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Abstract

High density nanotwinned copper films were pulse electroplated using an optimized electrolyte. In order to find out
the influencing factors on the formation of nanotwins, series contents of MPS were added to the electrolyte during the
pulse electroplating process. It was found that the copper films electroplated without MPS had large grains but a few
nanotwins. And the grain size was about 0.9 pm on average, and the texture components of (110) and (111) crystal
orientations were calculated as 49% and 27.8%, respectively. Differently, when 10 ppm MPS was added, the micro-
structure was changed to columnar grain with high density of horizontal nanotwins and the crystal orientation was
also changed to highly (111) orientated one. However, when the MPS content was continuously increased from
10 ppm to 40 ppm, the microstructure and crystal orientation were almost unchanged as detected by the secondary ion
microscopy of focus ion beam and X ray diffraction. Specifically, when 40 ppm MPS was used, the average grain size
was 0.6 pm, and the texture components of (110) and (111) crystal orientations were 3.45% and 95.1%, respectively. It
demonstrated that the nanotwinned copper can be electroplated at a large concentration range of MPS, which also
meant that the filling ability of nanotwinned copper electrolyte could be adjusted by MPS content without influencing
the microstructure. Finally, these electrolytes with different contents of MPS were used in the Damascene via filling.
The results showed that when the content of MPS was 40 ppm, the Damascus via was completely filled without voids.
The achievement of via filling with nanotwinned copper makes the application of nanotwinned copper possible in
Integrated Circuit (IC) fabrication, which also greatly promotes the development of interconnected material for next
generation.
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1. Introduction

Due to its strong electromigration resistance,
copper has been widely used as interconnection
material in advanced packaging and Integrated
Circuit (IC) fabrication. However, the miniaturi-
zation of line width and pitch put a great challenge
on the properties and performance of traditional
copper interconnected material [1—4]. Nano-
twinned copper has exhibited ultra-high strength
and excellent conductivity since its invention in

2004 [5]. Also, due to its excellent thermal stability
and anti-oxidation performance [6], nanotwinned
copper has also been regarded as a promising
interconnected material in next generation [7,8].
Methods including direct current (DC) electro-
plating and pulse current (PC) electroplating of
nanotwinned copper have been widely reported
[9—11]. For example, Zhu et al. [12] filled the micro
blind holes seamlessly with nanotwinned copper
using gelatin as a single additive. Zhan et al. [13]
had electroplated a highly (111) oriented
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nanotwinned copper with a low Cu®*" concentra-
tion electrolyte without an additive by changing
pulse frequency, which assisted the understanding
of nanotwin formation. However, common addi-
tives, like MPS, JGB and PEG, are seldom used in
most of nanotwinned copper electrolytes in litera-
ture [14]. The influence of additive content on via
filling performance of nanotwinned copper during
a pulse electroplated process remains uncertain
[15].

Literature on copper via filling can also give in-
sights [16—19]. Chen et al. [20] found that the ul-
trasonic power and pulse reverse current were
beneficial to fill blind vias. Tao et al. [21] studied
the synergistic effect of nitrogen-containing het-
erocyclic compound and other additives, and ach-
ieved void-free filling with outstanding uniformity.
In order to achieve the applications in IC fabrica-
tion and advanced packaging, the filling capacity of
nanotwinned electrolyte is further needed to be
improved. However, it is difficult to simulta-
neously obtain the formation of high density
nanotwinned microstructure and high filling ca-
pacity. According to our previous research, the
addition of additives, like JGB, would interrupt the
formation of nanotwins [22], which further led to
the refinement of columnar grain and the decrease
of nanotwin density with the increased JGB
concentration.

In this study, the high density nanotwinned
microstructure was obtained using an optimized
electrolyte during a pulse electroplating. Series
concentrations of accelerator, such as MPS, were
added into the electrolyte in order to reveal the
evolution of surface tomography, microstructure,
texture and filling performance. The filling capac-
ity of these nanotwinned copper films was also
investigated in this study. The results showed that
the Damascene via can be filled without voids at an
appropriate MPS concentration. The achievement
of via filling with the pulse electroplated nano-
twinned copper broadens the application of
nanowtinned copper films, and promotes the
development of interconnected material for next
generation.

2. Experimental

2.1. Material preparation

Nanotwinned copper was prepared by a pulse
electroplating. A sourcemeter (Model 2461, Keith-
ley) served as a pulse power supply. The anode was
a Cu-P alloy, which contained about 0.05 wt% P.
The cathode was silicon wafer coupon with or
without via patterns. Before electroplating, a thin
Cu seed layer was sputtered on the cathodic wafer

coupon. The electroplating bath contained
CUSO4'5H20, HzSO4, Cl_, MPS and PEG. The
content of CuSO,-5H,O was 50—100 g-Lfl, the
content of H,SO, (98%) was 100—150 mL-L~?, and
the concentration of CI~ was about 50 ppm. The
content of PEG was kept constant, while that of
MPS was changing from 0 ppm to 40 ppm. Notably,
being different from the direct current nanotwinned
electrolyte reported in literature [23,24], no gelatin
was added to our electrolyte. Nanotwins were
generated by the stress induced by cyclic on-off
pulses. The pulse on time was set at 20 ms, and the
off time was set at 0.5—4 s, and the peak current
density was set at 60 ASD. The rotation speed was
set at 300 rpm, and the temperature was controlled
at 25 + 1 °C. Detailed information about the plating
parameter and electrolyte bath has been reported
previously [25]. Before electroplating, the cathodic
substrate surface was cleaned with 5% dilute sul-
furic acid and deionized water successively to
remove the oxide [22].

2.2. Testing and characterization

The copper films electroplated with different
contents of MPS were observed by focused ion
beam (FIB, FEI, Helios 5UX) using the mode of
secondary ion microscope (SIM). The voltage of
30 kV and current of 41 pA were used to observe the
surface and the cross-section morphologies of the
samples. Notably, for the cross-sectional examina-
tion, the cross section of the sample was firstly cut
by ion beam before each observation. Moreover, the
preferred crystal orientation of the sample was
tested using X-ray diffraction (XRD, Bruker D8
Advance). The electron back-scattered diffraction
(EBSD) test was also conducted to observe the
microstructural characteristic of electroplated cop-
per films. Before each EBSD observation, the sam-
ples were ground with 5000 # abrasive paper and
polished with Al,O3 paste mechanically. Then an
ion milling was conducted on the top view of films
to remove the deformation layer from the samples.
The working voltage and current were 5 kV and
45—50 pA, respectively, for 15 min in the first step,
3 kV and 18-25 A, respectively, for 20min in the
second step, and then 1.5 kV and 10-15 pA,
respectively, for 30 min in the third step.

3. Results and discussion
3.1. Surface morphology of electroplating copper
films

Fig. 1 shows the surface morphologies of the
pulse electroplated copper film samples with the
concentrations of MPS varying from 0 ppm to
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Fig. 1. The top view SEM images of pulse electroplated copper films with different MIPS concentrations: (a) 0 ppm, (b) 10 ppm, (c) 20 ppm and (d)

40 ppm.

40 ppm. As shown in Fig. 1a, the surface roughness
of the sample without MPS was the largest, which
consisted of copper cones. While 10 ppm MPS was
added (Fig. 1b), the sample surface was relatively
smooth, where many circular steps can be
observed. It seems that the circular step was
inducted by nanotwins [26,27]. With the increase of
MPS content, no significant changes were detected
from the surface morphology (20 ppm in Figs. 1c
and 40 ppm in Fig. 1d). The surface roughness (Sa)
of different samples was confirmed by laser
confocal microscopy (LSCM) quantitatively. More
than three locations (area of 100 um x 100 um)
were measured in order to obtain the average
value. As a result, the Sa values for the samples
deposited with 0, 10, 20 and 40 ppm MPS were
estimated to be 660 nm, 333 nm, 316 nm and
330 nm, respectively.

Therefore, it is concluded that the addition of
MPS can change the surface morphology obviously,
but the successively increasing of MPS content has
little impact on the surface morphology.

3.2. Cross-sectional microstructure of electroplating
copper films

The cross-sectional microstructure of pulse
electroplated films with different MPS contents is
shown in Fig. 2. As revealed in Fig. 2a, large grains
were detected when no MPS was added. The large
grain corresponds to a cone on the surface, which
is consistent with the description in Fig. 1a. And
there were some nanotwinned boundaries within
the large grains. The direction of nanotwinned
boundary was basically anisotropic. When 10 ppm

was added (Fig. 2b), some fine grains were detec-
ted at the interface between seed layer and
columnar grains. Upon the fine grains, columnar
grains with high density of nanotwinned boundary
were detected. Notably, the nanotwinned bound-
ary was basically in a horizontal direction, which
was perpendicular to the growth direction of cop-
per films. When the MPS content was increased to
20 ppm, no obvious change in the microstructure
of copper film was observed. When the MPS was
further increased to 40 ppm, similar microstructure
was observed. However, the twin lamella seemed
to be enlarged slightly. The result also demon-
strated that the microstructure was changed when
the MPS was added, while kept stable when the
MPS content was increased.

3.3. Crystal structure of electroplating copper films

As shown in Fig. 3a, XRD spectra of different
copper films are presented. The films without MPS
had two obvious peaks as denoted by (111) and
(220) according to the JCPDS card. The texture
coefficient (TC) values are calculated using the
following equation [28]:

Ly /Toniay

(1/1) > Lk / Toguua)

TC ) = (1)

where Iy is the peak intensity of the (hkl)
diffraction plane, Ipx) is the standard peak in-
tensity of (hkl) diffraction plane in the JCPDS card,
and n is the number of diffraction peaks, and n =3
here. The results of TC are given in Fig. 3b. The TC
value of (111) was 1.61, while (220) was 1.35, which
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Fig. 2. The cross-sectional microstructure of pulse electroplated copper films with different MPS concentrations: (a) 0 ppm, (b) 10 ppm, (c) 20 ppm

and (d) 40 ppm.

means that both the intensities of (111) and (220)
diffraction planes are strong. When 10—40 ppm
MPS were added, only a strong (111) peak was
detected from the XRD spectra in Fig. 3a. The TC
value of (111) diffraction plane increased to
2.97—-2.98 as given in Fig. 3b, indicating a very
strong (111) preferred orientation.

EBSD characterization was also performed on
the pulse electroplated copper films. The band
contrast image of copper films electroplated with
0 ppm MPS is given in Fig. 4a. The small angle
grain boundaries, the large angle grain boundaries
and the Sigma 3 (111) nanotwinned boundaries are
illustrated in grey, black and red, respectively. The
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average grain size was calculated as 0.9 pm using
Channel 5 software. Also, the length proportion of
grain boundaries and twin boundaries were
calculated, and the results are given in the upper
right inset. The length proportion of twin bound-
aries for the 0 ppm MPS sample was about 70.5%.
The corresponding Inverse Pole Figure (IPF) re-
sults in Z direction are also displayed in Fig. 4b.
Both the (111) and (110) textures were detected,
and the texture components of (110) and (111)
orientations were about 49% and 27.8%, respec-
tively. Notably, the crystal plane index (110) here is
a Miller index, which represents the same orien-
tation as the (220) diffraction plane during the XRD

= (111) W (200) ® (220)

2.97 297 2.98

.010.02 .010.02 .010.01
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Fig. 3. (a) XRD spectra and (b) the corresponding texture coefficient calculations of pulse electroplated copper film with different MPS

concentrations.



Journal of Electrochemistry, 2023, 29(8), 2209231 (5 of 10)

2~10° Grain Boundaries 10.1%
>10° Grain Boundaries 19.4%
<111> 60°Twin Boundaries 70.5% &

2~10° Grain Boundaries 10.9%

>10° Grain Boundaries 15.5%
<111> 60°Twin Boundaries 73.6%

N

IPF Coloring || Z0
Copper
001

D

101 111

Texture Components
11 27.8%

110 49.0%

IPF Coloring || Z0
Copper
Copper
001

D

101 111

Texture Components

111 95.1%
0 °] 20
110 3.45%
0 ] 20

Fig. 4. The EBSD analysis of the pulse electroplated copper films with different MIPS concentrations: (a) band contrast image and (b) IPF Z image

with 0 ppm; (c) band contrast image and (d) IPF Z image with 40 ppm.

measurements. The situation of copper films elec-
troplated with the 40 ppm MPS is given in Fig. 4c
and d. The grain size was estimated as 0.6 pm,
which was greatly decreased as compared to the
status without MPS. Also, the length proportion of
the twin boundaries was calculated as 73.6%,
indicating an increase in the twin boundary of the
40 ppm MPS sample. The IPF Z map and calcu-
lated results are shown in Fig. 4d. And it is noticed
that the image was almost in blue, representing a
high proportion of (111) orientation. The texture
component of (110) orientation was minimized to
3.45%, while that of (111) orientation was as high as
95.1%.

In order to reveal the effects of pulse current, and
additions of PEG and MPS contents on the for-
mation of nanotwins, comparative studies were
conducted. Firstly, the samples were prepared by
direct current electroplating instead of pulse cur-
rent, while the other parameters were kept con-
stant as in Fig. 2a and d. The current density used
in the direct current density of electroplating was
set as the average current density of pulse elec-
troplating, following the below equation:

Jav = ]p*Ton/(Ton + Toff) ()

Jav is the average current density of the direct
current electroplating, and ], is the peak current
density of the pulse current electroplating, and T,

is the time at the peak current, and T is the time
without passing the current. The average direct
current density can be calculated to be 0.6 A-dm 2.
The microstructures of the samples prepared using
a direct current density of 0.6 A-dm > with 0 and
40 ppm MPS are given in Fig. 5a—b. The nanotwin
density was decreased dramatically when used
direct current. It can be deduced that pulse current
promotes the formation of nanotwins. As reported
in literature that the on and off pulses produce
cyclic stress, which further leads to the formation
of nanotwins in order to minimize the total energy
of system [29,30].

Secondly, in order to reveal the role of PEG
addition, comparative studies without PEG were
also conducted. Besides the absence of PEG, other
parameters were kept constant as in Fig. 2a and d.
As shown in the SIM images of Fig. 5¢ and d, the
regularity of microstructure was decreased without
PEG. For the 0 ppm MPS sample, the nanotwin
was Dbasically vertical and the texture was (110)
with PEG (Fig. 2a). And the direction of nanotwin
was random and the texture was changed to (111)
when the PEG was absent (Fig. 5¢). For the 40 ppm
MPS sample, the nanotwin was basically horizon-
tal with PEG (Fig. 2d), while some inclined nano-
twins appeared without PEG (Fig. 5d).

It can thus safely conclude that the addition of
MPS promoted the formation of high density
nanotwinned microstructure, while the addition
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Fig. 5. Comparative studies: (a) the samples prepared by direct current electroplating with 0 ppm MPS and (b) 40 ppm MPS; (c) the samples
prepared by pulse electroplating with 0 ppm MPS but without PEG and (d) with 40 ppm MPS but without PEG.

PEG improved the regularity of microstructure.
Probably, the adsorption of MPS upon the copper
surface would increase stress. So more twinned
boundaries were generated when the additive
MPS was used. On the other hand, MPS was
served as an accelerator during copper electrode-
position, and it would decrease the crystallization
overvoltage [31]. And it was reported that the
decrease of crystallization overvoltage was benefi-
cial for the nuclei and growth of (111) orientation
[32]. The (111) orientated nanotwinned micro-
structure with a smaller grain size was then ob-
tained after the addition of MPS. However, the
intrinsic mechanism was still under investigation.
Above all, the microstructure was changed
greatly after the addition of MPS. However, the
typical microstructure of columnar grains with
high density nanotwinned boundary was detected
no matter how the MPS concentrations changed
from 10 ppm to 40 ppm, showing little evolution.
The achievement of electroplating high density
nanotwinned copper at a wide range of MPS con-
centration means that their filling ability can be
adjusted by varying MPS concentration without
influencing the formation of nanotwins.

3.4. The filling performance of Damascene vias

Damascene vias were prepared to check the
filling performance of electrolytes with different
contents of MPS. The Damascene vias were trap-
ezoidal (Fig. 6a). And as enlarged in Fig. 6b, a

single via was about 1.4 pm deep, 1.4 pm wide at
the bottom and 1.9 um wide at the top. The aspect
ratio was about 1:1.

The filling performance is given in Fig. 7. When the
electrolyte was free of MPS, the microstructure con-
sisted of large grains, and few nanotwinned bound-
aries were detected. And it was noticed that there was
a small void at the center of via (Fig. 7a’), which
means that the solo additive PEG could not fill the via
seamlessly. When 10 ppm and 20 ppm MPS were
added, the microstructure consisted of columnar
grains and nanotwinned boundaries (Fig. 7b and c)
could be observed. The microstructure in Fig. 7 far
from via is consistent with that in Fig. 1. However, it
was noticed that the regularities of columnar grains
and horizontal nanotwins were interrupted at the top
and bottom of via since the current distribution of via
was not uniform. The grains would be refined within
the via, and most of nanotwins boundaries were in-
clined. Also, voids were detected as given in Fig. 7b’
and c’, demonstrating a poor filling capacity for the
10 ppm and 20 ppm MPS samples. When the MPS
content was further increased to 40 ppm, the via was
filled without voids as shown in Fig. 7d’. The
increased content of accelerator promotes the copper
deposition at the bottom of via, so the via was filled
completely.

Notably, since the convection condition and
current distribution for plane surface were
different in Damascene via, the microstructure
showed a small difference between plane surface
(Fig. 2) and via filling (Fig. 7). However, the vertical
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Fig. 6. (a) Damascene vias before electroplating; () and the enlarged cross-section of a single via.

and horizontal twinned structures were still 10—40 ppm MPS showed little changes. In addi-
observed during the Damascene via filling as tion, the time for filling deposition was all
highlighted in Fig. 6, which can match the depo-  controlled as 8080 s, and the thicknesses of the
sition on plane surface. Also, the microstructures electrodeposits were about 1.5—1.7 pm as shown in
of the samples (Fig. 7b’—d’) deposited with  Fig. 7. Hence, the growth rate was calculated as

J (@O Enlarged

o

" {

(ERQprmialeniarged

Fig. 7. The filling performance of Damascene vias using different MPS concentrations: (a) 0 ppm, (b) 10 ppm, (c) 20 ppm and (d) 40 ppm; and the
single vias are enlarged in (a’—d’) correspondingly.
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0.11—0.13 pm-min~*, which displayed a small dif-
ference when the MPS content was increased from
0 to 40 ppm.

Above all, the suitable concentration of MPS
additive was obtained at 40 ppm. And the Dama-
scene vias can be filled with nanotwinned copper
using PEG-MPS two-additive system during pulse
electroplating.

4. Conclusions

A two-additive copper electrolyte system, i.e.,
MPS-PEG, was investigated during pulse electro-
plated nanotwinned copper films. Upon electro-
plating without MPS, the film consisted of coarse
grains with an average diameter of 0.9 pm. And
there existed some vertical or inclined nanotwinned
boundaries within the films. Also, the texture
components of (110) and (111) within the films were
estimated to be 49% and 27.8%, respectively. As
inferred from the FIB observation and XRD anal-
ysis, when 10 ppm MPS was added, the surface
morphology was changed from cone to circular
steps, and the microstructure was transformed from
large columnar grains with a few nanotwins into
columnar grains with high density horizontal
nanotwins, furthermore, the crystal orientation was
also turned from anisotropic to highly (111) orien-
tated one. But when the content of MPS was further
increased from 10 ppm to 40 ppm, the surface
morphology, microstructure and crystal texture
showed little changes. It indicates that the nano-
twinned microstructure was non-sensitive to the
concentration of MPS, which provides the conve-
nience of adjusting filling capacity by adding MPS.
Specifically, the grain size was refined to 0.6 um in
diameter, and the texture components of (110) and
(111) were 3.45% and 95.1%, respectively, with
40 ppm MPS. Moreover, for the 1.9 pm wide and
14 pm deep Damascene vias, the suitable MPS
concentration of void-less filling was about 40 ppm.
The higher content of MPS can promote the depo-
sition at the bottom of via, which further eliminates
the voids. The enhancement of filling capacity of
nanotwinned electrolyte broadens the application
of nanotwinned copper films.
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NAFADLETZMPKEREBRRA ETRHAR

EEE S, BWE*, FAR?, TE2, MER b
ch ER SR R RTINS TP EBROUFERSR, % R 518055
b ERISARR RS IR SRS, STH B 215213

"E

AXERHAIM R ERNEM L, FRKFEELIZRE TR ENNKRERE. 7T H—
SR RESGTEBRNENRE, IR T RV MPS REEFERTNER. JTERPIHARRM MPS B,
P E AR RRER, FHRRA/NA 09 um, FRABEE L ENEER TR TEINERRE,
BEMMNEEA (110) 1 (111) #7FE, FAEEMLEBI SRR 49%F 27.8%. M FIB HIHLHLAN
WA X SHEATHMNERTA, HERPRM 10 ppm f§ MPS 5, #EHLATHIERMNKET RTEE
H, PREATSEESZEKEFONERR, BNRNREATAISERRN (111) . Z MPS &
EM 10 ppm #FEE EFFE 40 ppm, FEERHALMBAE QT B L. B, HERHBHRM 40 ppm
#9 MPS B, $EE@ALA/NA 0.6 um, BIEE &AL (110) A1 (111) BRI EEHI4> 514 3.45%F0 95.1%.
XUEAR, ATAEE MPS (2 2T IRE IR T S AERNETE N, MAPRKERMUWALRNIFRK
HAZEM. BT ERER, BNFERZBEERER AR LIZHITT A TEMEILNER. ERK
B, ¥MPS S84 40ppm BY, AIASSMAD T EMEALNEFIAT. 9K RERERIETHE
FIRFHESNARTREE IC HIIENAR TR, RAEE LEH T T REEMRNEZE.

KEE: Mo HAERE;, §AER, ABEEIZ
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