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Abstract—According to high-temperature differential mass spectrometry, analytical form of the dependence of 
structure of the saturated vapor composition over melts of the system Ga–Pb on partial pressures of 
components and total pressure in the system was determined. On the basis of this dependence, taking into 
account corrections for the deviations from thermodynamic equilibrium conditions in the reaction cell, the 
scientifically-proved method of the synthesis of GayPb1–y (y = 0.002–0.050) films with precision control over 
their quantitative composition structure was developed. 
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It is expedient to use GayPb1–y (y = 0.002–0.050) 
films as precursors for the synthesis of nano- and 
heterostructures based on lead telluride alloyed by 
gallium, which is traditionally considered as a material 
for making optoelectronic devices working in the IR 
spectral region [1–3]. The interest to studying lead 
telluride and solid solutions on its basis has accelerated 
in the last few years, as photoconductivity in the THz-
band of electromagnetic radiation was detected [4]. 

 The presence of admixed atoms of metals with 
variable valence, including gallium, in the lead 
telluride crystal lattice leads to reorganization of the 
energy spectrum of the initial material, which ensures 
its functional properties. The production of opto-
electronic devices based on PbTe alloyed by gallium, 
which operate in THz and IR spectral regions would be 
ready for commercial production, if it will be possible 
to solve some problems. In particular, it is necessary to 
establish conclusively the reason of amphoteric 
behavior of gallium atoms in lead telluride, which can 
form both donor and acceptor admixture levels [5, 6]. 
In [6, 7] the facts are presented, which show that the 
manifestation of donor or acceptor properties by 

dopant Ga atoms depends not only on the alloying 
method, but also on the degree of deviation from the 
stoichiometric ratio of the components forming cation 
and anion sublattices. According to the P–T–x diagram 
of the lead-tellurium system [8], it is possible to 
control in various ways the degree of deviation of the 
chalcogen fraction δ from stoichiometric ratio for the 
Pb1–yGayTe1±δ single crystals and films alloyed by 
gallium. For example, by annealing in tellurium vapor 
at various pressure of this component it is possible to 
obtain Pb1–yGayTe1±δ samples characterized by both a 
chalcogen deficit and its excess in relation to the 
stoichiometric ratio. If GayPb1–y films (y = 0.002–
0.050) are alloyed in isothermal conditions at various 
pressures of tellurium vapor, it is possible to 
synthesize Pb1–yGayTe1±δ samples alloyed by gallium, 
which will be characterized by various deviations from 
the stoichiometric ratio δ of anion sublattice at the 
fixed concentration of dopant gallium atoms. Results 
of studying the phase nature, electric properties, and 
photoconductivity of Pb1–yGayTe1±δ films will make it 
possible to solve several fundamental problems: to 
establish as precisely as possible the borders of 
homogeneity area of solid Pb1–yGayTe1±δ solutions at 
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various temperatures; to determine the character of the 
dependence of donor or acceptor activity of gallium 
dopant atoms in the Pb1–yGayTe1±δ films on the degree 
of deviation from stoichiometry in the anion sublattice; 
to establish the character of changing conductivity type 
in the Pb1–yGayTe1±δ films depending on the 
concentration of dopant Ga atoms and the degree of 
the deviation from stoichiometry in the anion 
sublattice. 

All these facts show the urgency of creating methods 
for obtaining GayPb1–y films with preset quantitative 
composition, which will be used in further researches 
as precursors for the synthesis of Pb1–yGayTe1±δ. 

The basic principles of the formation of GayPb1–y 
films with a specified composition by the “hot wall” 
method with due accounting for the results of previous 
experiments have been developed in the present work 
in several steps. The data of [9] demonstrated that 
quantitative compositions of the initial Ga–Pb melt and 
the sample obtained upon condensation of vapor over 
this melt differed from each other. It was assumed in 
[9] that the formation of GayPb1–y layers by means of 
evaporation of the gallium–lead system melts in a 
vacuum occurred in thermodynamically nonequilibrium 
conditions. The graphic interpretation of the experi-
mental data [9] on the growth of GayPb1–y films by the 
“hot wall” method is presented in Figs. 1a and 1b, 

curves 1, in the form of the dependences of mass-
transfer coefficients KMT(Ga) and KMT(Pb) on the 
initial melt composition on the silicon substrate and on 
the its temperature at the constant substrate tempera-
ture of 420 K.  

KMT(Ga) = yF
Ga/xGa; KMT(Pb) = (1 – yF

Ga
 )/(1 – xGa).    (1) 

Here yF
Ga is the gallium mole fraction in the growing 

film; xGa is the gallium mole fraction in the initial 
GaxPb1–x melt. 

Changes in gallium and lead mass-transfer coef-
ficients while growing GayPb1–y films by the “hot wall” 
method are characterized by a number of contradiction. 
For example, for the whole studied range of tempera-
tures and compositions of Ga–Pb melts KMT(Ga) < 1, 
whereas KMT(Pb) > 1.  

The mass-transfer coefficient of lead KMT(Pb) 
monotonically increases as the gallium fraction in Ga–
Pb melts increases, whereas KMT(Ga) values change 
nonmonotonically and have a minimum point at xGa = 
0.5. At a constant composition of the Ga–Pb melt             
KMT(Ga) increases as temperature increases, whereas 
KMT(Pb) slightly decreases. 

In the next stage we made the attempt to find out 
why the gallium fraction yF

Ga in GayPb1–y condensates 
exceeded the fraction of this component in the vapor 
phase (x0

Ga) calculated on the assumption that the 
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Fig. 1. Dependence of mass-transfer coefficients of (a) gallium KMT(Ga) and (b) lead KMT(Pb) on the composition of initial GaxPb1–x 
melts at the synthesis of films GayPb1–y by the “hot wall” method: (1) 1023, (2) 1103, (3) 1153, and (4) 1300 K. 
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Raoult’s law is obeyed for the gallium–lead system. In 
[10] the dependences of quantitative composition of 
saturated vapor over melts of the gallium–lead system 
on the condensed phase composition and temperature 
in the region above coordinates of a critical point on 
the phase diagram [11] has been studied by the high-
temperature mass spectrometry method. 

The derivation of the equations of temperature 
dependence of partial pressures of components in the 
vapor over melt of the gallium–lead system should be 
regarded as the most important result of [10]. Aside 
from that, the character of the dependence of the 
gallium fraction in vapor over melts of the gallium–
lead system on its quantitative composition in the 
temperature range of 980–1153 K has been estab-
lished. It was found in [10, 11] that the gallium–lead 
system is characterized by essential positive deviations 
from ideal behavior in the temperature range of 980–
1153 K, and the fraction of less volatile gallium in 
saturated vapor over GaxPb1–x (xV

Ga) melts considerably 
exceeds the value calculated on the basis of the ideal 
solution model. 

 In the present work we have studied the reasons 
influencing the degree of the deviation from equilib-
rium conditions during growing GayPb1–y films by the 
modified “hot wall” method, and have analyzed pos-
sible factors capable of affecting the degree of 
deviation of actual conditions of the GayPb1–y films 
synthesis from the thermodynamic equilibrium 
conditions. In the course of the synthesis of GayPb1–y 
films by the “hot wall” method partial pressures of the 
components, and hence the total pressure in the 
reaction cell, change largely depending on the 
composition of the Ga–Pb system initial melt and its 
temperature. Temperature dependences of the total 
pressure of saturated vapor (curves 1–5) and of the 
atomic gallium partial pressure (curves 6–10) over 
melts of the Ga–Pb system are presented in Fig. 2. In 
the temperature range of 950–1300 K the total 
equilibrium vapor pressure over the Ga–Pb system 
melts containing 0.70–0.97 mole fraction of gallium 
sharply decreases, whereas the gallium partial pressure 
slightly increases. It gives the chance to vary gallium 
quantity in GayPb1–y films in rather wide limits by 
variation of the ratio of gallium and lead partial 
pressures pGa/pPb in the saturated vapor over initial 
melts of the Ga–Pb system. Gallium concentration in 
the GayPb1–y films can be set and regulated by not only 
variation of the composition of Ga–Pb system melts, 
but also by temperature variation. Thus, there are two 

possibilities of changing gallium and lead partial pres-
sures, which ensures more exact and reliable control 
over the composition of forming GayPb1–y films. 

In the present work we have studied with great care 
the influence of partial pressure of vapor molecular 
forms on the degree of deviation from thermodynamic 
equilibrium conditions and also on the changes in the 
character of the mass transfer in the reaction cell in the 
course of the synthesis of GayPb1–y films. 

Using the data of [10], we have calculated the 
quantitative composition of the equilibrium vapor 
phase over Ga–Pb melts depending on partial pressures 
of molecular forms of vapor components and on the 
total pressure in the system. The calculations allowed 
us to deduce the equation of the surface describing the 
dependence of the gallium fraction (xV

Ga) in the 
equilibrium vapor phase over melts of the Ga–Pb 
system on the gallium partial pressure (pGa) and the 
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Fig. 2. Temperature dependences of saturated vapor (1–5) 
total pressure and (6–10) Ga partial pressure over the           
Ga–Pb system: (1), (6) 1300; (2), (7) 1153; (3), (8) 1103; 
(4), (9) 1073; (5), (10) 950 K. 
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total pressure (pint) in the temperature range of 1000–
1153 K in the form of Taylor expansion (2). 

xV
Ga(pGa, pint) = 0.0031202 + 2.21793pGa – 202.574p2

Ga 
+ 11606.8p3

Ga – 199742p4
Ga – 0.00343765pint 

– 0.232843pGapint + 0.241037p2
Gapint + 0.00070126p2

int 
+ 0.0108855pGap2

int – 0.0000470359p3
int  

+ 8.43574 × 10–7p4
int.                                       (2) 

The separation of variables in Eq. (2) allowed us to 
determine the analytical form of the dependence of 
gallium fraction in the equilibrium vapor phase on the 
partial gallium pressure xV

Ga = f(pGa) and on the total 
pressure in the system xV

Ga = f(pint). These dependences 
represent monotonous smooth curves and can be 
described by Eqs. (3) and (4), respectively. 

 xV
Ga(pGa) = a1 + b1exp(c1pGa),                              (3) 

 xV
Ga(pint) = a2 + b2exp(–c2pint),                              (4) 

Coefficients a1, b1, and c1 in Eq. (3) and also 
coefficients a2, b2, and c2 in Eq. (4) are given in Tables 
1 and 2, respectively. 

Calculated compositions of saturated vapor xV
Ga are 

presented in Fig. 3 in the form of the dependence xV
Ga = 

f(log pGa, log pint) for the temperature range of 1000–
1300 K. Application of logarithmic coordinates is 
dictated by the necessity to present the obtained results 
in the compact form on a graph, as the total pressure of 
saturated vapor in the temperature range of 1000–        
1300 K over the melts varies within a wide range 
(from 0.2 up to 240.2 Pa). 

As it is seen from Fig. 3a, the increase in 
temperature up to 1300 K is accompanied by the 

increase in gallium concentration in saturated vapor up 
to 0.047 mole fraction. 

Thus, in the present work the dependence of quan-
titative composition of the equilibrium vapor phase 
over binary melts of the Ga–Pb system was determined 
in the analytical and graphic forms for the first time. 
These data are necessary for the subsequent studying 
and simulating processes occurring in the reaction cell 
of the modified “hot wall” method during the synthesis 
of GayPb1–y films. 

We have analyzed possible reasons of the deviation 
from equilibrium thermodynamic conditions in the 
reaction cell in the course of the synthesis of the binary 
GayPb1–y layers by the modified “hot wall” method. 
For this purpose we have synthesized 48 GayPb1–y 
films of various compositions on single crystal silicon 
substrates by means of the above method. The optimal 
choice of synthesis conditions is based on the analysis 
of the xV

Ga = f(log pGa) and xV
Ga = f(log pint) isotherms 

presented in Fig. 3. Compositions of the initial melts of 
the Ga–Pb systems, partial pressures of vapor components, 
and also pGa/pPb and pGa/pint ratios were determined by 
simultaneous solution of Eqs. (2)–(4). Further study 
was carried out on the samples Ga0.15Pb0.85, Ga0.25Pb0.75, 
Ga0.35Pb0.65, Ga0.50Pb0.50, Ga0.70Pb0.30, Ga0.85Pb0.15, 
Ga0.90Pb0.10, and Ga0.95Pb0.05. According to preliminary 
estimates, evaporation of the Ga–Pb system samples in 
the temperature range of 1023–1300 K ensures such 
ratio of gallium and lead in the vapor phase that its 
condensation on silicon substrates makes possible the 
formation of GayPb1–y films, in which the value of y 
can vary within the range of 0.001–0.04 mole fractions.  

Т, K a1 ± Δa1 b1 ± Δb1 c1 ± Δc1 R Rsqr 

1023 ± 3  –3.317 × 10–3 ± 6.479 × 10–4 5.183 ± 8.280 × 10–1 –8.842 × 102 ± 1.273 × 101 0.9987 0.9974 

1103 ± 3  –1.512 × 10–3 ± 1.554 × 10–4 3.836 × 10–1 ± 2.099 × 10–2 –9.598 × 101 ± 2.153 0.9923 0.9846 

1153 ± 3  –2.158 × 10–4 ± 1.750 × 10–5 7.004 × 10–2 ± 6.602 × 10–3 –2.831 × 101 ± 4.481 × 10–1 0.9917 0.9835 

1300 ± 3  –2.791 × 10–5 ± 2.159 × 10–6 4.385 × 10–3 ± 3.501 × 10–4       –1.248 ± 1.215 × 10–2 0.9948 0.9897 

Т, K a2 ± Δa2 b2 ± Δb2 c2 ± Δc2 R Rsqr 

1023 ± 3  1.927 × 10–2 ± 3.784 × 10–4 –6.864 × 10–3 ± 2.021 × 10–4 9.124 × 10–1 ± 8.591 × 10–2 0.9995 0.9989 

1103 ± 3  3.938 × 10–2 ± 3.339 × 10–3 –1.941 × 10–3 ± 3.746 × 10–4 5.851 × 10–1 ± 1.349 × 10–2 0.9969 0.9937 

1153 ± 3  6.900 × 10–2 ± 6.489 × 10–3 –1.073 × 10–3 ± 2.795 × 10–4 4.732 × 10–1 ± 9.239 × 10–2 0.9983 0.9966 

1300 ± 3  6.336 × 106 ± 3.563 × 10–19 –8.192 × 103 ± 5.245 × 10–16 5.369 × 106 ± 4.626 × 10–19 0.9976 0.9953 

Table 1. Coefficients a1, b1, and c1 in Eq. (3) in the temperature range of 900–1300 K 

Table 2. Coefficients a2, b2, and c2 in Eq. (4) in the temperature range of 900–1300 K  
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 Quantitative elemental composition of grown 
GayPb1–y films was determined by the local X-ray 
spectral microanalysis. The results are presented in 
Fig. 4.  

The examination of dependences of synthesized 
films compositions on the logarithms of gallium partial 
pressure and total pressure in the reaction cell presented 
in Figs. 3 and 4 shows that the layers obtained by the 
“hot wall” method have a much higher gallium 
concentration than its equilibrium concentra-tion in the 
vapor phase over initial melts of the Ga–Pb system.  

Mathematical processing of the obtained experi-
mental data has allowed us to deduce analytical forms 

[Eqs. (5), (6)] of the dependences of gallium fraction 
in GayPb1–y condensates on the gallium partial pressure 
and total pressure over melts of the Ga–Pb system. 

 y(pGa) = (a1 + b1pGa)/(1 + c1pGa),                            (5) 

 y(pint) = (a2 + b2pint)/(1 + c2pint).                   (6) 

Coefficients a1, b1, and c1 in Eq. (5), and also 
coefficients a2, b2, and c2 in Eq. (6) are given in Tables 3 
and 4, respectively. 

The comparison between Eqs. (3), (4) describing 
the dependence of the gallium fraction xV

Ga in saturated 
vapor over the Ga–Pb system melts and Eqs. (5), (6) 
describing the dependence of a gallium concentration 
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Fig. 3. The dependence of gallium fraction in saturated vapor over GaxPb1–x melts on (a) the values of logarithms of gallium partial 
pressure log pGa and of total pressure log pint of all components in the temperature range of 1023–1300 K; the dependences                     
(b) xV

Ga– log pGa and (c) xV
Ga–log pint. (1) Ga0.15Pb0.85, (2) Ga0.25Pb0.75, (3) Ga0.35Pb0.65, (4) Ga0.5Pb0.5, (5) Ga0.7Pb0.3, (6) Ga0.85Pb0.15, 

(7) Ga0.9Pb0.1, and (8) Ga0.95Pb0.05. 
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in the synthesized GayPb1–y films on pGa and pint values 
shows that these functions have different characters. It 
can be considered as the evidence that the synthesis of 
GayPb1–y films by the modified “hot wall” method 
occurs through the mass transfer in the conditions, 
which are distinct from the thermodynamic equilib-
rium conditions. To estimate the degree of such 
deviation from the thermodynamic equilibrium condi-
tions, we have introduced a coefficient K [Eq. (7)]. 

 K = y/xV
Ga.                                      (7) 

Here y is the mole fraction of gallium atoms in a 
GayPb1–y film. 

The variation of K values for all grown up GayPb1–y 
films is shown in Fig. 5 against logarithms of Ga 

partial pressure and the total pressure over melts of 
Ga–Pb samples, which were used in the synthesis as 
precursors for the formation of GayPb1–y films. The 
examination of the obtained data shows that, 
depending on pGa and pint values, coefficient K changes 
in rather wide limits (from 1.38 to 7.45). It is obvious 
that the deviation from the equilibrium state depends 
mainly on the ratio between pGa and pint. 

It is seen from Fig. 5a that the surface K = f(log pGa), 
is not monotonous and has a bend in the form of a set 
of maximal points. The additional information is given 
by the analysis of projections of K = f(log pGa) and K = 
f(log pint) presented in Figs. 5b and 5c.  

Consideration of the data presented in these figures 
shows that: 
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Fig. 4. Dependence of gallium fraction yGa in the synthesized GayPb1–y films on (a) the values of logarithms of gallium partial 
pressure log pGa and of total pressure log pint over initial GaxPb1–x melts; the dependences (b) log pGa–yGa and (c) log pint–yGa.                    
(1) Ga0.15Pb0.85, (2) Ga0.25Pb0.75, (3) Ga0.35Pb0.65, (4) Ga0.5Pb0.5, (5) Ga0.7Pb0.3, (6) Ga0.85Pb0.15, (7) Ga0.9Pb0.1, (8) Ga0.95Pb0.05. 
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Т, K a1 ± Δa1 b1 ± Δb1 c1 ± Δc1 R Rsqr 

1023 ± 3  –3.317 × 10–3 ± 6.479 × 10–4 5.183 ± 8.280 × 10–1 –8.842 × 102 ± 1.273 × 101 0.9987 0.9974 

1103 ± 3  –1.512 × 10–3 ± 1.554 × 10–4 3.836 × 10–1 ± 2.099 × 10–2 –9.598 × 101 ± 2.153 0.9923 0.9846 

1153 ± 3  –2.158 × 10–4 ± 1.750 × 10–5 7.004 × 10–2 ± 6.602 × 10–3 –2.831 × 101 ± 4.481 × 10–1 0.9917 0.9835 

1300 ± 3  –2.791 × 10–5 ± 2.159 × 10–6 4.385 × 10–3 ± 3.501 × 10–4       –1.248 ± 1.215 × 10–2 0.9948 0.9897 

Т, K a2 ± Δa2 b2 ± Δb2 c2 ± Δc2 R Rsqr 

1023 ± 3 1.927 × 10–2 ± 3.784 × 10–4 –6.864 × 10–3 ± 2.021 × 10–4 9.124 × 10–1 ± 8.591 × 10–2 0.9995 0.9989 

1103 ± 3  3.938 × 10–2 ± 3.339 × 10–3 –1.941 × 10–3 ± 3.746 × 10–4 5.851 × 10–1 ± 1.349 × 10–2 0.9969 0.9937 

1153 ± 3  6.900 × 10–2 ± 6.489 × 10–3 –1.073 × 10–3 ± 2.795 × 10–4 4.732 × 10–1 ± 9.239 × 10–2 0.9983 0.9966 

1300 ± 3  6.336 × 106 ± 3.563 × 10–19   –8.192 × 103 ± 5.245 × 10–16    5.369 × 106 ± 4.626 × 10–19 0.9976 0.9953 

Table 3. Coefficients a1, b1, and c1 in Eq. (5) in the temperature range of 900–1300 K  

Table 4. Coefficients a2, b2, and c2 in Eq. (6) in the temperature range of 900–1300 K 

– The curves describing the dependences K =                     
f(log pint) are more flat as compared to the dependences 
K = f(log pGa); 

– As temperature increases and consequently pGa 
and pint increase, the absolute values of the maximal 
points in all curves decrease; 

– Irrespective of temperature and pressure all K =         
f(log pint) and K = f(log pGa) curves have maxima 
corresponding to the composition of the initial 
Ga0.70Pb0.30 melt. 

In this work we made an attempt to study the 
change in the mass transfer mechanism depending on 
the integral pressure pint and partial pressures of 
components pGa and pPb in the reaction cell of the “hot 
wall” modified method. The change of the mean free 
path li of Ga and Pb atoms depending on real 
conditions of the synthesis in the reaction cell was 
studied as one of the basic criteria. The calculations of 
li were based on the fact that the saturated vapor over 
gallium and lead melts consists mainly of monatomic 
molecules [10, 12, 13]. The mean free paths of 
components in the equilibrium vapor phase over melts 
of the systems were calculated by formula (8) [13]. 

 li = (kT)/(π√2di
2p).                                (8) 

Here k is the Boltzmann constant equal to 1.380662 × 
10–23 J/K; Т is the absolute temperature; di is the 
diameter of a molecule (atom) in the vapor (diameter 
of the lead atom dPb = 3.5 × 10–10 m, diameter of the 
gallium atom dGa = 2.82 × 10–10 m [14]); p is the 

partial pressure (p = pint), Pa. The distance from the 
hole in the container with the melt to the silicon 
substrate was 9 × 10–2 m. 

The dependences of the mean free paths li of 
gallium and lead atoms on the logarithm of the total 
pressure log pint observed in the course of growing 
GayPb1–y films is presented in Fig. 6. It is seen from 
this figure that the li values of gallium and lead atoms 
vary in very wide limits with the total pressure in the 
reaction cell during growing up GayPb1–y layers. For 
example, the value of lGa decreases practically by a 
factor of 1170 from 27.49 to 0.0235 cm, as the 
integrated pressure pint increases from 0.0146 to   
216.21 Pa. In the same pressure interval the lPb value 
decreases from 17.845 to 0.0153 cm. It is obvious that 
lGa and lPb values define the mechanism of the transfer 
of gallium and lead atoms from a vapor source to the 
surface of the forming condensate. When the li value 
of Ga and Pb atoms is comparable with the distance 
from the hole in the container with a melt to a substrate 
the mass transfer in the evacuated reaction cell occurs 
in the molecular beams mode, i.e. the formation of the 
GayPb1–y condensate is carried out by the molecular 
beam epitaxy method. Such technology of films 
formation is nonequilibrium, and the resulting layers, 
as a rule, are subjected to additional annealing. 

It follows from Fig. 6 that at the total pressure from 
0.0153 to 2.2 Pa and the lPb values from 0.0153 to             
1.2 Pa the lGa values are comparable with the distance 
between a vapor source and a substrate. This is the 
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Fig. 5. Dependence of coefficient K on (a) the values of logarithms of gallium partial pressure log pGa and of total pressure log pint 
over initial GaxPb1–x melts; the dependences (b) log pGa–yGa and (c) log pint–yGa. (1) Ga0.15Pb0.85, (2) Ga0.25Pb0.75, (3) Ga0.35Pb0.65,             
(4) Ga0.5Pb0.5, (5) Ga0.7Pb0.3, (6) Ga0.85Pb0.15, (7) Ga0.9Pb0.1, and (8) Ga0.95Pb0.05. Temperature of silicon substrate Tsub = 420 K. 

range of the total pressure in the reaction cell where 
the highest values of the coefficient K are observed. 

A noticeable decrease was found at total pressures 
greater than 7 Pa in the K values, which practically 
tend to 1 at the further increase in the total pressure. In 
this case the films are formed with a minimal deviation 
from the thermodynamic equilibrium. At the total 
pressure greater than 7 Pa the mass transfer mechanism 
in the reaction cell occurs according to the mode of 
dynamic vapor flows. In the range of pressure from 2.2 
to 7.0 Pa the mass transfer mechanism changes from 
molecular beams to the dynamic mode. 

The calculations of the mean free paths of gallium 
and lead atoms explain the general tendency to the 
decrease in the K value, and hence the degree of the 
deviation from thermodynamic equilibrium, with the 
increase in the total pressure in the reaction cell at 
growing GayPb1–y films. However the results of these 
calculations do not allow us to interpret maxima in the 
curves K = f(log pGa) and K = f(log pint), which 
correspond to the melt composition Ga0.7Pb0.3 for the 
temperature range of 1023–1300 K under study (Fig. 5).  

In the final stage of the work we have optimized 
conditions for the synthesis of GayPb1–y films taking 
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into account the results of mathematical processing of 
the experimental data. It is evident from Figs. 4a and 
4b that the synthesis of the GayPb1–y condensate with 
the specified ratio of the components can be carried 
out for infinite set of the pGa/pint ratios of pressures, 
which are defined by the quantitative composition of 
the initial melt of the Ga–Pb system and by its 
temperature. The essential feature of each mode of the 
synthesis is only the coefficient K, which characterizes 

the degree of deviation from the thermodynamic equilib-
rium conditions. 

The mode of the synthesis of GayPb1–y films with a 
predetermined quantitative composition was optimized 
by the solution of Eqs. (5), (6) and by the introduction 
of corrections taking into account the dependence K =            
f(log pGa, log pint). The corrected modes were used for 
the preparation of a new series of GayPb1–y samples 
with compositions presented in Table 5. 

It is seen from Table 5 that the results of the 
determination of the gallium fraction in the GayPb1–y 
films correspond to the predetermined values of 
gallium concentration y*Ga, which were theoretically 
calculated by Eqs. (5), (6), within an error of the local 
X-ray spectral microanalysis method with the 
probability of 90%. Therefore we can conclude that the 
complex of research carried out in the present work 
has resulted in the creation of scientifically well-
founded method of synthesizing GayPb1–y films with 
predetermined compositions. 

EXPERIMENTAL 

To grow up GayPb1–y films on silicon substrates, we 
applied the “hot wall” modified method using a 
graphite reaction cell [15], which was arranged on a 
VUP-6 universal vacuum installation of a serial 
production. To synthesize the films, working volume 
was evacuated to the residual pressure of 5 × 10–4 Pa. 

l–,     cm 

log pint, Pa 

30 

25 

20 

15 

10 

5 

0 

Fig. 6. Dependence of the mean free paths li of gallium and 
lead atoms on the logarithm of the total pressure log pint 
observed in the course of growing up GayPb1–y films:                
(1–3) lGa; (1'–3') lPb; (1), (1') Ga0.95Pb0.05 melt; (2),                      
(2') Ga0.9Pb0.1 melt; (3), (3') Ga0.15Pb0.85 melt.  

Т, K Melt  
composition pGa, Pa Total pressure 

рint, Pa 

Coefficient of deviation from 
equilibrium conditions  

K, rel. units 
y*Ga (calc.) yGa (exp.) 

1023 ± 3   Ga0.25Pb0.75 0.000752         2.0845 4.44 0.00173 0.0016 ± 0.0005 

 
Ga0.5Pb0.5 0.000823         1.62265 6.96 0.00348 0.0036 ± 0.0005  

Ga0.9Pb0.1 0.000958         0.50238 5.55 0.01078 0.0106 ± 0.0005 

1103 ± 3   Ga0.25Pb0.75 0.006934         9.63857 4.02 0.00274 0.0028 ± 0.0005 

 Ga0.5Pb0.5 0.00757         7.30633 5.02 0.00547 0.0058 ± 0.0005 

Ga0.9Pb0.1 0.00919         2.00449 3.34 0.00156 0.0162 ± 0.0005 

1300 ± 3   Ga0.25Pb0.75 0.51337 187.6682 1.64 0.00453 0.0048 ± 0.0005 

Ga0.5Pb0.5 0.55738 134.8963 1.97 0.00794 0.0078 ± 0,0005 

Ga0.9Pb0.1 0.7348    28.9941 1.42 0.03851 0.0372 ± 0.0005 

 

 

 

Table 5. Comparison between calculated y*Ga values and experimental data yGa on the composition of GayPb1–y films obtained 
under optimized synthesis conditions with account of deviations from equilibrium conditions 
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Almost 1000-fold reduction of the partial pressure of 
residual gases was observed during the substance 
vaporization in the reaction cell used in the “hot wall” 
method, as compared to the pressure of these gases in 
the external evacuated volume [16, 17]. Graphite 
ensures reducing character of the residual atmosphere 
in the reaction cell, which is an advantage over vapo-
rization systems made of other materials. Owing to 
such character of residual atmosphere and to gettering 
gases by graphite vessel walls, the partial pressure of 
oxygen in the reaction volume decreases to the level of 
5 × 10–7 Pa in the course of substance evaporation           
[16, 17]. 

The phase nature of the GayPb1–y films was deter-
mined with the help of a ThermoTechno ARLX’pert 
diffractometer using filtered CuKα and CoKα radia-
tions. Surface morphology was studied by the method 
of raster electronic microscopy with the use of a JEOL 
JCM-6380 LV instrument at the 25000-fold magni-
fication. The local X-ray spectral analysis was carried 
out on a JEOL-JCM-840 microanalyzer. 

The quantitative elemental analysis of the grown 
condensates was carried out with the utmost care using 
spectrometers with wave dispersion. The analysis of 
GayPb1–y samples was carried out in local and raster 
modes, and was also duplicated on several spectral 
lines by comparison with various standards. To 
determine concentrations of elements in the obtained 
films, we used lines of the following series [18]: lead, 
Kα and Mα lines and gallium, Lα and Lβ lines. Pure 
metal lead (99.999% purity) and also gallium arsenide 
single crystals of the SAGOCh-9-5 grade were used as 
the standards. 
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