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Abstract. We carried out the modelling of separate technological stages of scanning liquid 

phase epitaxy (SLPE) technique: wetting the substrate by the solution-melt using Ampere 

force, growing the epitaxial layer during a short-time contact between the substrate and 

solution-melt, and removing the solution-melt from the substrate using Ampere force as 

well. The modelling was carried out for the case of Ge layers growing on GaAs substrate 

from Ga-Ge solution-melt at the temperature 500 °C. We have ascertained that the Peltier 

effect and Joule heating practically have no effect on the growth pattern and under certain 

conditions could be even diminished. The influence of electromigration and convection in 

the solution-melt can be neglected. It has been shown that the basic technological 

parameters of SLPE process are as follows: the initial temperatures and sizes of the 

substrate and the growing vessel, the conditions of heat removal from the substrate back 

side and the time of the process. It has been also shown that the major contribution into the 

epitaxial layer thickness distribution over the substrate surface has been made by the heat 

distribution in the cooled substrate. 
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1. Introduction 

To date, basic methods to fabricate various hetero-

structures for device applications are metal-organic vapor 

phase epitaxy, metal organic chemical vapor deposition 

and molecular beam epitaxy [1-3]. Many of these 

deposition techniques are difficult to apply over a large 

area and are expensive due to complexity of the 

apparatus used. In addition, there is the problem of a 

substrate selection, since for many common substrates 

there is a large mismatch in the lattice constants and 

thermal expansion coefficients. Due to the difference in 

lattice constants, it is difficult to homogenously deposit 

films onto a substrate. Also, one can find the works on 

heterostructures fabrication by using the liquid phase 

epitaxy (LPE) methods [4-7]. It is well known that those 

techniques are more simple and cheap as compared with 

the above mentioned techniques. So, they should have 

been widely used for heterostructure fabrication, 

particularly for photovoltaic cells (PC) [8, 9]. However, 

the LPE techniques possess a series of drawbacks that 

limit their potential [10]. 

In [11], we presented the method that allowed to 

eliminate some of the LPE disadvantages. This method is 

called as scanning LPE technique (SLPE). This method 

is promising, as it allows to eliminate the influence of the 

following drawbacks: temperature instability at the 

growth interface due to thermal inertia of the heater, 

dragging solution-melts between different growing 

vessels and diffusion of a solution-melt or an epitaxial 

layer components into the solid phase. The technique 

allows to produce a short-time contact between a 

substrate and a solution-melt only during the growth of 

the epitaxial layer and on the growth completion the 

substrate is cleansed of the solution-melt immediately. 

Segmental contact between the substrate and solution-

melt makes it possible to grow epitaxial layers on the 

very large area substrates, which is useful for the PC 

fabrication. 

Among the most effective PCs, there are 

tandem/cascade cells fabricated using III–V compounds 

and their solid solutions [12-14]. As a rule, the bottom 

stage of these cells is made using the GaAs/Ge 

heterostructure. The investigations of this heterostructure  
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started as early as 1960s, and by now it is quite well-

studied. But the interest in the heterostructure is caused 

by the lattice spatial symmetry match as well as by good 

agreement of the bond length at the heterointerface. All 

this allows to utilize GaAs/Ge heterostructure in modern 

highly efficient PCs. 

SLPE technique is a new method. Its theory is not 

described enough in the literature. As any other 

technique, SLPE has certain features of its technological 

stages that one should be aware of to be able to grow 

quality epitaxial layers of a desired thickness. Thus, in 

this work we carried out the modelling of epitaxial layer 

growth by SLPE technique by using, as an example, Ge 

layer deposition from Ga–Ge solution-melt on GaAs 

substrate. 

2. Theory and modeling 

SLPE technique and experimental equipment were 

described in [11, 15, 16]. To obtain an epitaxial layer by 

using this technique, a solution-melt should be brought 

into contact with a cooled substrate for a short period of 

time. The contact may be realized using the Ampere 

force. At the end of the growth process the substrate is 

cleansed immediately of the solution-melt also by using 

the Ampere force. Thus, the technological stages of 

SLPE technique are as follows: 

1.  Heating the growing vessel, homogenization of 

the solution-melt and the substrate heating, if necessary. 

2. Wetting the substrate by the solution-melt. 

3. The epitaxial layer growth. 

4. Removing the solution-melt from the substrate. 

The schematic view of the growing vessel for SLPE 

used in the simulation of the technological stages is 

shown in Fig. 1. 

Since the first stage is inherent to any other 

modifications of LPE methods, we have not considered it 

here and have payed attention to the rest of technological 

stages. Besides, the above mentioned advantages Ge–

GaAs system is also distinguished by high Ge solubility 

in Ga at low temperatures: about 15 at.% at 500 °C. 

2.1. Stress 

The contact between the cooled substrate and the 

solution-melt leads to the initiation of a temperature 

gradient across the substrate depth. Here, the mechanical 

stress or strain is formed, which is able to destroy the 

substrate. 

In the first approximation, the strain arising due to 

non-uniform temperature distribution across the substrate 

depth during the growth process one can express as 

follows [17]: 
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Fig. 1. Schematic view of the growing vessel for scanning 

liquid phase epitaxy used for modeling. 1 – substrate, 2 – 

solution-melt in growth capillary, 3 – high-temperature 

insulator (ceramics), 4 – electrode, 5 – heater. 

 

 

where E is the Young modulus, GPa; ν – the Poisson 

ratio; (z, t) – substrate deformation along z-axis with the 

time lapse; α – thermal expansion coefficient, 1/K [18]; 

T(z, t) – substrate temperature change along z-axis with 

the time lapse, K. 

For the GaAs substrate one can write the following 

expression [19]: 
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where c11, c12 are the elastic constants, GPa [20]. 

By solving the equation (1) with substitution of (2)–

(4), it is possible to obtain the strain distribution across 

the substrate depth (z-axis). Considering the breaking 

point of the substrate, one can assess minimal possible 

initial temperature of the substrate Ts (or maximum 

possible substrate cooling) depending on the initial 

temperature of the solution-melt Tsm. Fig. 2 shows the 

corresponding calculations. 

2.2. Wetting the substrate by the solution-melt and its 

removal 

In the SLPE technique, the processes of wetting of a 

substrate by a solution-melt and/or the solution-melt 

removal can be realized using the Ampere force acting on 

the solution-melt [16]. In this paper, we studied the case 

where the Ampere force acted from the beginning of the 

wetting process up to the end of the growth/removal 

process. 

If the substrate is located over the solution-melt 

(Fig. 1), one should lift the solution-melt against the 

gravity force to wet the substrate by the solution-melt. 

But the gap between the substrate and electrodes should 

not be filled up with the solution-melt. Then the 

condition of the substrate wetting by the solution-melt 

can be written as follows: 
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 , (5) 

 

where: Agc FFF


,,  are the vectors of cohesion, gravity 

and Ampere forces acting on the solution-melt, 

respectively. 

Expressing (5) in terms of the growing vessel size, 

it is possible to obtain the value of current to be 

transmitted through the solution-melt at the given value 

of magnetic field induction: 
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Fig. 2. (a) Dependence of thermally-induced stress on the time t 

at the crystallization front; (b) dependence of minimal initial 

temperature of the substrate on the initial temperature of the 

solution-melt.  

where V is the volume of the growth capillary, m
3
; g – 

gravitational acceleration, m/s
2
; Iw(z) – total current 

through the solution-melt to wet the substrate by the 
solution-melt, A; B(z) – induction of a magnetic field, by 
which the solution-melt is exposed to, T; ly – dimension 
of the solution-melt along y-axis, m; sin α = 1, since the 
angle between Iw and B is 90°; σsm – surface tension of 
the solution-melt, N/m [21]; L – length of the solution-
melt contour, m; ρsm,ρGa, ρGe are the densities of the 
solution-melt Ga and Ge, respectively, kg/m

3
; x – mole 

fraction of Ge [22]. 
Similarly, the condition of the solution-melt 

removal from the substrate can be written as: 
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 is the vector of the solution-melt adhesive 

force to the substrate; Ic(z) – value of a total current 
through the solution-melt to cleanse the substrate of the 
solution-melt, A; Θ – wetting (contact) angle. 

In practice, the magnetic field induction can be 
easily measured and the value of a total current through 
the solution-melt can be simply calculated. In our 
opinion, it is more convenient to control the Ampere 
force by changing the current magnitude to wet and clean 
the substrate. It is obvious that the current flowing 
through the solution-melt would cause it, in its turn, an 
excessive heating – Joule heating. Thus, the value of Iw 
will be also used for further calculation of a heat 
transport. 

If the contact between the substrate and solution-
melt is supposed to break immediately, then the value of 
Ic does not affect the growth pattern, so this value is of 
interest only from the technological viewpoint for the 
substrate cleaning. 

2.3. Distribution of the current 

In Fig. 1, one can see that due to special shape of the 
electrodes of the growing vessel the current distribution 
across the solution-melt depth as well as within the 
substrate is non-uniform. 

To find the current distribution in the solution-melt 
and in the substrate, we used a two-dimensional model. It 
is related with the rectangular shape of the growth 
capillary confined by the high-temperature insulator. 
Then, the Poisson equation for scalar electrical potential 
U (Laplace equation) in the two-dimensional case is 
written as: 
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The boundary conditions are: 
 

at external boundaries: 0nJ ,   (13) 
 

at internal boundaries: 0 
nn JJ ,  (14) 

 

where Jn is the normal component of the current density 

vector (superscripts “–” and “+” mean the “left” and 

“right” of the boundary, correspondingly); ρ – resistivity, 

Ohm·cm. 

By solving the systems of equations (7), (8) and 

(10)–(14), one can find Iw(y, z) and Ic(y, z). The 

calculation result is shown in Fig. 3. 

2.4. The epitaxial layer growth 

2.4.1. Heat transport 

To investigate the processes of heat transport in the 

liquid phase and in the substrate the equation of Fourier–

Kirchhoff was solved in the following form: 
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where T is the temperature to be found, K; k – heat 

conductivity coefficient, J/(cm∙s∙K); cp – specific heat 

capacity J/(g∙K) [23]; I – current, A; R – resistance, Ohm; 

msm – mass of the solution-melt, g; t – time, s; 

Iw
2
(y,z)R/(cpmsm) – component showing additional Joule 

heating. 

Entry conditions. In the initial moment of time, we 

supposed that the solution-melt and the cooled substrate 

had different temperatures and the temperature 

distribution in them was homogenous. 
 

 

 
 

Fig. 3. Height distribution of the current density and the 

magnetic field induction in the solution-melt at the growth 

capillary center (curves J (solid line) and B (dashed line)). 

 

Boundary conditions are as follows: 

at the top:   
 

    0,,
,

ZTtZTa
z

tZT
k ss

s
s 




, 
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at the side of the solution-melt:     
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at the side of the substrate:     h
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where πsl is the Peltier coefficient, V; J – current density, 

A/cm
2
; n means the surface normal; 

       5.0
2,10,ln pss сktnTnT   – index of the 

exponent calculated according to the entry conditions and 

the stability condition of explicit finite-difference 

scheme; h – step of the finite-difference scheme, cm;  – 

total time of the growth process, s. 

The heat-transfer coefficient a under the conditions 

of natural convection can be defined by the following 

formula: 
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where Nu is the Nusselt number; lb – cooled area length 

of the substrate, cm; coefficient 1.3 is for a horizontal flat 

surface giving off the heat upwards. 

When the number Ra < 500: 
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where Ra is the Rayleigh number; Pr is the Prandtl 

number taken according to the reference data for a given 

temperature (“g” and “s” subscripts stand for “gas” and 

“surface” of a substrate, correspondingly). 
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where Gr is the Grashof number;  = 1/T – coefficient of 

cubical expansion of gas, 1/K; ν = η/ρsm – coefficient of 

kinematic viscosity of gas, cm
2
/s;  – coefficient of 

dynamic viscosity of gas, Ns/cm
2
; αT = k/(ρ∙cp) – thermal 

diffusivity, cm
2
/s. 

To solve the equation (15) with entry and 

boundary conditions (16), (17), we used the method of 

finite differences. The calculation results are shown in 

Figs 4 and 5. 
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2.4.2. Mass transport 

The characteristic feature of SLPE technique is a short-

time contact between a solution-melt and a substrate with 

 ≤ 1 s. In this case, the growth mode can be considered 

as the diffusion one. I.e., the convective component of 

the mass transport may be neglected in viscous fusible 

metal-solvent. For the growing vessel the proposed 

characteristic time of diffusion is as follows: 

s104
2



l

D
D

l
, (23) 

where l is the height of the solution-melt over/under the 

substrate (1 cm). 

 

 
 

 
 

Fig. 4. (a) Dependence of the crystallization front temperature 

and the layer thickness on the time (curves Tcf (solid line) and 

Hg (dashed line), respectively); (b) temperature distribution at 

the crystallization front and the layer thickness distribution 

depending on the growing vessel width in the direction of the 

current flow (curves Tcf (solid line) and Hg (dashed line), 

respectively).  

 

This makes much more time than the process time 

itself, i.e., D >> . Thus during the time of an epitaxial 

layer growth the concentration change of a component 

being deposited near the substrate does not affect the 

concentration at the opposite side of solution-melt. In this 

case, there is a growth from a semi-infinite solution-melt 

[23]. 

Summarizing all the aforesaid, one can write the 

equation of mass transport (2nd Fick law) for SLPE: 
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where Dl is the interdiffusion coefficient of a component, 
cm

2
/s [23];  – mobility of Ge, cm

2
/(Vs); E = Jw(y, z)·ρ – 

electric field, V/cm. 
Entry conditions. We assumed that the solution-

melt was homogenized before every growth act. Thus in 
the initial moment of time the dissolved component 
concentration distribution in the solution-melt is uniform 
and corresponds to the equilibrium concentration at the 
initial temperature of the solution-melt. 

Boundary conditions (at the exterior boundaries) 
had the form: 

 

at the top:     tyxTNtZyxN cfe ,,,,,  , 

at the bottom:    0,0,,  tNtyxN e ,  (25) 

at the side:    tnNtnN ,1,  , 

 

where Ne is the equilibrium concentration; Tcf – 

temperature at crystallization front. 

For the Ga–Ge system [23]: 
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where NA is the Avogadro number, mole
–1

; MGa, MGe are 

the molar masses of Ga and Ge respectively, g/mole. 

The thickness of epitaxial layer being deposited was 

calculated using the formula: 
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where Ns is the component concentration in the solid 
phase, cm

–3
; ∆Nl

Σ
 – sum of differences between the initial 

and the final equilibrium component concentration (or 
oversaturation) in the solution-melt within the time 
considered, cm

–3
; t – time, s. 

Simultaneously solving the equations (24)–(27) 
with substitution of the obtained above data on the 
temperature and current distributions, one can find the 
thickness of the grown epitaxial layer. The calculation 
results are shown in Figs 4 and 5. The parameters 
necessary for calculation are presented in the table. 
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Table. Input parameters. 
 

Parameter Unit Value 

Growth capillary size mm 3.9×3.9×7.1 

Substrate thickness m 395 

The size of electrode part 

adjacent to the solution-melt 
mm 3.9×2.1×7.1 

Θ degree 28 

πsl V 0.3 
 

3. Results of modeling and discussion 

3.1. Stress 

Thermally-induced stress arising in a cold substrate 

during the contact with a hot solution-melt was 

calculated. The stress is maximal at the crystallization 

front and exponentially decays with the time lapse (see 

Fig. 2a). So, the initial moment of the contact between 

the cold substrate and the hot solution-melt is the very 

moment to be considered. Fig. 2b shows the calculation 

of the initial temperature inherent to the substrate, which 

depends on the initial temperature of the solution-melt. 

To calculate, the following requirements were put on: the 

stress arising in the initial moment of time should not 

damage the substrate and must be less than the breaking 

point for GaAs (150 MPa). The latter figure shows that 

for the chosen growth temperature (500 °C) the substrate 

might have the near room temperature 25 °C. 

3.2. Wetting the substrate with the solution-melt and its 

cleaning 

The calculated values of the total current through the 

solution-melt to wet the substrate and to clean it are: 

11 A < Iw < 41 A and Ic ≥ 39 A, respectively. 

We should note that the obtained current values 

were calculated for the above mentioned parameters of 

the growth process (growth temperature, solution-melt 

and substrate composition) and the growing vessel size. 

Fig. 3 (curve J) shows the height distribution of the cur-

rent  in the solution-melt (z-axis)  at the growth capillary. 

 

The calculation showed a weak current change along the 

y-axis. We believe that it is caused by the current 

spreading into the substrate. The gradient of magnetic 

field induction accepted for the calculations is shown in 

Fig. 3 (curve B). 

The gradient distribution of these values in the 

solution-melt (z-axis) and in the substrate arises due to 

the special shape of the electrodes in the growing vessel 

(see Fig. 1). As a result, the maximal current and 

maximal magnetic field will be at the crystallization front 

where the substrate cleaning of the solution-melt takes 

place. In addition, it will allow to decrease “unwanted” 

Joule heating of the solution-melt bottom. 

3.3. Heat transport 

Fig. 4a (curve Tcf) shows that the overcooling at the 

growth interface decreases substantially with the time 

lapse and later remains almost constant. As it has been 

mentioned above, the characteristic feature of our tech-

nique is a short-time contact between the solution-melt 

and substrate. Thus, the effective contact time between 

the substrate and solution-melt should be t ≤ 0.3 s. If the 

contact time reaches t > 0.3 s, then one should consider 

that there is a growth in a temperature gradient. 

Fig. 4b (curve Tcf) shows that there is non-linear and 

asymmetric (with respect to y-axis) temperature change at 

the crystallization front in the direction of the current flow. 

We believe it is connected with two factors: the heat 

spreading into the cold substrate and Peltier effect. The 

effect is caused by spreading of the current into the 

substrate. And where the current enters the substrate, there 

is the crystallization front cooling, while where the current 

exits the substrate there is the crystallization front heating. 

The result of Peltier effect action can be seen in Fig. 4b 

(curve Tcf) – there is a small temperature difference at the 

area boundaries. The temperature change along the x-axis 

is related only with the heat spreading into the substrate 

(Fig. 5a). In Figs 4b and 5a, one can see that the  

biggest contribution into the temperature change at the 

crystallization front is made by the heat spreading into the 

cold substrate. 

  
 

Fig. 5. (a) Temperature distribution at the crystallization front; and (b) the layer thickness distribution over the substrate surface.    

 

a       b 
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3.4. Mass transport 

The calculated thickness of the grown epitaxial layer 

depending on the above mentioned conditions is shown 

in Figs 4 and 5b. Fig. 4a (curve Hg) shows that after 

0.03 s, the epitaxial layer thickness changes linearly in 

spite of the non-linear temperature change. In our 

opinion, it is related with the sustained concentration 

profile in the solution-melt. 

In Fig. 4b (curve Hg), one can see that the heat 

spreading into the cold substrate contributes about 25% 

into the change of the epitaxial layer thickness over  

the surface. Peltier effect contribution in the whole 

growth pattern is minor – less than 1% of change of  

the epitaxial layer thickness over the surface. Fig. 5b 

presents the whole growth pattern confirming the 

mentioned above. 

During the calculations, we assumed that wetting 

the substrate by the solution-melt was achieved by means 

of the Ampere force. I.e., the current flows through the 

solution-melt and the substrate and produces Joule 

heating – equation (15). To reveal the influence of Joule 

heating on the growth pattern, we carried out the 

simulation with Joule heating component and without it 

in equation (15). Comparing the results, we found that 

Joule heating contributed into change/increment of the 

epitaxial layer thickness about +0.7%. Obviously, the 

Joule heating component becomes more essential when 

using large mass of the solution-melt, which causes 

applying larger currents to obtain the larger Ampere 

force necessary for wetting the substrate by the solution-

melt. Also, significant increase of the current through the 

solution-melt will lead to the overcooling decrease at the 

crystallization front till the overcooling disappearance 

and the beginning of the substrate dissolution. 

Simultaneously, the contribution of Peltier effect will be 

increased. 

To reveal the influence of electromigration on the 

growth pattern, we carried out simulation with electro-

migration component and without it in the equation (24). 

Comparing the results we did not found any influence of 

electromigration on the grown epitaxial layer thickness. 

We believe such a result is related with low electric 

mobility of Ge in Ga and with very small growth time. 

4. Conclusions 

The mathematic model of technological stages of SLPE 

technique depending on the technological parameters of 

the growth process was created. Being based on the 

example of modelling of the technological stages of Ge 

epitaxial layers growing on GaAs substrate from Ga–Ge 

solution-melt by using SLPE technique, we showed that: 

 it is necessary to heat the substrate to avoid its 

destruction at the growth temperatures above 530 °C; 

 Peltier effect and Joule heating almost do not 

affect the growth pattern. Peltier effect can be decreased 

using high-resistance substrates. Joule heating can be 

also lowered by decreasing the solution-melt size and the 

growth time; 

 the electromigration and the convection in the 

solution-melt may be neglected due to the short-time 

contact between the substrate and the solution-melt; 

 the whole growth pattern is affected by: initial 

process parameters (initial temperature and sizes of the 

substrate and the solution-melt), conditions of the heat 

removal from the substrate back side and the process 

time itself; 

 heat spreading in the cold substrate contributes 

the most into the thickness distribution of the epitaxial 

layer over the substrate surface. 
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Визначення умов кристалізації гетероструктур Ge/GaAs  

у методі скануючої рідиннофазної епітаксії 
 

В.В. Цибуленко, С.В. Шутов, С.Ю. Єрохін 
 

Анотація. Ми провели моделювання окремих технологічних етапів скануючої рідиннофазної епітаксії (СРФЕ): 

змочування підкладки розчином-розплавом за допомогою сили Ампера, вирощування епітаксійного шару під 

час короткочасного контакту між підкладкою і розчином-розплавом та видалення розчину-розплаву з підкладки 

з використанням сили Ампера. Моделювання проводили для випадку вирощування шарів Ge на підкладці GaAs 

з розчину-розплаву Ga-Ge при температурі 500 °С. Було виявлено, що ефект Пельтьє та джоулево тепло 

практично не впливають на структуру росту та за певних умов їх навіть можна зменшити. Електроміграцією та 

конвекцією у розчині-розплаві можна знехтувати. Показано, що основними технологічними параметрами 

методу СРФЕ є такі: початкові температури та розміри підкладки і ростової комірки, умови відведення тепла з 

тильного боку підкладки та час процесу росту. Було також показано, що основним внеском у розподіл товщини 

епітаксійного шару по поверхні підкладки був розподіл тепла в охолодженій підкладці. 
 

Ключові слова: скануюча рідиннофазна епітаксія, сила Ампера, гетероструктури, тонкі плівки. 
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