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MacDermid Alpha celebrating the 29" Anhniversary of the
Copper Revolution P

- This year marks the special 29" anniversary of the Copper Revolution in

semiconductor electroplating which is equals to the Atomic number of copper.

- Initiated by IBM in 1995, the Copper Revolution aimed to replace aluminum in
semiconductor manufacturing processes.

- MacDermid Alpha has been a key player since the revolution's inception, providing
iInnovative chemical additives and solutions.

- Our dedication to R&D has led to the development of cutting-edge materials,
enhancing the performance and reliability of copper interconnects.

- As a leading supplier, we continue to deliver high-quality products and exceptional
customer service.

- Let's celebrate 29 years of progress and collaboration in semiconductor

manufacturing!
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» Outline

Grain Engineering

Crystal structures terminology

Electromigration paths

Developing Bamboo-Cu Film — One component system
Bamboo-Cu Film - Three components system
Tunability and Grain Engineering

Enhancement of Cu (111) texture

Control the Grain Size

Grain Growth — Ex-situ SEM/FIB

SIMS analysis

Coefficient of linear thermal expansion (CTE)
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Future: Optimizing Copper Formulations for Semiconductor Reliability with Machine Learning
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Grain Engineering

Bamboo/Near Bamboo process
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Grain bouddary engineering
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Grain Engineering

» Grain Engineering is the process to control the arrangement of atoms
at the grain boundaries.

» Grain Engineering can be used to tune the size, orientation, and
texture of grains in microelectronics devices. : '

> By engineering grain boundaries, it is possible to enhance material . S
properties such as mechanical strength, electrical conductivity, and
electromigration.

v Why Grain Engineering?

) As feature sizes shrink through pitch scaling, the grain orientations and
grain boundaries have a profound effect on film properties like stress,
adhesion, and electromigration.

O By grain engineering, we can manage these effects.
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Grain Engineering protocol (Process=Structure-Property-Performance framework)
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Crystal lattice and lattice defects No crystal lattice or
define characteristics boundaries : grain boundaries

Single crystalline Polycrystalline Amorphous solid

The most common

| Grains density

|

Low density
. Featuring both crystal lattice _ _ _
Near-bamboo _ J : and grain boundaries Grain boundaries dominate
Bamboo - i i : . :
Crystall lattice dominates e.g., Fine-grains or ultrafine grains
It could be nt-copper, or other p0|yc|’y5ta|line copper *Guillermo Mokry et al, High Ampacity Carbon Nanotube Materials

Nanomatenals 2019, 9(3), 383;

Lienig, J., &amp; Thiele, M. (2018). Fundamentals of electromigration-aware integrated circuit Circuitry Solutions

design. Springer Intemational Publishing. Semiconductor & Assembly Solutions
46 Film & Smart Surface Solutions
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* C.-M. Liu et al, Low-temperature direct copper-to-copper bonding enabled by creep on (111) surfaces
of nano-twinned Cu. Sci. Rep. 5, 9734 (2015).

Interaction of electric
field on metal ions Hillock

Force on metal ions (Cu®)
resulting from momentum transfer

from the conduction electrons .
\ / Void
Fuing >> F, : :
s Higher local current density
Anode _ Cathode II
+ @ = =
e . . orati
Failure mechanisms caused by electromigration

Electromigration is the result of the dominant force, that is,
the momentum transfer from the electrons that move in the

applied electric field E

Whiskers

Growth of voids

Increase of Increase of local 3 & >

temperature current density

4 i Hillocks
% Increase of {/\

Joule heating

ID.BkV XEPB.BK |

* Jens Lienig, SLIP '05: Proceedings of the 2005 international workshop on System
level interconnect prediction April 2005,Pages 81-88
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Electromigration paths

Diffusion process Activation energy in eV
Aluminum Copper
Bulk diffusion 1.2 2.3
Grain-boundary diffusion 0.7 1.2
Surface diffusion 0.8 0.8

Passive layer coated copper surface is required. Then the
grain-boundary diffusion will be lowest activation energy
and dominate path for EM.

Various diffusion processes within the lattice of
an interconnect: a) grain-boundary diffusion, b) ||
bulk diffusion, and c) surface diffusion

N/

Large grains (bamboo or near bamboo) aligned in the
direction of current flux are required to act as blocking
grain to inhibit the diffusion flux

: . Blocking
Triple point - grain

Thiele, M. and Lienig, J., 2018. Fundamentals of Electromigration-Aware Integrated Circuit Design. Springer International Publishing. Circuitry Solutions
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Developing Bamboo-Cu Filfi = One component system

WE-1

Near-Bamboo (NB-Cu) Bamboo (B-Cu)

* We developed low density grains with large size grain Near-bamboo and Bamboo across the deposited film
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Why Bamboo Grains?

» Small grains provides additional paths for material
transport due to the formation of grain boundaries
running parallel to the current flow and triple points.

( . . 3
Average grain size
= ¥ Line width ’
= \ Coarse-grained or Bamboo
» Bamboo grains with low density grains boundaries
will have blocking grains to block the mass transport
) | F | The lower number of triple points is the better EM
i reliability
I— - W
I —

E. Arzt, W D. Nix, A model for the effect of line width and mechanical Lienig, J., &amp; Thiele, M. (2018). Fundamentals of
strength on electromigration failure of interconnects with ‘near- electromigration-aware integrated circuit design. Springer

bamboo’ grain structures. J. Mater. Res. 6(4), 731-736 (1991). International Publishing.
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Near-Bamboo three components - Blanket (Cu-PVD)

1/6/4

» Through the optimization of the
additives concentration, applied
current density, and other plating
conditions (temp. agitation:

4/6/4

v' Control the grain size (small-
large)

v Tune the grain orientation
4/8/4 g
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Enrichment of Cu (111) texture

Additives, Waveform

0203



Enhancement of Cu (111) texture: A
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ditives Concentration

PS 20th Device Packaging Conference l(j

XRD Why??

Intensity (a.u.)

H 1- Increasing the (111) orientation % Enhance the conductivity, EM,
| mechanical properties.
A 2- It could affect the CMP process
F .
A Low Sup. Conc. High Sup. Conc.
- — |
A -
n | — |
o \ 1%
B 25
A .
A 3.0 3.2 3.4 36 38 4.0 42 44 46 48 50 '30 3.2 3.4 3.6 3.8 4.0 4.2 4.4 46 4.8 50
_}\_ Acc./(mL) Acc./ (mL)
e
cu’® “l”’ (200) Peak POSON 4329 4320 4328 4328 4328 43, . 43.29
—_—r | cCopper &9
40 42 44 46 48 50 52 54 56 58 60  (111) Relative
26 (degree) percentage (%) 78.9 81.3 87.0 88.5 85.5 85.1 87.0 83.5

Enrichment of the Cu (111) texture by modulating the additives concentration
v' At Low Sup. Increasing the Acc and Lev. concentrations increasing the preferential orientation of (111)
v' At High Sup. Increasing the Acc and Lev. concentrations decreasing the preferential orientation of (111)
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Effects of waveform on'the Cu (111) texture
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Enrichment of the Cu (111) texture by increasing the current density
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Grain Size

Additives concentration, waveform
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Electrolyte + A/S/L (4/6/4) at 300 rpm, 25 °C

WE-1 Combined WF

v' Combining waveforms leads to the formation of larger grain size.

0207
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Additives concentration

(A/S/L) 3/4/2 5/4/2 5/4/6
Average
Grain Size %
337 nm 299 nm »
(A/S/L) 3/8/2 5/8/2 5/8/6 v Additives
Average concentration effect

St on copper grain

Grain Size e |
i | ~ ‘ / . LR A o ]
289 nm ‘ aﬁ’ 295 nm | : 315nm [ o size, adjustable
E‘ & from 300 to 500 nm.

(A/S/L) 3/4/6 3/8/6 4/6/4
Average
Grain Size ' ' l/-
317 nm . i\l 345 nm
— Circuitry Solutions
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Grain growth

Heat-annealing
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150 °C 200 °C

Electrolyte + A/S/L (4/6/4) at 300 rpm, 25 °C

WEF-1

v For WF-1, and 2
there was
substantial grain
growth upon
annealing at 125
°C.

v' For WF-3 there
was small grain
growth up to 200
°C.

WE-2

WEF-3
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SIMS analysis for Bamboo chemistry

PPMW from SIMS
A/S/L; 4/6/4 C O S Cl N Total impurity
Electrolyte @ WF-1 1.84 | 0.89 | 0.19 | 0.22 | 0.09 3.2
Electrolyte @ WF-2 271 | 1.90 | 041 | 0.99 | 0.167 5.6
Electrolyte @ WF-3 287 | 094 | 0.25 | 0.76 | 0.184 5.0

v' SIMS analysis shows that the total impurities are 3.2, 5.6, 5.0 ppm for wide range of
different waveforms

Circuitry Solutions

I MacDermid Alpha Q‘ Semiconductor & Assembly Solutions

ELECTRONICS SOLUTIONS CONGRFNTIAL Film & Smart Surface Solutions



IMAPS 20th Device Packaging Conference | March 18-

Coefficient of linear thermal expansion (CTE)

Fine grains, Nanotwin, and Bamboo Copper

0212
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Coefficient of linear thermal expansion (CTE)

CTE =

LoAT

Where AL is the change in length, Lo is the initial length, and AT is the change in temperature.

Desviice s £ AL = Ax L[} AT

Device Device

Si0, Cu Si0, sio, si0, ~ sio, cu S0,

where L, is the thickness at room temperature in this study, AL
$i0, i sio, Sio, Si0, ~ sio - | | isthe height difference due to the mismatch between the
Device Device Device thermal expansion of Cu and the oxide, Aa is the difference in
Si Si Si CTE, and AT is temperature difference

AL = Ax Lo AT = (@ — 4.4) x 10~® x 2000 nm x (200 — 25) = 4.3 nm

Ong, Jia-Juen, Wei-Lan Chiu, Ou-Hsiang Lee, Chia-Wen Chiang, Hsiang-Hung Chang, Chin-
Hung Wang, Kai-Cheng Shie et al. "Low-temperature Cu/SiO2 hybrid bonding with low contact
resistance using (111)-oriented Cu surfaces." Materials 15, no. 5 (2022): 1888.

— Circuitry Solutions
P& MacDermid Alpha Q

Semiconductor & Assembly Solutions
ELECTRONICS SOLUTIONS CONGRRAITIAL Film & Smart Surface Solutions



IMAPS 20th Device Packaging Conference | March 18-21, 2024 | Fountain Hills, Arlzona

CTE comparison for different coppergralns (Bamboo fine
grains, Nanotwm)

CTE (x 10%/°C)

Temp. (°C) Fine grains-WF-1_| _Fine grains-WF-2

1stCycle 2"dCycle 1stCycle 2" Cycle 1st Cycle 2"d Cycle  1stCycle 2nd Cycle

100 16.96 13.46 16.63 15.26 19.26 15.22 16.77 15.83
150 17.88 14.32 17.04 16.30 21.12 16.11 17.14 15.60
200 18.6 14.67 18.01 16.82 23.25 16.30 18.27 15.51
250 19.97 14.80 18.71 16.78 24.04 16.34 18.55 15.56
300 19.75 15.42 19.11 17.67 24.22 16.48 20.20 15.36
350 20.53 17.25 20.05 19.02 25.51 16.97 20.56 14.84

v' FG process has the highest CTE compared to NT and Bamboo @ 200 °C.
v’ After the first cycle the NT, Bamboo and FG film will behave like a regular Cu.
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Conclusion

- Systematically investigated copper grain engineering and growth processes for device enhancement.

- Demonstrated precise control over copper grain properties through electroplating parameter manipulation.

- Emphasized the crucial role of grain engineering in controlling copper film microstructure

- Introduced bamboo suppressors and novel additives for improved bottom-up capabilities in device fabrication.
- Provided valuable insights into grain growth dynamics under heating conditions, crucial for bonding
processes.

- Future research may focus on optimizing electroplating processes and exploring novel additives to advance

materials engineering and device fabrication.
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Future: Optimizing Copper Formulations tor Semiconductor Reliability with Machine Learning

Mahine learming bongi copper
electoolaptting folmimations

RS

Implement
from Al to Feedback
real plating

Collecting Supervised Unsupervised Validate the

Plating Data learning learning models

e Learning steps for batteries disc

Application

Data collection Feature selection Model building

E Rechargeable

I Feature selection " : Classification Property prediction
. battery I
Y = sign(g(x)) e 5 S
! judge the category P e
Embedded I corresponding to inputx | i Tt : %
1 i 1
1 p 1
" » Soctrode ~ tecwrode | i : 1 g
i eiive slocte Neguive choctrete | i |y =2,
I Definition of descriptors i ! : - 1 ' 'é
- i . Filter < 2 B .- R I o @«
8 1 . 1 ;/1200 | 158 fo.70 1 o
i structure energy : *1209¢ 171 |08 lo)
. M 11201 153 |9. 78 q
I i Wrapper 1 fl13.10 | 145 073 8_
. ionic charge ionic radius temperature 1 H " "ﬁ ::: ::: 53
i H ! 11799 | 132 |oss 3
I ! il6o |13 Joss| o]
disorder = ... |
Experiment Computation ! - ! i i i g i i
F1 T PN Fo | § I - I a & 5 ' . 1 component :
12.00 | 1.58 |0.70 0.31 I 1 - judge the output value | 2l s j: ]
2094 | 1.71 078 031 g I - I cJorrcgspondingpto ot 7 - i & % _; -4 pFT. F- new
12.01 0.78 0.31 [ . M . - ~ ' mode { =
l 0.73 031 | 4 . - I H : ~ B @mmcrial
i = 5 I I s - R} L . J
TN ::; o8 1 " Combination method I i Regression I 1 strocture @ b a - g
17.99 | 1.32 |0.86 H I - i - SN R S S T N, I
6.00 | 1.33 |o.86 lo31] ;
: Contradiction and Conflict and compromise Inconsistency and collaboration
i Challenges coordination between high between complexity and between learning results and
" dimension and small sample accuracy of ML models
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