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RESUMO 
 

Os problemas de formação de zonas fundidas e sua subsequente migração sobre a superfície do 
material são interessantes do ponto de vista do desenvolvimento de novos métodos tecnológicos para formar 
estruturas microeletrônicas. Tais gotas podem ser usadas como elementos primários de trabalho de 
microlentes e refletores, displays e pesadores. O objetivo deste trabalho foi estudar estudos de processos de 
eletromigração de inclusões à base de prata e alumínio fundidas sobre superfícies de cristais semicondutores 
de germânio e alumínio. As questões de formação e movimento de gotas fundidas sobre as superfícies de 
cristais de semicondutores de silício e germânio são consideradas dentro da estrutura da abordagem 
eletrocapilar. É mostrado por um exemplo de sistemas Ge-Ag e Si-Al que a migração acelerada está 
relacionada à contribuição de um componente eletrocapilar que relaciona a força de tensão superficial de 
quedas de derretimento à diferença de potencial elétrico na interface. O experimento consistiu em aplicar grãos 
de metal na superfície das amostras e aspirar a câmara onde foram criadas pressão excessiva e temperatura 
da superfície. Iniciou-se a migração de inclusões por poderosos pulsos de corrente. Foi feita uma análise do 
efeito da corrente direta em uma gota de fundido depositada na superfície de uma matriz cristalina. Uma 
análise da composição das gotículas foi realizada usando o método AES, cujos resultados mostraram a relação 
entre as concentrações de prata e germânio. Avaliações quantitativas são dadas para taxas de migração em 
sistemas sob fluxo de corrente direta, bem como sob cargas de corrente pulsada. Durante o experimento, 
verificou-se que a energia necessária para separar a gota da matriz rígida não foi consumida. O valor da 
densidade de transferência de carga superficial foi estimado. Os resultados do trabalho podem ser utilizados 
para desenvolver novos métodos tecnológicos para a formação de estruturas microeletrônicas e seu uso para 
fins práticos. 
 
Palavras-chave: estruturas microeletrônicas, efeito eletrocapilar, campo elétrico. 
 

ABSTRACT 
 
 The problems of molten zones formation and their subsequent migration over material surface are of 
interest from the viewpoint of developing novel technological methods of forming microelectronic structures. 
Such drops can be used as primary working elements of microlenses and reflectors, displays, weighers. The 
aim of this work was experimental studying processes of electromigration of molten silver- and aluminum-based 
inclusions over surfaces of germanium and aluminum semiconductor crystals. The issues of formation and 
motion of molten drops over the surfaces of silicon and germanium semiconductor crystals are considered 
within the framework of the electrocapillary approach. It is shown by an example of Ge-Ag and Si-Al systems 
that accelerated migration is related to the contribution of an electrocapillary component that relates surface 
tension force of melt drops to electric potential difference at the interface. The experiment consisted in applying 
metal grain to the surface of the samples and vacuuming the chamber where excessive pressure and the 
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surface temperature were created. Migration of inclusions by powerful current pulses was initiated. An analysis 
of the effect of direct current on a drop of melt deposited on the surface of a crystalline matrix was made. An 
analysis of the droplet composition was carried out using the AES method, the results of which showed the 
relationship between silver and germanium concentrations. Quantitative evaluations are given for migration 
rates in systems under direct current flow as well as under pulsed current loads. During the experiment, it was 
found that the energy required to detach the droplet from the rigid matrix was not consumed. The value of the 
surface charge transfer density was estimated. The results of the work can be used to develop new 
technological methods for the formation of microelectronic structures and their use for practical purposes. 
 
Keywords: microelectronic structures, electrocapillary effect, electric field. 
 

АННОТАЦИЯ 
 
 Проблемы формирования расплавленных зон и их последующей миграции по поверхности 
материала представляют интерес с точки зрения разработки новых технологических методов для 
формирования микроэлектронных структур, которые можно использовать в качестве основных рабочих 
элементов микролинз и отражателей, дисплеев, весов. Целью данной работы является 
экспериментальное изучение процессов электромиграции расплавленных включений на основе серебра 
и алюминия над поверхностями кристаллов полупроводника германия и алюминия. В рамках 
электрокапиллярного подхода рассматриваются вопросы образования и движения расплавленных 
капель над поверхностями полупроводниковых кристаллов кремния и германия. На примере систем Ge-
Ag и Si-Al показано, что ускоренная миграция связана со вкладом электрокапиллярного компонента, 
который связывает силу поверхностного натяжения капель расплава с разностью электрических 
потенциалов на границе раздела. Эксперимент заключался в нанесении металлического зерна на 
поверхность образцов и вакуумировании камеры, в которой создавалось избыточное давление и 
температура поверхности. Была инициирована миграция включений мощными импульсами тока. 
Миграция расплавленных зон контролировалась с помощью оптической микроскопии. Был проведен 
анализ влияния постоянного тока на каплю расплава, осажденного на поверхности кристаллической 
матрицы. Анализ состава капель был выполнен с использованием метода AES, результаты которого 
показали взаимосвязь между концентрациями серебра и германия. Были даны количественные оценки 
для скоростей миграции в системах при постоянном токе, а также при импульсных токовых нагрузках. В 
ходе эксперимента было установлено, что энергия, необходимая для отделения капли от жесткой 
матрицы, не расходуется. Было оценено значение плотности поверхностного переноса заряда. 
Результаты работы могут быть использованы для разработки новых технологических приемов 
формирования микроэлектронных структур и их использования в практических целях. 
 
Ключевые слова: микроэлектронные структуры, электрокапиллярный эффект, электрическое 
поле. 
 

 

1. INTRODUCTION 
 
 The problems of molten zones formation 
and their subsequent migration over material 
surface are of interest from the viewpoint of both 
developing novel technological methods of 
forming microelectronic structures (Anson et al., 
1999; Mills and Su, 2006; Siewiorek et al., 2016; 
Lischner et al., 2016; Liu et al., 2017; Eisaabadi 
and Nouri, 2018) and application of such drops 
as primary working elements of microlenses and 
reflectors (Shi, 2008; Wang et al., 2011; Zohrabi 
et al., 2016; He et al., 2019), displays, weighers 
(Zhongping et al., 1995; Kang and Shin, 2001; 
Evtukh et al., 2003; Ahmadi et al., 2011; 
Heikenfeld and Steckl, 2005; Chen et al., 2014). 
Strong heating and melting of metal tracks 
deposited on semiconductor or dielectric are 
under operation of microelectronic devices (Cisse 
Haba et al., 2005; Orlov et al., 2004; Lischner et 

al., 2016; Skvortsov et al., 2017). Such processes 
start to appear at the local rise of temperature 
produced by high current densities j = 109-
1010 А/m2. The developed electric transport 
processes lead to damage of the metallization 
layer structure and directed transport of the liquid 
substance formed both in the volume of 
semiconductor plate and over its surface. The 
melted zones formed on the surface coagulate 
into drops and are expelled by the current along 
the lines of force of the electric field. 

 That is why electric field is often 
considered as a controlling factor of inclusions 
geometry at directed motion of zones under 
electrocapillary effect (Ahmadi et al., 2011; 
Ahmadi et al., 2012; Ahmadi et al., 2013; Mishra 
et al., 2016; Orlov and Makhmud-Akhunov, 2018; 
Xu et al., 2019). Indeed, when applying potential 
difference Δφ, the value of drop surface charge 
changes according to the Lippmann equation (Liu 
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et al., 2015; Ahmadi et al., 2011; Mishra et al., 
2016; Feng et al., 2016; Orlov et al., 2018) 
(Equation 1) where σ is surface tension of a 

molten drop, φ is electric potential and *

0e  is 

electric charge surface density. The aim of this 
work was experimental investigation of 
electromigration of molten silver- and aluminum-
based inclusions over surfaces of germanium and 
silicon semiconductor crystals. 
 

2. MATERIALS AND METHODS 
 
 Experimental investigation of surface 
migration processes was performed for the Ag-
Ge system. The specimens were single 

crystalline p-Ge 4415 mm3 bars with resistivity 

of 30 Ωсm. A metal grain with diameter d to 200 
µm was put on the crystal surface, and the 
chamber was vacuumized to residual pressure of 
~50 Ра. Then argon was filled into the chamber 
producing a small excess pressure. The Ge 
surface temperature was created by an external 
resistance heater and passing a direct electric 
current through the crystal. The experimental 
technique is stated in detail in (Skvortsov et al., 
2018; Li et al., 2019). 

 On reaching the eutectic temperature Tе, 
contact melting began accompanied by the 
appearance of a rainbow halo as a ring around 
the formed drop. The halo front extended for a 

distance (Equation 2) (where 
p  is time of front 

propagation). Appearance of a halo (observed in 
practically all experiments on surface migration) 
is related to fast surface diffusion of Ag and 
formation of the thinnest melt film at the single 
crystal surface. In all experiments, the melt drops 
moved toward the negative electrode and 
changed practically instantly the direction of their 
motion when changing the polarity of the external 
voltage source. In this case, only the direction of 
motion changed while the speed became 
constant. This ruled out considerable effect of 
temperature gradient along the specimen. 
Besides, no evident immersion of a drop into the 
matrix was observed at a surface mass transfer. 
This indicated an insignificant temperature 
difference in the radial direction that apparently 
was determined by the application of an external 
resistance heater. 

 An analysis of drop composition (mass 
transfer at T = 1123 К) was made by the AES 
method. The specimen was put into a high-
vacuum (10-7 Pa) chamber of the Auger electron 
spectrometer 09 IOS 10-005. Surface cleaning 
was made for 5 min. with Ar ions (ion energy of 

4 keV). The AES results showed that the ratio 
CAg/CGe between concentrations of silver (CAg) 
and germanium (CGe) in the area of crystallized 
inclusion was 0.47. The obtained ratio is 
somewhat low as compared with the data of the 
equilibrium phase diagram (CAg/CGe = 0.55). The 
observed difference is due to the process of 
inclusion crystallization that leads to changing the 
concentration ratio in favor of germanium. 
 

3. RESULTS AND DISCUSSION: 
 
 The results of investigations showed that 
in all experiments melt drops of the Ag-Ge 
system moved toward the negative electrode and 
reversed the direction of their motion practically 
instantly at the reversal of polarity of the external 
voltage source. In this case, only the direction of 
motion changed while drops velocity remained 
constant. This excluded appreciable influence of 
temperature gradient along the specimen. In this 
case, much attention was paid to the creation of 
experimental conditions preventing drops dipping 
into a matrix. This was achieved by minimization 
of temperature difference in the radial direction 
due to the selection of modes of an external 
heater and current flow through the specimen 
(Figure 1). 

 In case of drop immersion into a matrix, 
the motion mechanisms will be limited by the 
melting-crystallization processes. This will lead to 
an essential reduction of drop migration velocity 
(Schiaffino and Sonin, 1997; Yan and Fan, 2001; 
Gamboa et al., 2002; Gamboa et al., 2011). 
Besides, at such surface mass transfer, a 
recrystallized track will remain behind a molten 
inclusion. This also indicates dissolution-
crystallization processes at the front and back 
walls of the drop (Geguzin and Krivoglaz, 1971; 
Orlov and Skvortsov, 2007; Skvortsov et al., 
2016a; Skvortsov et al., 2016b; Kumar et al., 
2017). The specific character of surface transfer 
with speed w is related to the occurrence of the 
electrocapillary effect. The essence of the 
supposed effect is laminar movement of liquid (in 
drop volume) under action of gradient of the 
electrostatic field according to Equation 1. In this 
case, w has to increase as inclusion size grows; 
which was observed in the experiment (Figure 2). 

 For the Al-Si system, migration of 
inclusions was initiated by high-power current 
pulses passing through thin metal films deposited 
on the silicon surface. A thermal shock promoted 
the formation of molten zones and their migration 
(Sobolev and Usherenko, 2006). This was 
controlled with methods of optical microscopy (as 
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in the Ag-Ge system). The technique of test 
structures formation and experimentation is given 
in detail in (van Soestbergen et al., 2010; 
Skvortsov et al., 2016c). The main experimental 
results are presented in Figure 2. The results of 
(Orlov et al., 1989a; Orlov et al., 1989b) were 
used for quantitative estimation of surface charge 
density in the systems considered. For them, an 
analysis was made of direct current impact on a 
melt drop put on the surface of a crystalline 
matrix. It was shown that one of the mechanisms 
of surface movement of a drop may be related to 
a version of electrocapillary motion (Equation 3) 
where η is melted dynamic viscosity; E is electric 
field strength in the inclusion. 

 Equation 4 is mechanical force; Sk is the 
area of drop contact with matrix; d is drop height; 
a is drop size in the contact region. The electric 
field strength E in the drop was estimated taking 
into account the effect of electric field 
perturbation by an inclusion (Equation 5). 
Equation 6 is the electric field strength in a matrix 
far from an inclusion; ρ1 and ρ2 are the 
resistivities of an inclusion and matrix, 
respectively. In these experiments θ = 0, so 
Equation 7 has to be considered in Equation 3. 
Assuming that the drops are hemispherical 
(Equations 8, 9, 10), Equation 3 becomes 
Equation 11 

 It follows from the experimental data that 
the energy required to tear the drop back off the 
rigid matrix is not spent: ∆σ→0. Thereby 
Equation 5 with regard to Equation 12 may be 
written as Equation 13. This gives linear 

dependence on  . The obtained relation makes it 

possible to quantitatively estimate the value of 
surface density of charge transfer from the 
experimental data (Figure 3). The results of the 
calculation are presented in Table 1. 
 

4. CONCLUSIONS: 
 
 Thereby the present work contains 
investigation of formation and migration of Ag- 
and Al-based molten zones. Carried out 
experiments consisted in passing a constant 
electric current through a crystal. Upon reaching 
the eutectic temperature, contact melting began, 
a rainbow halo in the form of a ring around the 
formed drop appeared, which was observed in 
almost all experiments on surface migration. 
Drops of the melt moved toward the negative 
electrode and changed their direction of motion 
when the polarity of the external voltage source 
changed, and when the direction changed, the 
speed remained constant. This phenomenon 

excluded a significant effect of the temperature 
gradient along the sample. It was also pointed out 
that the temperature difference in the radial 
direction is insignificant due to the absence of an 
obvious immersion of a drop in the matrix. 

 Migration of inclusions by powerful current 
pulses was initiated. An analysis of the effect of 
direct current on a melt drop deposited on the 
surface of a crystalline matrix established that 
one of the mechanisms of the surface motion of a 
drop can be associated with a variant of 
electrocapillary motion. During the experiment, it 
was found that the energy required to detach the 
droplet from the rigid matrix is not consumed. The 
value of the surface charge transfer density was 
also estimated. The numerical values of charge 
surface density for the Ag-Ge system 
(e0*= 80…120 Q/m2) and Al-Si system 
(e0*=776 Q/m2) in the considered temperature 
range were obtained from an analysis of 
experimental data. The quantitative evaluations 
of migration rates in the systems at direct current 
flow (to 20 m/s) and at impulse current loads (to 
30-40 m/s) are given. 
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Figure 1. A photograph of moving Ag-Ge melt drop over surface of Ge single crystal: 1 – moving 
drop; 2 –Ge surface; 3 – track (the arrow shows direction j of current density vector coinciding with the 

drop migration direction) 
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Figure 2. Dimensional dependence of surface migration velocities of melt drops: 1, 2 – silver-based 
over Ge surface at temperatures Т = 973 K and 1043 K, respectively; 3 – aluminum-based over Si 

surface at T = 893 K 
 

 
 

Figure 3. A photograph of electromigration processes at a silicon single crystal surface after current 
pulse (energy to 250 mJ, duration of 500 µs) passing through a sprayed aluminum film: 1 – migrating 

melt drops; 2 – silicon surface (the arrow shows direction j of current density vector coinciding with the 
direction of molten zones migration) 

 
 
 
Table 1. The values of calculated and experimental data on Ag- and Al-based inclusions migration 
over silicon and germanium surfaces 

 

№ Parameter Dimensionality 
Temperature, К 

1043 973 893 

1 System - Ag-Ge Ag-Ge Al-Si 

2 w/  , 106 1/s 0.11 0.06 0.22 

3 η, 10-3 
Pas 1.5 1.9 3.0 

4 E V/m 3.0 2.7 1.7 

5 
*

0e  Q/m2 110 84.4 776 
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