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The solid-phase reactions of copper with tin are considered, and the porosity
of the reaction products depending on the pretreatment of the copper sub-
strate is investigated. Copper substrates for the reaction are prepared by
electrodeposition of copper layers with thickness of up to 100 microns on the
rolled copper plates. The defects of substrates are determined by the differ-
ent modes of electrodeposition—stationary, reversible, and stochastic ones.
As shown, the thicknesses of the intermediate phases, their ratio, the number
and spatial distribution of pores in the reaction products significantly de-
pend on the mode of electrodeposition. The statistical dependences of the
pore distribution along and across the interface as well as the characteristics
of the roughness of the interface are revealed.
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Poarasapaiorbesa TBepaodasHi peakii Mifi 3 MUHOIO, Ta OOCIiIKYETHCA IOPY-
BaTicTh IPOAYKTIB peakIlii B 3aJIe;KHOCTI Bifl momepegHbLOTO 00POOTIEHHA Mif-
HOTO IMiAJIOKKA. MigHI migIoMKKa AJid peakilil roTyThCA IMIJIAXOM €JIEKTPO-
oca KeHHS IIPOIapKiB mMimi ToBmmuo 0 100 MKM Ha mpokaTaHi MigHi maa-
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TiBKUu. [leeKTHICT ITiAI0KIKA BUBHAYAETHCS PIBHUMU PEIKUMaAMU €JIEKTPOO-
caJ’KeHHs: CTallioOHApHUM, PeBEePCHUM i cToxacTmuHuM. IlokasaHo, 1110 TOB-
MIMHY OpOMisKHUX (pasd, iX BiHOIIIEHHS, KiJIbKIiCTh i TPOCTOPOBUHA PO3MOMia
IOp Y IPOAYKTaX peakIlil icTOTHO 3aJieKaTh Bij] pesKUMY eJIeKTPOOCAKEeHHS.
BusapieHo craTucTUUHI 3aJIEKHOCTI POSIOALIY IO B3JOBXK 1 mMOIEpeK iHTep-
(delicy, a TAKOK XapaKTEePUCTUKU MOT0 IIIePCTKOCTH.

Karouogsi cioBa: inrepgeiic migp—1muna, qudysis, rBepaodasHi peakiiii, ejgek-
TPOOCAKeHHsA, TepeKTH, IOPOYTBOPEHHS, IiHIiHI'yBAHHA.

PaccmarpuBaioTcs TBEpHodasHbIe peaKIiuy MEeIU C OJIOBOM, W HCCJIeNyeTCs
IIOPHMCTOCTDL IIPOAYKTOB PEAKIMH B 3aBHCHMOCTH OT IIPeNBAPUTEILHON o0pa-
0OTKU MeIHOI MOAJOKKMN. MeaHbIe IOAJMOKKY AJIA PEaKIIUU TOTOBATCS IIyTEM
DJIEKTPOOCANKAEHUS CJI0EB Meau ToaInHoM 10 100 MKM Ha mMpoKaTaHHBIE Me/I-
Hble IIACTUHKH. [ledeKTHOCTD MOAJI0MKEK OmpeaeseTca Pa3JIUUYHBIMU PEeKU-
MaMU 9JIEKTPOOCAKICHUA: CTAIIMOHAPHBIM, PEBEPCUBHBIM 1 CTOXACTUUECKIM.
ITokaszaHo, UTO TOJIMUHBLI ITPOMEKYTOUHBIX (a3, MX COOTHOIIEHMWE, KOJUUe-
CTBO M IIPOCTPAHCTBEHHOE pacIpefesieHre 0P B IPOAYKTAX PeaKI[UuU CyIIe-
CTBEHHO 3aBHCAT OT PEXKMMA 3JIEKTPOOCAMKICHUA. Y CTAHOBJIEHBI CTATUCTHIYE-
CKUe 3aBUCHMOCTHU pacipejeeHus Iop BAOJb 1 IMOIepEeK nHTepdeiica, a Tak-
JKe XapaKTepUCTUKHU eTo IIIePOX0BATOCTH.

KaroueBsie croBa: nmHTepdeiic Meab—0J0B0, nuddysus, TBEpHodas3HbIe Peak-
1Y, 3JIeKTPOOCAKIeHE, Te(DeKThI, TIOpo0Opa3oBanue, IUHHUHT.

(Received November 16,2018)

1.INTRODUCTION

One of the most common reasons for chip failure is due to the soldered
copper/tin based contacts, that is, the soldered contacts are the weak-
est part of the chip [1, 2] and this is related, in particular, to the pore
formation in the contact zone. The temperature range is from room
temperature up to 250°C (typical range of packaging and operation of
the integrated circuits). In the solid phase reaction of copper with tin,
only two phases CugSn; (n-phase) and CuySn (e-phase) grow. In the pro-
cess of soldering, when the tin-based solder is liquid, the growth of the
scallop-like CugSn; phase is dominant, which occurs due to the rapid
diffusion of copper along liquid channels between the scallops [3—6]. In
this case, the formation of Cu;Sn phase layer during the first second is
generally suppressed, and then occurs, but much slower than the
growth of CusSn; [7]. At the stage of operation, when the solder is solid
(solid-state ageing), the growth rate of both phases becomes approxi-
mately the same [8]. The pore formation with the growth of Cus;Sn
phase is the main reason for the failure of the soldered contacts. The
cause of pore formation is the flow of vacancies in the direction of cop-
per, which arises as a result of the fact that, in the process of mutual
diffusion through the specified phase, copper diffuses much faster
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than tin. As a result, vacancies are accumulated on the interface of
Cu;Sn/Cu and form a chain of pores. Since the difference of the com-
ponent mobility and the corresponding vacancy flux towards, the fast-
er component generates Kirkendall’s effect (the lattice flow as a
whole); that pore formation is known to be Kirkendall voiding in the
Anglo-Saxon literature. It is commonly called the Frenkel effect in the
journals of the former USSR. The ways to fight the Frenkel effect have
been looking for a long time. The oldest method known to us was pro-
posed by the group of Geguzin, in the 1970’s being associated with the
use of full compression [9, 10]. Namely, the supersaturation of vacan-
cies can be relaxed in two main ways: (1) the annihilation of vacancies
at boundary dislocations (K-sinks), which leads to the creep of the dis-
location and corresponding motion of atomic planes, that is to Kirken-
dall’s effect, and (2) the combination of vacancies in the pores (F-sinks)
without the motion of planes (Frenkel effect). Mathematical aspects of
competition between two types of sinks are described, in particular, in
[11,12].

The idea of Geguzin’s team was simple: the suppression of F-sinks
by the pressure of several dozen atmospheres. As Geguzin and co-
authors showed, such pressures are sufficient to suppress pore for-
mation, but not sufficient for a significant decrease in the diffusion
rate. Indeed, in the experiments [9, 10] on copper/nickel alloy at a
pressure of less than a hundred atmospheres, pores were almost sup-
pressed, and the speed of Kirkendall’s effect increased approximately
twice. Unfortunately, in the formation and operation of chips, the ap-
plication of full compression is unrealistic, and therefore, other ways
of suppression are looked for. For example, pore formation may be re-
duced, if nickel is added to copper [13]. Another interesting way is the
use of nanotwinned copper [14], which can diminish pore formation.
However, the preparation of nanotwinned coating on copper is a rather
expensive and specific process. Therefore, the searches continue, and
the task of influencing on pore formation remains relevant.

It is intuitively clear that preprocessing of copper or the deposition
of additional layers of copper can affect the reaction of copper and tin
in various ways. There are, at least, 3 reasons for this as follow.

1. If an additional density of dislocations is formed as a result of
processing in copper, then, extra vacancies in the vicinity of the inter-
facial boundary of the s-phase/copper receive additional K-sinks, on
which they can disappear without pore formation [15].

2. On the other hand, processing, which leads to an increase of the
dislocation density, usually simultaneously leads to a decrease of the
grain size, that is, to an increase of the density of triple joints of grain
boundaries. Triple joints can serve as centres for heterogeneous pore
formation.

3. Different types of processing leave a different roughness of the
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interface, including the average amplitude and the average length of
the ‘bends’ of future interfaced boundary.

In works [16, 17], the technology of obtaining layers of copper elec-
trodeposited in stationary, pulsed reverse and stochastic modes on
copper substrates was worked out. The application of the Chua genera-
tor model for nonlinear oscillations is described to construct a time se-
ries of stochastic voltage fluctuations on electrodes in the vicinity of
two stationary values. Two values of the voltage of the electrodeposi-
tion, calculated from the polarization curve for the given conditions of
electrodeposition, were applied for the experiment. While performing
the work, a hardware-software complex (HSC) was created to control
the electrolytic deposition process. The analysis of stationary and sto-
chastic regime effect of electrolytic deposition on the structure of the
obtained copper layers on copper substrates was carried out using x-
ray diffraction analysis and scanning electron microscopy. The analy-
sis of diffractograms shows that in the samples obtained after the sta-
tionary electrodeposition of copper, the size of the grains is smaller
compared with the initial samples of the textured rolled copper. It is
found that crystallites with the preferential orientation of planes (111)
and the presence of crystallites with orientation (220) and (200), which
are placed parallel to the surface of the sample, are formed in station-
ary electrodeposition modes. Electrodeposition in a pulsed reverse
mode shows that the orientation of grain planes (220) prevails in these
samples. In stochastic electrodeposition modes, an almost structurally
perfect polycrystalline layer of copper is formed. In these samples,
there is a full spectrum of the crystallite plane orientations (111),
(220) and (200) in the same proportions, which is similar to the struc-
ture of powder copper.

Scanning electron microscopy shows that the grain structures of the
stationary and stochastic modes of electrolytic deposition of copper
layers differ substantially in their morphological structure [16, 17]. In
the case of stochastic stress, the deposited layer of copper consists of
rounded monodisperse grains. Under constant voltage of electrodepo-
sition, both the grain of a lamellar structure and grains of irregular
shape are formed much larger than in the case of the use of stochastic
modes of voltage change. In addition, Ref. [17] points out that the
structure type of the electrodeposited copper layers affects the growth
result of intermediate phases during solid-phase reactions in the Cu—
Sn system. This effect is studied in detail in this paper.

The structure effect of the electrodeposited copper on copper sub-
strates under different current conditions on the result of solid phase
reactions with tin is studied in the paper. The modes of copper deposi-
tion are described in Sec. 2. Copper coatings obtained under different
modes of electrodeposition, are investigated using a scanning electron
microscope (SEM) and x-ray structure analysis. Subsequently, the ob-
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tained electrodeposited samples are immersed in the molten tin for a
short time, and then, the obtained samples continue to anneal in solid
state for hundreds of hours. As a result, the evolution of phase thick-
ness, the shapes of interfaces, the number and distribution of pores are
found and their characteristics, depending on the method of copper
electrodeposition are compared (Section 3).

2. EXPERIMENT DESCRIPTION

The theory and technology of the stationary mode of electrodeposition
with the use of constant voltage applied to the electrodes of the elec-
trochemical cell are developed in the scientific literature in sufficient
detail [18]. The stationary mode of electrodeposition has a number of
disadvantages involving, for example, the uneven thickness of the
electrically deposited films. This is due to the instability of the sta-
tionary mode of electrodeposition, when the protrusions formed by
fluctuations on the electrodes lead to a decrease in the distance be-
tween them and, accordingly, to an increase in the flow of electrodepo-
sition in these areas, which leads to even greater growth of the formed
protrusions. Different types of heterogeneous electrodeposition modes
are used to fight this phenomenon [19—-24], such as pulsed mode, har-
monic mode, reverse pulsed modes of electrodeposition. The most per-
fect surface coatings are obtained in the mode of the reverse pulsed
electrodeposition, when the cathode and the anode periodically change
places by changing the polarity of the current. The electrolytic deposi-
tion in this study was carried out in two stationary, slow and fast sto-
chastic and pulsed reverse modes. Initially, according to the specified
composition of the electrolyte, its temperature and sample sizes, a po-
larization curve was constructed experimentally, according to which
the basic modes of electrodeposition were selected. For electrodeposi-
tion of copper layers on copper substrates in various stationary and
non-stationary modes, the developed HSC [16, 17] was used that al-
lowed to maintain a given voltage on the electrodes of an electrochemi-
cal cell in a real-time mode and to record the corresponding values of
the current strength.

To implement the stochastic modes of electrodeposition, we used the
model of the Chua generator [25—27], namely, the model of a dynamic
system with the behaviour of a strange attractor. The application of
this model allows obtaining continuous transitions of the voltage of
electrodeposition between two stationary modes at random moments of
time. The course of the stochastic process was calculated first by the
methods of mathematical modelling, as a set of values of a random
function in successive moments of time. Calculated in this way, the
random function profile was restored in the HSC at two different time
scales. Two corresponding stochastic regimes (slow and fast) differed
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only in the time scale, in this case, by 500 times. The slow stochastic
regime corresponded to such a change in the voltage at the electrodes
with the time, when the polarization of the electrodes occurred faster
than the change in voltage over time. In this case, the functional de-
pendences of stresses and current forces are connected by a polariza-
tion curve determined in stationary conditions. In this case, the func-
tional dependences of the stresses and current strength are connected
by a polarization curve determined in stationary conditions. And, con-
versely, in a fast stochastic mode, the process of unsteady electrodepo-
sition occurred without such an adjustment of the current strength to
instant voltage values.

2.1. Sample Preparation

The process of electrodeposition was carried out on the copper sub-
strate of 1 mm thickness. The surfaces of the copper plates were par-
tially insulated to provide a surface area of 1 cm?. The copper plates
used for electrodeposition and polarization curve construction were
grinded and polished using grinding SiC paper (P180, P1200, P2400).
After polishing, the copper plates were purified in an ultrasonic bath
with ethanol for 100 seconds. After ultrasonic cleaning, the copper
plates were homogenized by annealing at a temperature of 550°C for 2
hours in an argon atmosphere. Prior to electrodeposition, the samples
were further purified by electrochemical etching in an electrolyte,
maintaining the distance between the anode and the cathode of 5 cm.
The sample was subtracted for 10 minutes at a voltage U =0.21 V (cur-
rent density was j = 0.022 A/cm?). Then, plates of copper were rinsed in
water. On the cleared copper plates, the copper layer was precipitated
in stationary mode with current density j=0.022 A/cm? for 10
minutes. For electrolytic deposition, we used an electrolyte of 0.36M
CuS0O,-H,0+1.22M H,SO, composition.

2.2. Construction of a Polarization Curve

In accordance with the given conditions of electrolysis (the size of the
samples of 10x10 mm? and the distance between the cathode and the an-
ode of 5 cm) in the galvanodynamic regime at a rate of 0.02 V/s, a polar-
ization curve was constructed. The constructed polarization curve
characterizes the deposition of copper on copper plates at a given con-
centration and temperature of the electrolyte and is shown in Fig. 1.
Based on the constructed polarization curve, the voltage intervals
corresponding to the activated and diffusion mode of electrodeposition
are determined. The stationary modes of electrodeposition were per-
formed according to the parameters of points I and 2 in Fig. 1. The sto-
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Fig. 1. Galvanodynamic polarization curve obtained at Cu electrodeposition.

chastic modes of electrodeposition were carried out using the model of
the Chua’s nonlinear oscillator generator when nonlinear voltage fluc-
tuations were carried out in the vicinity of points 1 and 2 with random
continuous transitions between them. In this case, the minimum volt-
age value was 0.17 V, maximum 0.56 V. At the first (0.24 V) and sec-
ond (0.49 V) stationary points, the maximum variations in the ampli-
tude of the voltage fluctuations were 0.07 V (see Fig. 2, a, b).

The control of deposition was carried out by means of fixing the to-
tal charge. In the experiments carried out, the value of the total passed
charge ¢ =86.54 C was chosen. Considering the current output (it has
been experimentally determined that for this electrolyte the current
output was about 55%), this total charge corresponded to the mass of
the sediment m = 33 mg, which corresponds to a thickness of about 100
microns in stationary modes of electrodeposition. The parameters of
electrolytic deposition in the case of stochastic, pulsed reversal, and
stationary modes are given in Table 1.

In the HSC, in each mode of electrodeposition, the corresponding
time dependences of the voltage were introduced and the correspond-
ing values of the current strength were measured. Figures 2, a—e show
fragments of time dependences of voltage and current in the case of
non-stationary modes.

The surfaces of the electrodeposited copper layers were investigated
by means of scanning electron microscopy (see Fig. 3).

As seen from the micrographs, the surfaces obtained during the
deposition in the first stationary (Sample 1) and reverse pulsed (Sam-
ple 5) modes are the most evenly filled with grains of copper precipi-
tate (Fig. 3, a, d). The surfaces obtained in the second stationary mode
and in both stochastic modes differ in the significant heterogeneity of
grain placement and their associations and have a globular structure.
It should be noted that the placement of globules in the second station-
ary mode is spatially heterogeneous. The globules themselves have sig-
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Fig. 2. Fragments of voltage and current time dependences in the case of: a,
b—slow stochastic; ¢, d—fast stochastic; e, f—pulsed reverse modes of elec-
trodeposition.

nificant variations in their size. The sediment globules, obtained in the
stochastic modes, are more periodic and spatially homogeneous.

2.3. Integral Analysis of Defects

The methods of x-ray diffractometry were used to study the structural
state of electrically deposited layers of copper obtained under different
deposition conditions. The methods of analysing the defects of such
layers are described in [17]. In general, defects are related to the aver-
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TABLE 1. Parameters of electrodeposition.

No. Deposition mode Voltage [Current density|Am /S, Deposition
U,V j, A/cm? kg/m?|time, min
Sample 1 Stationary No. 1 0.24 0.0113 3.32 110
Sample 2 Stationary No. 2 0.499 0.0431 3.35 47
Sample 3 Slow stochastic(¢=1s) U,;,= Jj.,=0.0138, 3.32 55
(20=0.2,0=7,=10in =0.17 Jmax = 0.031
Chua’s model [16, 17]) max =
=0.56
U,=0.49
U,=0.24
Sample 4 Fast stochastic (t=20ms) U,;,= Jmin=0.010 3.47 58
(,=0.2,0=7,=10in =0.18 Jrnax = 0.042
Chua’s model [16, 17]) max =
=0.56
U,=0.49
U,=0.25
Sample 5 Pulsereversible (fill -0.119 -0.0171 2.95 120

factor D=0.66,1=3s) +0.367 +0.0338

age density of deposition current. In our case, it is the smallest in re-
verse impulse deposition mode, increases in stationary mode (Sample
1) and is the largest in stationary (Sample 2) and in stochastic deposi-
tion modes. This is evident from the width of the diffraction lines on
the diffractograms depicted in Fig. 4. In Figure 4, lines of diffracto-
grams are set up to 100 units.

It is known that in the process of electrolytic deposition of a number
of metals, an axial growth texture with a crystallographic axis being
perpendicular to the surface of the sediment is formed [28, 29]. Meth-
ods for x-ray diffractometry were used to study the structural state of
electrolytic copper coatings obtained under different deposition condi-
tions. The obtained diffractograms (filtered FeK, radiation) in com-
parison with the standard (annealed compressed copper powder) and a
bar chart of the PDF-2 database are shown in Fig. 4. Relative intensi-
ties of diffraction peaks are presented in Table 2.

Qualitative analysis of diffractograms and data analysis of this Ta-
ble shows that, in the conditions of a stochastic current, a near-
polycrystalline precipitates with a slight tendency toward texture
along the direction of <110> are formed. It can be noted that there is
no significant influence on the orientational structural characteristics
of the velocity of stochastic oscillations. In case of stationary deposi-
tion (constant current), regardless of the cathode potential, the tex-
ture (110) of the precipitate becomes sharper, as can be seen by increas-
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Fig. 3. Micrographs in secondary elec-
trons of the electrodeposition layers’
7. surfaces of Samples: a—1; b—2; c—
e 3; d—4; e—5.

ing the relative intensity of the copper diffraction line (220). Under
the pulsed reverse mode, the electrolytic precipitate has a pronounced
axial texture along the crystallographic direction <110> perpendicu-
lar to the surface of the sample. It can be assumed that the variation of
the parameters (amplitude and duration) of current pulses in the for-
ward and reverse directions will affect the degree of orientation of the
ordering copper crystallites.

It is known that submicron sizes of crystallites, microstresses and
defective structure lead to the expansion of diffraction lines of the
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Fig. 4. Diffractograms of the samples with different modes of the copper elec-
trodeposition for diffraction angles: a, b—50°-140°, ¢, d—135°-138°; 1—
Sample 5; 2—Sample 1; 3—Standard (bar chart of the PDF-2 database); 4—
Sample 2; 5—Sample 4; 6—Sample 3; 7—Standard (annealed copper powder).

sample. Figure 4, b shows the high-rise peak (222) of electrolytic pre-
cipitates, obtained by the direct deposition current (Sample 1), for the
reverse pulsed mode in comparison with the standard (annealed copper
powder). It is clear by the degree of ‘splitting’ of the K, doublet that a
more perfect structure has a precipitate obtained in reverse pulsed
mode. Crystals with defective structure are formed at constant current
of electrodeposition.

2.4. The Procedure of Obtaining and Diffusion Annealing of Samples

After electrolytic precipitation of copper, the obtained plates were
washed from the residual electrolyte and dried. Before immersion, the
copper plates were heated to about 100°C and treated with commercial
resin soft activated flux (Weld Team Decapant Liquid, Lincoln Electric
Group) to prevent the formation of oxides on the sample surface. The
samples were immersed in molten tin at 250°C for about 1 second. The
diffusion annealing of the samples was carried out in the Ar atmos-
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TABLE 2. Relative intensities of diffraction maxima electrodeposited copper
layers.

Crystallographic indices of families of

atomic planes (Miller’s indices) (111) 1(200)(220) (311) |(222)

Sample 1 100 34 74 35 10
Sample 2 100 30 82 31 8
Sample 3 100 36 44 32 11
Sample 4 100 34 28 30 11
Sample 5 37 9 100 20 6
Standard (annealed copper powder) 100 43 30 57 21

Standard (bar chart of the PDF-2 database) 100 43 17 16 5

phere at a temperature of 210°C for 190 hours.

3. CHARACTERIZATION OF SAMPLE CONTACT ZONE

The following characteristics of Cu—Sn samples after diffusion anneal-
ing are compared.

1. The average thicknesses of the continuous layers of the n-CugSn;
and &-Cu;Sn phases were determined by dividing the corresponding to-
tal area of the REM images, occupied by the phase, by the total length
of the contact surface.

2. To characterize the roughness of the boundary, the following sta-
tistical parameters were used: R,—root mean squared (the mean square
value of the deviation profile by the coordinate y from the middle line,
which is parallel to the x-axis),

1n
R = =) AY?, 1
q,/n;yl (1)

AY, =y, -y (2)

R,—maximum valley depth,
R, = min Ay, ; 3)

R,—maximum peak height,
R, = max Ay,; (4)

R,,—skewness,
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1 n 3 .
R = o L B (5)
R,,—kurtosis,
1 n 4 .
R, = R oAyt (6)

A—the average period of the profile inequalities,

L
A=2 , 7
N (D

Change

where Ngp,,..—the number of changes in deviation sign Ay, relative to
the middle line on the interval L. For filtering of high-frequency tran-
sitions through the middle line, an anti-aliasing Calman filter was used
[30].

3. Average porosity was determined by the ratio of the cross-
sectional area of pores dS" to the total area of the phases dS**° on the
two-dimensional sections.

4. Percentage of pores on interface (pores on the interface are most
dangerous for strength of contact).

5. Number of pores per unit of length.

6. Distribution of pores along the interface p(Ax) = dN "Oid/dAx or,
more precisely, the distribution of distances between adjacent pores.

7. Distribution of the number of pore centres perpendicular to the
interface p(y) = AN / dy.

8. Distribution of the cross-sectional area of pores perpendicular to
the interface p4(y) = dS™ / dy.

4. RESULTS AND DISCUSSION
4.1. Characteristic SEM Images of the Contact Area after Annealing

We analyse the surface images of the samples obtained using a raster
electron microscope for the presence of characteristic structural ele-
ments of the sample diffusion zone, namely, phase boundaries and
thicknesses, pore availability and distribution.

It should be noted that the usual polishing modes with diamond and
corundum paste do not allow obtaining the sample surface being suita-
ble for porosity analysis due to the high plasticity of copper and the
corresponding rubbing of these pores even with finely dispersed
pastes. The visualization of the undistorted interphase boundaries and
defect boundaries became possible after the procedure of ion-plasma
cleaning of the annealed samples.
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Pretreatment of SEM images was carried out by Gaussian and Un-
sharp blurring methods according to the procedures described in [31].
In Ref. [31], algorithms for pretreatment images using appropriate
matrix filters have been developed to improve the identification of the
boundaries of structural elements, analysis of different types of struc-
tural elements (calculating the phase areas and finding the number and
calculating the size of structural defects). The presence of white noise
in SEM images affects the determination of boundary positions of
structural elements of the diffusion zone. First, the Gaussian blurring

BSE1 11l9-Sep_18 BSEL 14-Sep-18

BSE1 d-Sep=-18 6000001 WD18/./4mm 10/ 0V Qum) BSE1 14-Sep-18

Fig. 5. Micrographs of the surfaces
after ion milling for Samples: 1 (a); 2
(b); 3 (c); 4(d); 5 (e).
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method was used to get rid of noise in grey colour gradients; the meth-
od averages the value of grey colour gradient in pixels of the image
concerning their surroundings, which makes it possible to improve the
result of calculating the positions of the interphase boundaries. At the
next stage of sample image processing, a method of Unsharp-blurring
of the image elements was used that improved the identification of
topological defects (Fig. 5). Here, due to the increase of local contrast,
as a result of the application of Unsharp-blurring method, the accura-
cy of the analysis of voids and pores in SEM images increases as the
boundaries of these defects on SEM images become more contrasting.

The common characteristic feature of the most samples is the large
roughness of the original surface, which most likely leads to a signifi-
cant distortion of interphase boundary in the process of solid phase re-
actions and even the separation of a significant proportion of interme-
tallics (spalling). This is especially true for coatings obtained in sto-
chastic modes and at high densities of deposition currents. It should be
noted that determining phase thickness and other characteristics of
the contact zones, only the areas forming the percolation cluster were
taken into account. In this case, the isolated islands of intermetallics
that were ‘immured’ in the tin matrix were not taken into account in
the calculation of characteristics.

4.2, Analysis of Diffusion Zone and Statistical Dependence of Pores
along and across the Interface

To analyse the porosity of phase layers for Samples 1-5, the averaged
statistical parameters presented in Table 3 were calculated.

Average radius of voids was similar for all samples as it is indicated
in the Table 3. With increase of the current density, the average dis-
tance between voids and Cu/CusSn interface increases. This distance is
particularly large in samples obtained from stochastic precipitation
regimes. The reason may consist in the fact that, in these modes, dislo-
cation density of the copper substrate is greater, i.e., the K-sinks can
delay a significant part of nonequilibrium vacancies, thereby, impov-
erishing the portions of the phase region near the boundary.

TABLE 3. Averaged statistical parameters of porosity phase layers after an-
nealing in a solid phase at 210°C for 190 hours.

Name |Samp1e 1|Samp1e 2‘ Sample 3 |Samp1e 4‘ Sample 5
Average radius of pores, um 0,25 0,29 0,25 0,26 0,23

Average distance from pores
to interface Cu/CusSn, um

1,94 2,98 5,72 3,96 2,41
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4.2.1. Average Thicknesses of Continuous Layers of Phases nN-CugSn;
and e-Cu3Sn

While measuring and analysing phase layer thicknesses theoretically,
one should consider the following parameters: a substantial part of the
reaction takes place for a short period of time during which the solid
copper interacts with the liquid tin. In this case, the main growing
phase is the scallop-like CusSn; phase. If the interface were flat, the
phase thickness would be determined by the rate of supplying copper to
the molten tin through the channels between the scallops [3].

b e
R, 2DC =CY)
2 C

i

t, 3

where D =10 m?/s[8], 5§ =2.5-10"m [8], (C"— C°)=8.75-10%[8], C, =
=6/11[8],t=2s.

In the latter formula, 2 seconds instead of 1 second is taken as a re-
action time (the time of the very immersion), since the tin remains liq-
uid for some time after taking the sample out. In the mode of solid-
phase diffusion in the copper/tin system, the kinetics of phase growth
should be determined by the equations derived from the equations of
flow balance in the case of plane interphase boundaries [8]. According
to the results of work [8], one could expect the ratio of phase thickness
to the order of one in the case of solid-phase diffusion annealing. The
calculated phase thicknesses are shown in Table 4.

As we can see, the thickness of two phases is about ten microns,
which is much greater than the estimate of CusSn; phase thickness
immediately after the liquid phase reaction. It means that the initial
stage of the reaction can be neglected in this case. The ratio between
phase thicknesses is really close to one in four cases of five modes ex-
cept for the stationary mode with high current density, when CusSn;
phase thickness exceeds Cu;Sn phase thickness almost by three times.
In addition, in the fast stochastic mode (Sample 4), CusSn; phase

TABLE 4. Averaged thicknesses of phase layers after annealing in a solid
phase at 210°C for 190 hours.

Name CuzSn, pm CugSny, um
Sample 1 6.5 9.5
Sample 2 9.2 26.1
Sample 3 13.2 15.1
Sample 4 9.8 6.2

Sample 5 7.9 8.7




INFLUENCE OF Cu PRETREATMENT ON THE PHASE AND PORE FORMATIONS 1665

thickness is almost 1.5 times less than Cus;Sn. This is due to the wavi-
ness of the source interface and further fitting of the protrusions to
the formation of the isolated islets of CusSn; phase, which are not tak-
en into account in the integral thickness of the layers.

4.2.2. Roughness

The roughness parameters of Cu/CusSn interface for Samples 1-5 are
shown in Table 5.

Table 5 shows that the samples (Sample 3 and Sample 4) obtained in
stochastic modes have the highest values of height difference in respect
to the middle line (parameters R,, R,) as well as the mean square profile
(R,) of the profile deviation (the mean square of absolute values of the
profile deviations from the middle line). In Samples obtained in sta-
tionary modes, the asymmetry coefficient (R,,) is negative that means
that the absolute values of hollow depths are slightly larger than the
absolute values of peak heights. Samples 4 and 5 have the narrowest
distributions of absolute profile deviations from the middle line (R,,).
The average step of the profile A irregularities in the case of stochastic
modes of electrodeposition was less than in stationary and reverse
pulsed modes. This seems one of the reasons of additional spalling.

4.2.3. Average Porosity

Average porosity samples after five deposition modes and after fur-
ther reactions is presented in Fig. 6.

Consequently, the ratio of pore total area to the cross-sectional area
of intermetallics proves to be maximal for the maximum deposition
current. When decreasing the deposition current, this porosity de-
creases, if both stochastic regimes are not taken into account. The pos-
sible is an interrelation between grain size and the density of the void
nucleation sites. The grain size becomes smaller in copper coating with

TABLE 5. Statistical parameters of the interface roughness phase layers after
annealing in the solid phase at 210°C for 190 hours.

Name R, um ‘ R,, ym | R,, um R, R,, A, pm
Sample 1 1.5 3.2 3.1 —-0.05 2.31 23.5
Sample 2 2.4 5.5 3.7 -0.23 1.98 83.5
Sample 3 8.6 12.5 19.3 0.57 2.04 7.4
Sample 4 9.1 14.1 25.2 0.87 3.48 3.9

Sample 5 3.5 8 8.6 0.49 3.9 31.9
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Fig. 6. Average porosity of samples.

larger density of deposition current. Therefore, the density of possible
centres of pore formation—triple joints of grain boundaries with the
Cu/Cu;Sn interface becomes larger. As we can see below, the effective
voltage in pulse reverse mode is lower than in stationary modes. There-
fore, it is clear that, in this mode, one should expect larger grain sizes
and, consequently, lower density of joints and less porosity.

4.2.4. Percentage Ratio of Pore Number on Cu/Cu;Sn Interface

The relative proportion of pores contained in the moving interface of
Cu/CusSn is shown in Fig. 7. In Ref. [15], the theory of kinetic pinning
of pores on the mobile interface of Cu/Cu;Sn was proposed as an addi-
tional factor to Ziner pinning by capillary forces. The idea is that the
gradient of vacancy concentration in Cu;Sn phase creates an additional
driving force in the process of approaching a pore to the interface. This
gradient depends on the defect of copper matrix, more precisely, on the

18+
16]
14]
12
16]

8]

P

4]
2]
o]

Percentage pores
on interface, %

1 2 3 4 5

Fig. 7. Percentage of pores on interface.



INFLUENCE OF Cu PRETREATMENT ON THE PHASE AND PORE FORMATIONS 1667

density of dislocation sinks in copper, which depends on pretreatment.
In Ref. [15], the following conclusion was made: ‘More defects, less
pinning’. The same picture is observed in comparing modes 1 and 2.
This rule seems to be applied in the case of stochastic deposition modes.

4.2.5. Number of Pores per Unit of Length

To determine the number of pores per unit of length of the interface,
the average distance between the pores along the interface was initially
calculated, and the value of I =1/1 was then found. This parameter
has a clear physical content only for the relatively small roughness of
the interface observed after the deposition in modes 1, 2, 5. Here, for
better comparison, we introduced an effective voltage for mode 5:
Uit -Ut
Uef t+ + t— ¢ (9)
According to our parameters U'=0.367V,U =0.119V, t"/t =2, we
get U, = 0.205 V. The results of comparison are presented in Table 6.
We see that there is approximately a linear empirical relationship be-
tween the applied effective voltage during the deposition and the num-
ber of pores per unit of length of the interface.

—

7= RU. (10)

We did not include the samples obtained in stochastic modes (Sam-
ple 3 and Sample 4) in the present analysis, since it is difficult to speak
about the x-axis as a measure of displacement along the interface in
these samples. As we can see from the SEM images mentioned above,
the total length of bends is greater than the length of the interface
along the x-axis.

4.2.6. Distribution of Pores along the Interface

Ideally, if the interface was flat and the origin of pores on this inter-

TABLE 6. Dependence of pore density on effective voltage for non-stochastic
regimes.

Name | Sample 1 Sample 2 Sample 5
Uy 0.24V 0.49V 0.205V
1/1 0.75 um™! 1.23 ym™ 0.59 um™!

1/0)/U 3.1pm V! 2.5um V! 2.9um' V!
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face was completely random, one would expect the Poisson distribution
for the histogram of distance distribution between the pores:

A

If pores like some places of the interface more than others, that is, if
there are certain areas of more favourable pore formation, the distri-

bution can be, for example, two-mode one:

p(AX) = p, exp (— ﬂj. (11)

b
—_—
]
g
[s%
5 6
Ax, pm
c 0.6 - d
—_—
8
2
[s%
6 7 8 5 (;‘
Ax, pm Ax, um

p(Ax)

Fig. 8. The histograms of pore distri-
s g bution along the interface of Sample: 1
Ax, pm (a); 2 (b); 3(c); 4(d); 5 (o).
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Ax Ax
p(Ax) = p,, €XP [_k_j + Pyo €XP {_K_] (12)

1 2

The obtained results show that, the approximation by lognormal dis-
tribution fits more than the Poisson one, especially for non-monotonic
histograms.

The histograms in Fig. 8 show that distance distributions are very
far from the Poisson one, and therefore, the formation of pores on the
interface is a correlated effect.

4.2.7. Distribution of the Number of Pore Centres Perpendicular
to the Interface

In virtually all cases, the peak of pore distribution is fixed directly at
the interface itself, indicating the pore pinning by the moving inter-
face.

4.2.8. Distribution of the Cross-Sectional Area of Pores Perpendicular
to the Interface

A similar picture is observed for the distributions of both pore areas
and pore centres (Fig. 9), i.e., there is not only maximum percentage of
pore centres, but also the maximum percentage of pore cross sections
near the interfaces (Fig. 10). That is, the pores near the interface are
also quite large.

In the case of small deposition current, most of all pores are located
near the interface, and in the case of stochastic modes, the number of
pores in the middle of intermetallic layers significantly exceeds the
number of pores on the interface.

5. CONCLUSIONS

The hypothesis about the influence of pretreatment of the rolled cop-
per plates by using various modes of electrodeposition of copper on
them, on the defect of the contact zone after solid-phase copper—tin
reactions is tested.

The peculiarity of the conducted research is the use of not only depo-
sition modes with constant or periodic current, but also the implemen-
tation of fast and slow stochastic modes implemented by the developed
hardware and software complex. The stochastic modes of electrodepo-
sition were obtained on the basis of the Chua generator model of ran-
dom oscillations at two stationary points. Stationary states were se-
lected from the analysis of polarization curve according to the condi-
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0

tions of electrodeposition.

So, there are results as follow.
1. The following regularity is confirmed: the higher the electrodeposi-
tion current density, the greater the defect of coating and the greater
the porosity of Cu;Sn phase occurring during the solid phase reaction
between copper and tin.
2. In particular, the number of pores per unit of length of the interface
is approximately proportional to the voltage during depositing copper
on copper.
3. The percentage of pores addicted to moving interface also depends
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on the defect. This confirms the hypothesis of work [15]: ‘More de-
fects, less pinning’.

4. The distance distribution between pores does not correspond to Pois-
son one and is well approximated by the lognormal distribution, which
indicates the correlation of pore formation in different places.

5. The distribution of pores by distances from the interface is deter-
mined for the first time. It shows an abnormal accumulation of pores
on the interface itself or at a short distance from it. The corresponding
analytic approximation will be discussed in further paper.
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6. The mechanical strength of the contact is determined by not only the
thickness of phase layers but also the roughness and geometry of the
interface. It is quite possible that the abnormal roughness obtained by
stochastic modes can significantly affect the strength with respect to
the directed loads.
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