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RESUMO

Os problemas de formacdo de zonas fundidas e sua subsequente migracdo sobre a superficie do
material sdo interessantes do ponto de vista do desenvolvimento de novos métodos tecnolégicos para formar
estruturas microeletrénicas. Tais gotas podem ser usadas como elementos primarios de trabalho de
microlentes e refletores, displays e pesadores. O objetivo deste trabalho foi estudar estudos de processos de
eletromigragdo de inclusfes a base de prata e aluminio fundidas sobre superficies de cristais semicondutores
de germanio e aluminio. As questdes de formagdo e movimento de gotas fundidas sobre as superficies de
cristais de semicondutores de silicio e germanio sdo consideradas dentro da estrutura da abordagem
eletrocapilar. E mostrado por um exemplo de sistemas Ge-Ag e Si-Al que a migracdo acelerada esta
relacionada a contribuicdo de um componente eletrocapilar que relaciona a for¢ca de tensdo superficial de
guedas de derretimento a diferenca de potencial elétrico na interface. O experimento consistiu em aplicar gréos
de metal na superficie das amostras e aspirar a cAmara onde foram criadas pressédo excessiva e temperatura
da superficie. Iniciou-se a migragédo de inclusées por poderosos pulsos de corrente. Foi feita uma anélise do
efeito da corrente direta em uma gota de fundido depositada na superficie de uma matriz cristalina. Uma
andlise da composi¢éo das goticulas foi realizada usando o método AES, cujos resultados mostraram a relacéo
entre as concentracfes de prata e germéanio. Avaliacdes quantitativas sdo dadas para taxas de migracdo em
sistemas sob fluxo de corrente direta, bem como sob cargas de corrente pulsada. Durante o experimento,
verificou-se que a energia necessaria para separar a gota da matriz rigida ndo foi consumida. O valor da
densidade de transferéncia de carga superficial foi estimado. Os resultados do trabalho podem ser utilizados
para desenvolver novos métodos tecnoldgicos para a formacao de estruturas microeletrénicas e seu uso para
fins préticos.

Palavras-chave: estruturas microeletronicas, 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.
AHHOTALIUA

Mpobnembl hopmMupoBaHMA pacnnasBfeHHbIX 30H M MX MNOCreayoLlen MurpalmMm no NoOBEPXHOCTU
Martepvana npeactaBnsaAloT UHTEPEC C TOYKU 3peHust pas3paboTKM HOBbIX TEXHOMOrMYEecKUX MeTodoB Afis
POPMUPOBAHUSA MUKPOINEKTPOHHBIX CTPYKTYP, KOTOPbIE MOXHO MCMONb30BaTh B KAYECTBE OCHOBHbIX paboumx
3NEeMEHTOB MWKPONMH3 W  oTpaxartenewn, pgucnneeB, BecoB. Llenbio gaHHoOM paboTbl  SABRSiETCS
3KCMNepUMEHTaNbHOE M3y4YeHe NPOLIECCOB 3MIEKTPOMMUIpaLMn pacnnaBieHHbIX BKIIOYEHUI HA OCHOBe cepebpa
N anioMUHUS Hag MNOBEPXHOCTAMW KPUCTasnoB MOMynpoOBOAHMKA repMaHust M antoMuHus. B pamkax
3NEeKTpoKaNUNSPHOro noaxoda paccMaTpuBaloTCs BOMPOCbl 06pa3oBaHMS U ABWKEHUSA pacrnnaBlieHHbIX
Kanenb Hag NOBEPXHOCTAMM MOMYNPOBOAHUKOBLIX KPUCTamsIoOB KpeMHUS 1 repmanns. Ha npumepe cuctem Ge-
Ag n Si-Al nokasaHo, YTO YCKOPEHHasi MUrpaumsi CBsi3aHa CO BKMaAOM 3MEKTPOKANUMMSPHOro KOMMOHEHTA,
KOTOpPbIA CBA3bIBAET CWUIY MOBEPXHOCTHOINO HATSPKEHMSI Kanenb pacnnaBa C pPa3HOCTbI0 3NEKTPUYECKUX
MOTEHLMAanoB Ha rpaHuue pasgena. JKCMepUMEHT 3akmnyancsa B HaHeCeHWM MeTansfmMyeckoro 3epHa Ha
NMOBEPXHOCTb 00pasLoB M BaKyyMUMPOBAHMU Kamepbl, B KOTOPOW CO34aBaniocb M3ObITOMHOE AaBreHue u
TemnepaTypa MOBEPXHOCTU. Bbina wuHUUMMpPOBaHaA MUrpauMs BKIKOYEHWMW MOLLUHBIMK MMMyNbCamMu TOKa.
Mwurpauma pacnnaBneHHbIX 30H KOHTpOMMpoBanacb C MOMOLLbO ONTUYECKOM MUuKpockonuu. Bbin npoBeaeH
aHanu3 BIMSIHUSA MOCTOSIHHOTO TOKa Ha Kanmk pacnnaBa, OCaKAEeHHOro Ha MOBEPXHOCTU KpUCTannmMyecKkom
MaTpuvubl. AHanNu3 coctaBa kanenb Obin BbINOMHEH C MCNoONb3oBaHWEM MeToga AES, pesynbTaTbl KOTOPOro
rnokasanu B3aMMOCBSI3b MeXZy KOHUeHTpauunsiMm cepebpa v repmanus. bbinm gaHbl KONMYECTBEHHBIE OLIEHKM
ONsl CKOPOCTEN MUrpaumm B cUCTeMax npu NOCTOSHHOM TOKe, a Takke Mpu MMMYMbCHBIX TOKOBBLIX Harpy3kax. B
XO[€e 3KcrnepumMmeHTa Obiflo yCTaHOBMEHO, YTO 3HEPrusi, Heobxoaumass ANsi OTAENEHUS Kannu OT KECTKOW
MaTpuupbl, He pacxogyeTcsa. bbino oOueHeHO 3HadeHMe MNMOTHOCTM MOBEPXHOCTHONO MepeHoca 3apsfa.
Pesynbtatel paboTbl MOryt ObITb UCNOMb30BaHbl AN pa3paboTkM HOBbLIX TEXHOMOrMYECKUX MNpUEMOB
hOPMUPOBAHMSA MUKPOINEKTPOHHBIX CTPYKTYP M UX UCMOMb30BaHUSA B MPAKTUYECKUX LIensX.

KnioueBble crnioBa: MUKPO3/IEKMPOHHbIE CMPYKMYPbl, 3MeKMPOKanusiispHbil 3ghghekm, anekmpuyeckoe
none.

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 = 10°-
10 A/m?. 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 A, 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 o is surface tension of a

molten drop, ¢ is electric potential and e; 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 4x4x15 mm?® bars with resistivity
of 30 Q-cm. A metal grain with diameter d to 200
pm was put on the crystal surface, and the
chamber was vacuumized to residual pressure of
~50 Pa. 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 T,
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 T, 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 K) was made by the AES
method. The specimen was put into a high-
vacuum (107 Pa) chamber of the Auger electron
spectrometer 09 I0S 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/Cce 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 AI-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 n is melted dynamic viscosity; E is electric
field strength in the inclusion.

Equation 4 is mechanical force; Sy 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; p; and p, are the
resistivities of an inclusion and matrix,
respectively. In these experiments 6 =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: Ac—O0. 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 AI-Si system
(e*=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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X =, /Tp (Eq. 2)

Wzﬂ(egE +i_@J (Eq. 3)
n Se S

F., =2mgsin g (Eq. 4)

E-_~A E (Eq. 5)
2p1+ p,

E, = ip, (Eg. 6)

F. /S, =0 (Eq. 7)

d=r=1¢/2 (Eq. 8)

a=2r (Eq. 9)

S, =nar’ (Eq.10)

W= l(egEr_ZA_"j (Eq. 11)
n T

0=2r (Eq. 12)
1 ._/

w=—gE~ (Eq. 13)
n 2

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 T = 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 ps) 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

Temperature, K

Ne Parameter Dimensionality

1043 973 893
1 System - Ag-Ge Ag-Ge Al-Si
2 AW/AC , 10° 1/s 0.11 0.06 0.22
3 n, 10° Pa-s 15 1.9 3.0
4 E V/m 3.0 2.7 1.7
5 e, Q/m? 110 84.4 776
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