluble admixtures on 
the pore formation condensation processes illustrate re- 
search results of dispersion strengthening compositions 
(DSC) of copper, nickel and permalloy{Cu – 3%Al2O3, 
Cu – (0.5 - 3)% SiO, Ni – (0.5 - 5.6)% SiO, 80% Ni - 
20% Fe – (0.5 - 3.5)% SiO, 83% Ni - 17% Fe – (1.5 - 
3)% SiO} having a width of 5 - 20 mkm, condensed from 
steam-type phase on sitall substrates with a polycrystal-
line sublayer of NaCl at Т = 200˚C - 380˚C in vacuum 2 - 
5 × 10–3 Torr and simultaneous evaporation from various 
coolled molds, arranged so that the direction of incidence 
of molecular flow contemporaneously evaporated onto a 
substrate material, appeared to be close to normal. For 
evaporation of copper, nickel and permalloy it has been 
used crucible and electron beam methods, while main- 
taining condensation speed rate of 8 - 10 nm/sec. Evapo- 
ration of Al2O3 and SiO has been conducted by resistance 
method with condensation speed rate of 1 - 2 nm/sec at 
separation of molecular flow to prevent сarryout of oxide 
particles from evaporator on the substrate. Alloying of 
83% Ni - 17% Fe permalloy condensates by Si (1% - 3%) 
has been conducted by induction and separation evapora- 
tion of charge (permalloy + silicon) from one mold at 
condensation speed rate of 1.3 - 14 nm/sec. 

3. Research Results 

Results, achieved in this paper relate to formation of 
condensation pores mainly in the scope of the condensate 
structural elements. It has become possible to reveal the 
role of mechanisms which cause intragranular pore for- 
mation processes, particularly at the initial stages of 
condensate formation. It is mostly concern SMP, re- 
vealed by SAXS and TEM methods. 

3.1. Condensation in “Open” Vacuum 

Submicroporous structure of condensate can be revealed 
quite clearly, for instance, in thin (h   100 nm) Au 
films (see Figure 1 sation (molecular flow incidence 
angle 0  ) with quite high speed (ωk ≥ 10 nm/sec), at 
room temperature in vacuum of ~10–3 Pa. The nature of 
the anisotropy SAXS in these films at different arrange- 
ment of samples as to initial X-ray beam (Figure 1) tes- 
tifies that most of SMP are elongated and arranged along 
the normal as to the film. 

An average value of the mean size of the SMP, calcu-
lated by Guinier method [5], in condensates with thick-
ness of 125 nm are equal 6 - 10 nm in the area of film, 20 
- 40 nm along the normal, while the total volume con- 
centration of SMP is 1% - 2%. This corresponds to SMP 
size in the area of condensate, calculated based on the 
data of TEM films. Elongated shape of SMP arranged 
along the filmcontributes greatly to their electron and  

 

Figure 1. SAXS indicatrix for thin (h = 125 nm) Au poly-
crystalline films: 1, slope survey (under 45˚ angle), 2, nor-
mal survey. 
 
microscopic identification. 

Considering the abovementioned conditions of con- 
densate formation it shall be pointed out that vacancy 
diffusion mechanism appears to be the predominant me- 
chanism of intragranular pore formation in Au films. All 
other mechanisms resulting in formation of transgranular 
pores are of much smaller effect at the chosen conditions 
of condensation and normal incidence of the molecular 
flow. Amount transgranular poresis much less, while 
their volumetric concentration is much higher. 

Intragranular pore formation is greatly improved by 
the processes of residual gases capture by the films. In 
Au condensates, being inspected, gas-filled submicro- 
pores forma kind of a grid inside the grains, cells of 
which have polyhedral shape, and slightly differs from 
each other the by the image contrast. 

Along with formation and growth of intragranular and 
transgranular pores, at reduction of the number of intra- 
granular stoppers due to secondary processes occurred in 
the fillm within post-condensation period, at sufficient 
thermal activation it might take place partial or complete 
dissolution of intragranular pores with their further 
carryout at the border between the structural elements. 
Similar processes have been observed in non-crucible 
normally condensed polycrystalline Ni films (Figure 2), 
where as a result of post-condensation annealing intra-
granular pores are formed on interblock boundaries. 
Enlargement of the structural elements due to recrystal- 
lization, accompanied by displaying of extinction con- 
tours of condensate images with transmission electron 
microscope, certifies the improvement of films, stimu- 
lated by heating. Mechanisms of pore formation conden- 
sation processes in monocrystalline films, condensed in 
“open” vacuum, can be detected by observing of con- 
densation formation process of the same substance, but in 
different structural states, at changing of only Tn, while 
other factors (h, k ,   and р) remain constant. It has 
been implemented on plumbum sulfide films of 3 microns  
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Figure 2. Pores formation due to secondary processes dur- 
ing isothermal (850˚) vacuum heat of the uncrucible Ni 
films (h ≈ 2 mkm, Tп = 110˚ С, ω ≈ nm/sec, p ≈ 10-3 Pa); 
×104. 
 
thickness, condensed on chips (100) NaCl at k = 10 
nm/sec, 0 

450n 

32nT 

, p = 10–3 Pa in temperature range 
. It is observed a number of typical 

features, caused due to orienting effect of monocrystal- 
line substrate, having a lattice similar to PbS and consid- 
erable difference of NaCl and PbS linear extension coef- 
ficients, on condensate. Film, prepared at Tn  80˚C, are 
appeared to be polycrystalline and have a dispersed 
structure with a strong crystallographic orientation (tex-
ture), the axis of which [100] coincides with the normal 
as to the film. With Tn growth from 80˚ to 100˚C axial 
structure [100] maintain the same, and its perfection de-
gree increases. At the same time, in the condensate from 
the side facing to the substrate,it is detected formation of 
Pb sulfide epitaxial monocrystalline layer, thickness of 
which increases with Tn growth; at n  the 
whole film appears to be a single crystal, epitaxially 
grown on NaCl chip [100]. Transition of textured poly-
crystal into a single crystal at the temperature range 

 is accompanied by the complete 
disappearance of the dark polycrystalline surface layer 
observed at lower Tn values, and condensate surface ac- 
quires brilliance. It has earlier been shown that SAXS 
intensity, which considerably exceeds theoretically pos-
sible intensity of double Wulf-Bragg reflections within 
the entire Tn range, which is caused due to porosity of the 
film. Spatial separation of SAXS extinguishes by clearly 
expressed anisotropy, the nature of which varies at Tn 
changing (Figure 3). 

30 C CT

250 C 0 C







30 0 CT

At recording, corresponding to normal as to films sur-
face (polar angle 0  ) direction of X-ray beam and 
different azimuthal angles , in condensates received at 

, it is observed isotropic SAXS with asymptotic 
of indicatrix proportional to s 

80CnT 

s =4 sin / 4 / , 2      —dispersion angle. 
Along with the axial texture [100] at  on a 
small-angle X-ray picture it is revealed straight outlines 
of SAXS figure, caused by bounding of submicro-
pores.At the same time asymptotic of indicatrix SAXS 
changes significantly as well. On small-angle X-ray pic-
tures, which comply with recording at 

80CnT 

0   SAXS 
figure is displayed in a form of regular quadrilateral. At 
temperature growth up to  outlines of the 

figure become sharper and curvilinear, while multiple 
angledispersion range becomesslightly shorter. At in-
clined recording, which comply with 

145nT  C

45 

285nT 

, SAXS 
figure is displayed in a form of elongated oval, getting 
straight outlines at T growth up to 145˚C ( Figure 3(а)). 

Revealed features of low-angle X-ray pictures are con- 
sidered to be a reflection of regular arrangement of SMP 
having the shape of elongated parallelepipeds, the orien- 
tation of which remains constant up to . Di- C
 

 

Figure 3. Small-angle X-ray picture of PbS epitaxial films 
condenced under the different Tn: on the left-direct survey 
(Ψ = 0˚); on the left-inclined survey (Ψ = ±45˚). 
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agonal directions of the square on the angle X-ray p tures 
coincide with crystallographic directions [001] and [010], 
while orientation of the small axis of rectangular (in-
clined recording), corresponds to projection of primary 
X-ray beam direction at the direction of [100] monocrys-
talline epitaxial layer formed in condensates from the 
side facing the substrate. Growth of Tn up to 250˚C is 
accompanied by a significant change of SAXS image. At 
perpendicular ( 0  ) recording it is observed degenera-
tion of the square into cross-shaped figure with quite an 
uneven angular distribution of intensity (Figures 3(a) and 
(b)). Angular dispersion range increases to the same ex- 
tent for the directions [001] and [010], but decreases for 
the direction [011]. Most of SAXS intensity is concen- 
trated in the boundaries of the central part of small-angle 
X-ray picture. Amplification of PMP anisotropy is also 
observed at inclined ( 45 

14nT 
) recording. At Tn growth a 

rectangle revealed at  rectangle is converted 
into a spindle-shaped figure which main axis is oriented 
along [100], and the angular range of dispersion along 
this axis occurs to be the same as for [001] and [010] at 
perpendicular (

5 C

0  ) recording. Along the minor axis 
SAXS range is much less than at lower values of Tn 
(Figure 3(b)). 

All this confirms that the processes of epitaxial layer 
buildup and axial texture [100] improvement in the stud- 
ied condensates accompany by SMP anisometry increase, 
while SMP acquire correct shape caused due to mostly 
being bounded by plates of {100} type. These SMP are 
oriented by the bounded plane along the growth of the 
epitaxial layer, which coincides with the direction of the 
predominant crystallographic orientation [100], i.e., 
along the direction of molecular flow incidence at con- 
densation. The planes of {100} type in PbS mono-crystal 
are considered to be cleavage planes and have a mini- 
mum surface energy equal to ~0.6 J/m2 for PbS. Thus, 
SMP bounding at epitaxial growth of condensate with 
predominantly such planes (“subtraction crystals”) is 
completely natural process, as long as according to 
Gibbs-Curie-Wulff rule,for such crystals tract bounded 
with planes of {100} type appears to be equilibrium. At 

, when the most of condensate volume has 
already been occupied by an epitaxial monocrystal, 
X-ray pictures, recorded at the angle (

28 CnT  

45  ), display 
hexagon-shape figure with four angles of 135˚ (Figure 
3(c)).The central part of PMP to normally recorded 
( 0  ) X-ray pictures slightly expands along with the 
“tails” reduction in [001] and [010] directions. On in- 
clined ( 45  ) picture recorded in [001] direction, 
“tails” disappear almost entirely, and the main axis of the 
hexagon is equal to the side of the square, revealed in the 
central part of the normally recorded X-ray pictures. This 
means that SMP acquire an additional bounding {110}, 
and besides only those SMP are bounded, which scatter  

within the designated square, i.e. their larger fraction, 
and thus, SMP anisometry rate starts to decrease consid-
erably. In the range of  PMP inten- 
sity is become dramatically weakened at changing of 
indicatrixes asymptotic, indicating a significant decrease 
in SMP concentration and anisotropy. At n  increase up 
to 380˚C - 400˚C integrated intensity of SAXS increases 
as well, and SAXS indicatrixes recorded at 

285 C 360 CnT 

T



0  , get 
the asymptotic behavior of ~s−4due formation of SMP 
with more uniform cross-section. The small-angle X-ray 
pictures recorded at 0   show shortening of the dis- 
persion angular range and decrease of dispersion anisot- 
ropy degree in all directions. Instead of a square shape 
PMP acquires a shape of relatively equiaxed hexagon 
(Figure 3(d)) as a result of additional bounding of SMP 
with {110} planes which is particularly distinct at 

. Overall submicroporosity of epitaxial con- 
densates, which equals to 1% at , decreases 
from 0.6% at Тп 

400 CnT  
145 CnT  

  200˚C to 0.3% at Тп, and at tem- 
perature increase up to до 285С is further reduced by a 
half. This occurs at complete vanishing of polycrystalline 
textured fraction from condensate, when the whole film 
has already become an epitaxial monocrystal, which 
structure improvements accompanied by decrease in 
submicroporosity. So the lowest level of См   0.025% 
corresponds to the minimal (~5 ang.min) width of fluc-
tuation curves at Тп   365˚C. As to SMP dispersion, at 
increaseof epitaxial layer volume, it hardly changes and 
an average SMP size is 10 - 15 nm. Polydispersity de- 
creases simultaneously with the acquiring by the pores of 
clear bounding. Along with broadening of fluctuation 
curves and submicroporosity growth at Тп  370˚C it is 
occurred SMP dispersion (Figure 3(b)) and heterogen- 
ity decrease at increase in their polydispersity. Thus, an 
interesting phenomenon is observed-fragmentation of 
“substracting” crystals (bounded SMP) as a result of 
plastic deformation of the epitaxial monocrystal at cool-
ing from high Тп under compressive thermal load arising 
in the film as a result of significant difference of linear 
expansion coefficients in PbS (1.9 × 10−6 degr.−1) and 
NaCl (3.9 × 10−6 degr. −1).This deformation is accompa-
nied by an additional SMP bounding bysliding planes of 
{110} type. As a result of this diffusion strands appearon 
SAXS figures along the direction [110] (Figure 3(d)). In 
monocrystal epitaxially grown films thermally activated 
SMP treatment occurs less rapidly than in polycrystal 
films of the same chemical composition and controlled 
by contentionof volume and surface diffusion mecha- 
nisms depending on the film thickness and extent of its 
structural perfection. The higher is the level of its thick- 
ness and perfection, the greater is the role volume diffu- 
sion in treatment process. Inspection of thermal effect on 
porosity and structure of such films has been executed by 
a vacuum (p = 3 × 10−3 Pa) annealing of the films non- 


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separated from the condensate substrate of 3 microns 
thickness, condensed at a substrate temperature of 250˚C 
and 400˚C, speed rate of 8 nm/s, and normal incidence of 
molecular flow. Heating of the films during (9 - 54) ×102 
sec has been performed directly after a cycle of conden-
sation and cooling of the samples without depressurizing 
of the vacuum facility. To control initial structure of 
condensate samples from each film series has been left in 
non-annealing state and at heating of the remaining films 
have been located in vacuum facility at T = 20˚C, and 
removed from it simultaneously with the other samples. 

With heating temperature increase, angular scattering 
range shortens in all directions. Simultaneously, it is de- 
tected changing of the profile of small-angle X-rays pic- 
tures, recorded at different orientation of condensate as to 
the initial beam (Figure 4) and increase of SAXS indica- 
trix steepness. It is resulted due to SMP enlargement and 
shape changing during films annealing. 

Reduction of the observed SAXS integrated intensity, 
indicates a decrease in overall submicroporosity. Based 
on the results of the pictures computer processing de- 
crease in overall submicroporosity at annealing tempera- 
ture increase is accompanied by a significant decrease in 
amount of small (2R ≤ 10 nm) and an increase in amount 
of large (2R ≥ 50 nm) SMP. In contrast to textured poly- 
crystal condensates at annealing of monocrystal epitaxial 
films (in a selected temperature range) is has not ob- 
served any signs of cracks, which may occur during 
heating and cooling of “film-substrate” system as a con- 
sequence of the difference in thermal expansion coeffi- 
cients of PbS and NaCl. This is caused by more im- 
proved initial monocrystal structure of condensate capa- 
ble to generate crack formation in films with less perfect 
structure. fies. Due to competition of kinetic and ther- 
modynamic factors at pores growth or treatment it is re- 
vealed more or less strong tendency of their configura-
tion changing. Figure 5 shows that at amplification of 
thermal activation it increases the intensity of transfor- 
mation of small (less than 100 nm) pores, which actually 
cause the recorded SAXS. 

As a result of thermally activated structure improve- 
ment parallelepiped-shaped pores arranged in the direc- 
tion of mono-crystal growth bounded with and basic 
planes, become more equiaxed at reduction of dislocation 
density and mosaic degree of crystal. At the same time, 
the larger the coherent scattering region (CSR)are and 
the more significant is a decrease in the dislocation den- 
sity under the effect of heating, the more equiaxed shape 
the pores take and more delicate is a reduction of their 
volumetric concentration. 

The following processes may cause changing of po- 
rosity characteristics, observed at heating of condensates: 

1) “recondensation”-small pores “dissolve” at heating 
of condensates and settle on large ones, i.e. coalesce as a 

 
Figure 4. SAXS of the condenced Ni films: 1, Ni without 
impurities; 2, Ni + 1%SiO; 3, Ni + 5.6%SiO (Po: integral 
intensity of the X-ray primary beam). 
 
 

 
Figure 5. Impurities influence on the SAXS of  permalloy 
condensed films: a) 1, Fe-Ni without impurities; 2, Fe-Ni + 
0.5%SiO; 3, Fe - Ni + 3.5%SiO; b) 1, without impurities; 2, 
3%Si, Tп = 250˚C; c) 1, 3%Si, Tп =380˚С; 2, after anneal- 
ing. 
 
result of self-diffusion, without changing the total poros- 
ity degree; 

2) pore sintering as to mechanisms of volumetric and 
surface diffusion, causing decrease of total porosity; 

3) annihilation of pores, located at intergranular (or 
interblock) borders, by their crawling along the border 
and emerge at the outer surface of the film as to the bor- 
der diffusion mechanism, which is particularly facilitated 
by columnar type of structure elements of non-annealing 
condensates, while the overal porosity should decrease; 

4) increase in SMP volume by means of volumetric 
self-diffusion due to excess vacancies remaining in non- 
annealing films, immured at condensation, or from com- 
plexes. 

Depending on the particular porosity characteristics of 
the films in their initial state as well as conditions of their 
formation, these mechanisms may act in different com- 
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binations. This intragranular pore formation corresponds 
to a), b) and d). 

Increasing of condensation rate, for example, intensi- 
fies the processes of coalescence, sintering and increase 
of the pores growth rate at annealing due to formation of 
a large number of small thermally low-resistant SMP in 
the initial state. Activization of the coalescence processes 
in such pores causes reduction of SMP concentration and 
size at long-lasting storage of condensates Therefore, to 
obtain films with minimal porosity it is advised to in- 
crease the condensation speed rate at lower T and carry 
out the subsequent isothermal heating, rather than in- 
creasing the temperature and reducing condensation 
speed rate. This is explained due to the high thermal sen- 
sitivity of smaller SMP observed at low T and high con- 
densation speed. 

The question of the way how at pores presence, heat- 
ing causes to intensification of both diffusion and 
chemical interaction in a solid matter appears to be of a 
particular interest. This can be demonstrated on the ex- 
ample of inspected PbS epitaxial films, heating of which 
causes oxidation of the surface layers. Additional sources 
and sinks for vacancies appeared in these condensates 
have chemical nature, while their activity is allocated at 
the free surface and inner surfaces of the section. Ther- 
mally activated oxidation is first of all a powerful source 
of excess vacancies for a grid, when oxidation kinetics is 
determined by the diffusion of metal ions in defect oxide 
grid. At the same time vacancy supersaturation is propor- 
tional to the ratio of self-diffusion and heterodiffusion 
coefficients. At heating, resulyed in oxidation of PbS 
monocrystal condensates, ambient oxygen acts as a pump, 
“pulling” of PbS monocrystal, Pb atoms (or ions Pb + +), 
which interact with the “counter” oxygen atoms (or ions 
O +) and form an oxide layer over PbS film. At the same 
time, the excess vacancies formed in Pb grid units, ac- 
celerate “counter” diffusion process of PbO. Speci- 
fied “pump” model can be applicable for a large number 
of other film systems considering type of film interaction 
with the environment (or substrate). 

X-ray pictures of the inspected DSK reveals only re- 
flections corresponding to matrix material. However, no 
changes in angular position of the diffraction peaks in the 
films, alloyed with dispersed Al2O3 and SiO admixtures 
at crucible evaporation of metal, have been revealed. 
Mean period of crystal grid of copper, nickel and per- 
malloy films, reinforced with Al2O3and SiO, is hardly 
affected by an increase in the concentration of dispersed 
admixtures and is close to a table value for metals. 
Therefore we can conclude that at crucial evaporation 
specified admixtures do not dissolve in the crystal grid, 
but are distributed randomly over the volume of conden- 
sate in a form of local segregations, limiting migration 

mobility of condensed metal atoms, and dramatically 
impairing perfection degree of the gained condensate 
structure. What is typical, increase in concentration of 
insoluble admixtures leads to dispersion of the structure 
elements, but does not affect the degree of elastic mi- 
crostrains. 

In contrast, at silicon alloying it has been revealed an 
increase in period of matrix crystal grid, and integral 
width of diffraction peaks with increasing of admixtures 
concentration. This certifies that silicon is partially dis- 
solved in matrix simultaneously contributing to disper- 
sion of the condensate structure elements and the genera- 
tion of internal structural microstrains, as well as par- 
tially forming local segregations. Particular reduction in 
period of crystal grid is observed at non-crucible alloying 
of permalloy with silicon monoxide at SiO concentration 
above 3.5%, which to a certain extent is explained due to 
formation of weak solid solution of SiO in the matrix at 
the absence of crucible admixtures which inhibit dissolu- 
tion of silicon monoxide in metal.SAXS in DSK and 
metal coatings without admixtures have a significant 
difference both in terms of the intensity rate and nature 
of its angular distribution. The intensity level of SAXS 
DSC exceeds this level in non-alloyed films by more 
than one level of the valueat significant broadening of 
anglular distribution range. 

3.2. Condensation in Quasi-Closed Volume 

Evaporation and condensation from molecular flow in 
the “open” vacuum does not always ensure the formation 
of monocrystal films, in particular those of AIIBVI type, 
due to considerable non-equilibriumity of film growth 
process when supersaturation of vapors on growing con- 
densate border is significant and almost no close interac- 
tion between the vapor and condensed phases is observed. 
So condensation of CdTe in the “open” vacuum at rela- 
tively low Tn = 20˚C - 380˚C leads to low surface mobil- 
ity of adsorbed atoms and molecules, resulting in sub- 
stantial concentration of defects in epitaxial layers. In- 
crease of Тn up to 400˚C - 450˚C is accompanied by in-
tensive re-evaporation of the substance from the gained 
condensate surface, which impedes obtaining of solid 
layers and leads to stoichiometry destruction of the films 
(depletion with light cadmium) due to different vapor 
pressures of the components and lack of volumetric in- 
teraction. 

Under the quasi-closed volume it is usually implied a 
non-completely sealed area in which the change in steam 
density due to its outflow into the outer space within 
condensation process is negligible. This method allows 
to reduce the difference between temperatures of the 
evaporator and the substrate so that over-saturation at 
“steam-condensate” border has declined to the optimal 
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value, and the condensation has been carried out in con- 
ditions close to the conditions of thermodynamic equilib- 
rium. 

The key feature of the quasi-closed volume method is 
that the vapor phase is concentrated in a small enclosed 
space bounded with hot walls, due to which steam mole- 
cules outflow from a thermodynamic process appears to 
be practically impossible and condensation is carried out 
under intensive exchange interaction of the growing layer 
with vapor phase. A significant advantage of AIIBVI 
films synthesis in the quasi-closed volume is high partial 
pressure of chalcogenide at concentration greater than the 
residual gas pressure in crucible by an amount close to 
103. 

Regardless of the gaseous phase composition, forma- 
tion of epitaxial condensate on mica in the quasi-closed 
volume is carried out in two consecutive steps: a) forma- 
tion of transition heteroepitaxial layer, b) film autoepi- 
taxial growth with improvement of microstructure. It 
have been investigated monocrystal films CdTe with 
thickness of 6 - 10 microns, condensed on mica chips in 
different residual gas atmosphere at a substrate tempera- 
ture Тп = 490˚C and the evaporator temperature Тev = 
750˚C. 

The investigated samples appears to be block mono- 
crystals, having different rate of structural perfection 
with crystallographic orientation [111] along the normal 
to the outer surface. Depending on condensation intensity 
level of PMP in antireflection films CdTe in non-re- 
flecting position is 1 × 10 - (4 - 5) × 10−5 of the intensity 
value of initial X-ray beam. This is considerably less 
than in the abovementioned epitaxial PbS films, con- 
densed from molecular flow in the “open” vacuum. 

Condensation in the quasi-closed volume contributes 
to formation of monocrystals with a low content of local 
inhomogeneities of electron density. At the same time, 
hydrostatic density of CdTe films is substantially lower 
than the theoretical density of 7435 × 103 kg/m3 of mas-
sive monocrystals CdTe and varies in the range (7.15 - 
7.3) × 103 kg/m3, depending on the composition of re- 
sidual gas atmosphere and Tп/Tev ratio. This indicates 
that epitaxial films CdTe contain porosity of condensa- 
tion origin, which to a great extent cause recorder 

As compared to epitaxial films of PbS, SAXS indica- 
trixes differ substantially by significantly lower level and 
considerable steepness of intensity drop (Figure 6), in- 
dicating formation of considerably fewer in amount but 
sufficiently large in shape scattering inhomogeneities 
(mostly submicro - and micropores) in CdTe condensates. 
Thus condensation in the quasi-closed volume introduces 
peculiar features in the mechanisms condensation pore 
formation due to ensuring of more equilibrium thermo- 
dynamic conditions compared with condensation in the 
“open vacuum.” 

 

Figure 6. SAXS indicatrixes (a) and their invariants (b) of 
the epitaxial CdTe films condenced in quasi-closed volumes 
under the different temperatures Tn, vacuum p = 10–3 Pa: 1, 
T = 240˚C; 2, T = 400˚C; 3, T = 500˚C. 
 

Conducting a comparison of SAXS films condensed 
residual gas atmosphere of various composition (Figure 
7) it can be concluded volumetric concentration of SMP 
is extremely sensitive to composition of the gas envi- 
ronment at condensation. Most of SMP amount is formed 
at condensation in vacuum of 10 - 2 Pa with a predomi- 
nant content of О2 (Table 1). 

Features of films submicroporosity characteristics re- 
spond o their electrophysical characteristics. In particular, 
the most porous films are also featured with the highest 
carrier concentration (1.44 × 109 cm−3) and traps for 
them.  

At the same time, they contain peak concentration of 
small (R < 15 nm) SMP. The lowest amount (0.8 × 10% - 
2% vol.) of SMP is formed at condensation in the at-
mosphere of Н2 at residual gas pressure rate of 10 - 2Pa. 
This is significantly lower than in films obtained in con- 
ventional vacuum atmosphere (Table 1) and is caused 
not only due to a significantly lower tendency of films to  

Copyright © 2013 SciRes.                                                                                 MSA 



Transgranular Pore Formation in Nanocrystalline Coatings Condenced in the “Openess” of Vacuum  
and Quasi-Closed Volume 

55

 

Figure 7. SAXS indicatrix invariant for CdTe epitaxial 
films condenced at difference temperatures of evaporator 
Tev and substrate Tn, vacuum 10–3 Pa: 1, Tev = 620˚C, Tn = 
300˚C; 2, Tev = 710˚C; Tn = 500˚C. 
 
Таble 1. Preparation conditions and characteristics of the 
epitaxial CdTe films (σ—specific conductivity × 10–9 Om–1 
cm–1; no—carriers concentration × 108 сm–3; Nt—traps con- 
centration × 1016 cm–3; CM and 2Rc—volume concerntration 
and mean-weighted mean-square size of SMP). 

Working 
atm., Pa   no

 Nt
 CM,% 2Rc, nm

10–3, vac. 1.40 2.9 3.50 0.018 36 

10–2, H2 0.05 0.1 0.02 0.008 50 

10–2, Ar 0.27 0.6 0.29 0.032 32 

10–2, O2 7.00 14.4 104 0.077 20 

 
internal oxidation during their formation in a Н2 atmos- 
phere in comparison with an atmosphere containing О2. 
Since atomic and ionic radii of hydrogen are significantly 
less than that of oxygen, its improved migratory ability 
facilitates CdTe diffusion in crystal grid without any de- 
laysat sinks, sufficient for SMP formation, and also in- 
creases the possibility of Н2 solutions formation in the 
matrix. Furthermore, formation of chemical compounds 
with hydrogen at a temperature close to 500˚C is also not 
excluded.Condensates with a minimum porosity, ob- 
tained in a hydrogen atmosphere, also contain the lowest 
(1 × 10−7 см−3) carrier concentration and traps for them 
(Table 1). Films condesed in argon atmosphere, occupy 
an intermediate position between the films condesed in 
atmospheres of oxygen and hydrogen, as to their submi-
croporosity characteristics. Electrophysical properties of 
these films also correlate with the calculation data of 
SMP volumetric concentration (Table 1).Increasing of 
Тп from 240 to 500˚C is accompanied by a decrease of 
the scattering ability of epitaxial films, indicating a sig-
nificant decrease in the volumetric concentration of SMP, 
revealed by PMP method. This is illustrated with de- 
crease of the area under the curves of PMP indicatrix 
invariants (Figures 8 and 9). Along with formation larger 
SMP at increased Тп it is observed change in their size  

 

Figure 8. SAXS indicatrixes (a) and their invariants (b) for 
epitaxial CdTe films condenced at Tn – 300˚C; Tev = 670˚C, 
vacuum 10-3 Pa: 1, stoichiometric composition batch; 2, the 
surplus of Te. 
 

 

Figure 9. SAXS invariant indicatrix for CdTe epitaxial 
films condenced at Tn = 490˚C and same evaporation 
evaporation temperature (750˚C) at the difference gaseous 
atmosphere: —O2, p = 10 – 2 Pa; —H2, p = 10 – 2 Pa; 
—Ar, p = 10 – 2 Pa. 

 

 
distribution, which is becomes more homogeneous. Ten- 
dency of SMP concentration reduction is revealed not 
only for thin, but also for thicker films. At the same time, 
thicker films (more than 20 microns thick) contain fewer SMP 
as compared to thicker concentrates [3,4]. 

In low-temperature films it is revealed obvious PMP 
anisotropy that is weakened with Тпincrease and atТп = 
200˚C is not observed [3]. Low angle records at different 
orientations of the samplesas to X-ray beam have al- 
lowed to reveal that SMP in low-temperature conden- 
sates CdTe are directed along the normal to the substrate. 
As it has been shown such shape and orientation are in- 
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herent to the filmscondensed in the “open” vacuum. 
Introduction of excess Te to the batch reduces the scat- 

tering ability of the films compared to CdTe films, con- 
densed at the same Тп from the batch of undisturbed 
stoichiometric composition. At overal reduction of SMP 
volumetric concentration, volumetric contribution of 
small SMP increases significantly (R ≤ 15 - 20 nm) while 
concentration of large SMP with the size of more than 30 
nm [3] decreases. This can be explained by the fact that 
the films condensed from the batch of stoichiometric 
composition appear to be depleted by more light Cd 
component as a result of its partial re-evaporation within 
condensate formation process. As it is known, during 
distillation of light components it is formed favorable 
conditions for diffusion pore formation by means of coa- 
lescence of vacancy complexes, as well as small SMP, 
which is confirmed experimentally, in particular, in the 
investigated coatings. 

Therefore, excess of Te, specially introduced into the 
batch to achieve the stoichiometric composition formed 
by condensate, is an obstacle for pore formation proc- 
esses of in epitaxial film. 

As it os observed, the more equilibrium conditions are 
provided atmonocrystal condensate formation, the less 
active are the processes of condensation pore formation. 
It has been established experimentally that the most op- 
timal conditions for formation of structurally perfect 
monocrystal films CdTe correspond to the relation of 
temperature ranges Т = 520˚C - 540˚C and Т = 550˚C - 
580˚C. It also relates to porosity of the inspected films, 
the level of which can be programmed according to the 
desired electrophysical characteristics of the films used 
in particular as base layers of thin-film photoelectric so- 
lar energy converters with optimal width of prohibited zone. 

4. Conclusions 

1) Intragranular condensation pore formation in nano- 
crystal systems is carried out by the joint action of va- 
cancy diffusion and sorption mechanisms, depending on 
the intensity of gas emission or gas adsorption processes 
during condensation. 

2) In conditions of condensates epitaxial growth, gen- 
erated SMP formed acquires bounding made of crystallo- 
graphic planes with minimal surface energy, in particular 
cleavage planes, forming the so-called “crystal subtrac-
tion”, which inherits crystallographic orientation of the 
crystal-substrate. 

3) Under compressive microstrain, arising during cool- 
ing of epitaxial condensates due to the difference of lin- 
ear expansion coefficients of condensate and substrate, it 
is occurred deformation and grinding of “crystal subtrac- 
tion” (bounded pores) by means oftheir additional bound- 
ng by sliding planes. Improvement of epitaxial coatings 

substructure during their post-condensation heating is 
accompanied by thermally activated processes of “crystal 
subtraction” coalescence and acquisition of equilibrium 
shape by them in accordance with thermodynamic criteria. 

i 

4) Introduction of foreign non-soluble admixtures to 
condensate contributes to development of intragranular 
porosity and stabilization of the porous structure. Par- 
tially soluble admixtures contribute to enlargement of 
condensation SMP. 

5) Porosity of epitaxial coatings is most effectively 
minimized by means of condensation in quasi-closed 
volume under conditions of intensive exchange interac- 
tion of the growing layer with the vapor phase at optimal 
ratio between evaporation and condensation temperatures, 
which ensures an approximation to thermodynamic equi- 
librium conditions. Predominance of gas with high mi- 
gratory ability, in particular, hydrogen, in the working 
atmosphere helps to minimize porosity of the film, which 
increases at the presence of inert gases and reaches a 
maximum level at condensation in the oxidizing atmos- 
phere. 

6) At isothermal heating of crystal coatings, it is oc- 
curred the processes of coalescence of excess vacancies 
and SMP of condensing interaction with formation of 
macropores which are partially “sintered” at long-lasting 
temperature exposure especially during recrystallization. 
In epitaxial condensates thermally activated treatment of 
SMP occurs less vigorously than in the polycrystal films 
of the same chemical composition and is controlled by 
competition of volumetric and surface diffusion mecha- 
nisms, depending on thickness andstructural perfection 
degree of the condensate. Heating of coating, non-sepa- 
rated from substrates causes formation of microcracks 
nuclei along the cleavage (sliding) plane sunder condi- 
tions of thermal stress arising due to different thermal 
dilatation of the film and the substrate. 

7) Stabilizing effect of soluble admixtures on porosity 
is revealed in increase of the temperature at the start of 
SMP coalescence and sintering processes.  
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