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Abstract
Heterogeneous integration is a key driver within the field of advanced electronic packaging. The realization of tomorrow’s 
highly integrated electronic systems depends on the combination and compatibility of various integration technologies at 
the same hierarchy level. The adoption of novel bonding technologies for a cost-effective realization of multi-chiplet sys-
tems is a key aspect. Cu nanowire (NW) interconnects exhibit distinct advantages in terms of their scalability down to a few 
micrometers, the resulting joint properties and moderate demands with respect to the surface preparation, and the cleanliness 
of the bonding environment. No solder or flux is required for the bonding process, but the NW bumps still can compensate 
low height differences. The bonding process can be carried out near room temperature under ambient conditions. We dem-
onstrate the technological possibility to integrate the Cu-NWs for a bump processing scheme including the Cu seed etching 
on 300 mm wafer for the first time. This paper focuses on the microstructure evaluation and the shear test of the formed 
Cu-NW interconnects fabricated under ambient conditions within a few seconds. The microstructure analysis shows the 
intact bonded interconnects and reveals high-resolution details of Cu-NWs. The shear strength of the formed interconnects 
varies between 4.6 MPa and 90.5 MPa depending on the bonding and annealing conditions. Overall, the results of this study 
highlight the potential of Cu-NW interconnects for future 3D heterogeneous system integration.
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Introduction

Since the 1960s, the increase in both computing perfor-
mance and functionality has relied on the integration of a 
greater number of components into an electronic system.1 
In recent years, the further shrinkage of integrated circuit 

dimensions has been associated with exponentially increas-
ing costs. Therefore, advanced packaging technologies con-
tinuously gain importance within the semiconductor indus-
try.2 They enable the fabrication of novel, highly integrated 
systems at moderate cost of development. Consequently, the 
heterogeneous integration (HI) of several components into a 
single package is a key driver in advanced packaging.3 HI is 
based on the combination of chiplets fabricated by different 
suppliers and thus adopts several interconnect technologies 
at the same hierarchy level.

The cost-effective realization of 2.5D and 3D packages 
with a broad spectrum of interconnect dimensions will com-
prise different bonding technologies. Therefore, the applica-
tion-specific challenges will range from design and materials 
to technological processes and subsequent reliability issues.

Ultrafine interconnects at pitches below 10 µm for very 
high input/output counts are typically realized by  SiO2/Cu 
and SiCN/Cu hybrid bonding.4–7 However, this technology 
is associated with exceptional levels in terms of the surface 
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preparation and the cleanliness of the bonding environ-
ment. Because of its high cost of ownership, the adop-
tion of hybrid bonding for pitches greater than 10 µm is 
questionable when cost-friendly alternatives are available.

Lead-free soldering and solid–liquid interdiffusion 
(SLID) based on low melting metals such as  Sn8–10 and 
 In11,12 are typically used for applications with pitches 
down to 30 µm. A further interconnect size reduction is 
associated with phenomena related to increased surface 
diffusion in the solid state,13 sidewall  wetting14 and reli-
ability issues.15 Moreover, the use of solders results in an 
irreversible consumption of Cu.16

Techniques based on thermocompression bonding 
(TCB) of identical metals exhibit the potential to close 
the gap drawn by an economically questionable adop-
tion of hybrid bonding and the technological challenges 
of downscaled pillar bumps. Among all TCB approaches, 
Cu–Cu17,18 and Au–Au19,20 are the most important. While 
the application of Au is expensive, the formation of Cu–Cu 
interconnects requires very high bonding pressures for 
long dwell times at temperatures above 200°C and purged 
environments to prevent the oxidation of the bonding sur-
faces.21–23 For a reduction of the required bonding tem-
perature, the bonding pressure and the dwell time, the 
adoption of nanostructured bumps gained distinct interest 
within the recent years. Typical examples are nanoporous 
(NP) Cu sponges,24,25 Cu nanowires (NWs)26–29 and par-
ticle-based pastes.30–32 The adoption of Cu-NWs for the 
formation of monometallic interconnects is of particular 
interest since the fabrication process is compatible with 
300 mm back-end-of-line (BEOL) processes.

In this study, we investigate Cu-NW bumps for the real-
ization of scalable fine-pitch interconnects under ambient 
conditions. We report two schemes for the processing of 
the Cu-NW bumps: (1) with remaining Cu seed layer; (2) 
with a protection layer applied on the Cu-NW bumps prior 
to the Cu seed etching. The second scheme is reported 
for the first time and is an enabling key technology. The 
proposed solderless NW bonding technology combines 
the advantages of Cu–Cu TCB with respect to a forma-
tion of monometallic interconnects and those of soldering/
SLID bonding with respect to ambient bonding conditions 
and surface requirements. NanoWired reported electrical 
resistance values of Cu-NW interconnections with wire 
diameters of 1 µm which are indistinguishable from those 
of pure Cu bar specimens.33 The first experimental results 
of fine-pitch NW bump formation and bonding were pub-
lished by Fraunhofer IZM-ASSID.28,34 Our current study 
focuses on both the realization of Cu-NW interconnects 
at 55 µm pitch and their microstructural characterization 
using high-resolution electron microscopy and electron 
backscatter diffraction (EBSD) analysis.

Experimental Part

Sample Fabrication

The test sample fabrication was carried out at Fraunhofer 
IZM-ASSID (Moritzburg, Germany) and at NanoWired 
GmbH (Gernsheim, Germany) using 300 mm Si wafers. 
The terminal metal layers on these wafers consisted of 
sputtered Ti adhesion and Cu seed films followed by a 
patterned photoresist. The Cu-NWs were electroplated at 
a temperature below 50°C onto compact Cu bumps using 
a track-etched polycarbonate membrane with a specific 
open area of 30%. The specific open area is equivalent, 
with mean distances between two wires of 330 nm for 
wires with a diameter of 400 nm and 83 nm for wires with 
a diameter of 100 nm. Details of the NW plating process 
are given in.35 All fabricated wafers exhibit Cu-NW bumps 
at a pitch of 55 µm but differ in terms of the used mask 
design, i.e. the bump layout and diameters. The process 
flow and the detailed specifications of both designs used 
in this study are given in Fig. 1 and Table I, respectively. 
Wafers with design A exhibit Cu-NWs with a wire diam-
eter of 400 nm at a mean length of approximately 6 µm. 
Those wires were deposited onto compact Cu bumps with 
a mean height of 10 µm and diameters of 25 µm (top die) 
and 35 µm (bottom die), respectively.

Neither the Ti adhesion layer nor the Cu seed layer was 
removed on wafers with design A. The standard wet etch-
ing processes used for microbump processing cause a com-
plete removal of Cu-NWs as our pre-experiments revealed. 
The removal of the Ti and Cu layers was carried out for 
wafers with design B. In order to protect the NWs against 
the chemical attack during the wet etching of the Cu seed 
layer, the wafers require another lithographic patterning 
step. The protective layer application is the crucial and 
novel technology step implemented for the first time in our 
study. The obtained design B wafers feature bumps with 
a mean diameter of 10 µm and Cu-NWs with a diameter 
of 100 nm at a mean length of approximately 3 µm. The 
final singulation into dies with an edge length of 5.1 mm 
(design A), 10 mm (B, top die) and 22 mm (B, bottom die) 
was realized by blade dicing.

Figure 2 illustrates the typical clustering of 2–4 Cu-NWs 
irrespective of the NW diameter This phenomenon may be a 
result of the pore coalescence already present in the template 
or a direct coalescence of the NWs after template stripping.

Flip‑Chip Bonding and Annealing

Using a Panasonic FCB-3 flip-chip bonding machine, top 
dies were bonded onto the bottom dies under ambient 
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conditions at bonding temperatures (Tbond) of 50°C and 
220°C according to the schematic of the bonding pro-
file shown in Fig. 3. In order to ensure the removal of 
oxides on Cu-NWs, the dies were exposed to a formic 
acid-enriched  N2 atmosphere at 250°C using a Pink Vadu 
200 reflow oven approximately 2 h prior to the bonding 
process. The same oven was used for annealing of the pre-
pared die-to-die (D2D) stacks in pure  N2 after the bond-
ing process. An overview of the bonding and annealing 
parameters is given in Table II. Therein, Fbond is the bond-
ing force, Tbond is the bonding temperature, Tanneal is the 
annealing temperature and tanneal is annealing time.

Shear Test

The shear strength of prepared D2D stacks was determined 
using a XYZTEC Condor Sigma equipped with a 200 kgf 
load cell (sample series A1–A3) and a Dage 4000 bondtester 
equipped with a 100 kgf load cell. All tests were carried out 
at a shear height of 40 µm and a test speed below 50 µm/s.

Metallographic Preparation

Cross-sections of Cu-NW interconnects were prepared by 
filling of the gap between the top and bottom dies using a 
low-viscosity underfill at first. The subsequent revealing of 
the sample area of interest involved mechanical grinding and 
final polishing with abrasive papers and diamond suspen-
sions, respectively. The final physical polishing was carried 
out by Ar ion beam milling using a Gatan Ilion II-697 sys-
tem. Lamella preparation for transmission electron micros-
copy (TEM) was performed using focused ion beam (FIB) 
in a Zeiss Auriga FIB-SEM tool. The lamellae were lift-off 
with a Kleindiek micromanipulator tool.

Microstructural and Image Analysis

Scanning electron microscopy (SEM) for investigation of the 
cross-sections of bonded samples and the failure character-
istics of as-sheared NW interconnects was carried out using 
a Zeiss Leo 1530 SEM operated at an accelerating voltage 
10 kV. The detailed microstructural analysis of the formed 

Fig. 1  Bump layouts and process flows for the fabrication of Cu-NW bumps with designs A and B.

Table I  Specifications of the test samples.

Design A Design B

Ti adhesion layer thickness (nm) 50 50
Cu seed layer thickness (nm) 300 70
Bump pitch (µm) 55
Bump diameter (µm) 25/35 10
Cu bump height (µm) 10 1
Cu nanowires Diameter (nm) 400 100

Length (µm) 6 ± 2 3 ± 1
Die size (mm × mm) Top die 5.1 × 5.1 10 × 10

Bottom die 5.1 × 5.1 22 × 22
Bonding area  (mm2) 4.34 2.54
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NW interconnects involved scanning TEM using an FEI 
Titan G2 60-300 with Cs correction at 300 kV including a 
Super-X energy dispersive X-ray (EDX) detector for a high-
resolution composition analysis. Crystal orientation analysis 
of the NWs was conducted by means of electron backscatter 
diffraction (EBSD) on a Zeiss Supra SEM equipped with 
an EDAX Trident EBSD camera. The NW filling factors 
of formed interconnects were determined by thresholding 
the area of compressed NWs in the overlying area between 
the compact portions of the top and bottom Cu bumps/pads 
using ImageJ software.36

Results and Discussion

Die Shear Strengths and Cross‑Sections of Cu‑NW 
Interconnects with 25 µm Diameter

Figure 4a shows the determined die shear strengths τd for 
samples bonded at 50°C and annealed according to profile 
codes A1, A2 and A3. The application of a bonding force 
of 150 N, equivalent to a minimum bonding pressure of 
approximately 35 MPa, results in an average shear strength 
of 4.63 MPa (A1). The annealing of as-bonded stacks with-
out the application of pressure at 300°C for 1 h leads to an 

increase of τd by roughly 20% to 5.59 MPa (A2). An increase 
of Fbond to 450 N, equivalent with a minimum bonding pres-
sure of approximately 104 MPa, leads to an increase of the 
average shear strength to almost 17 MPa (A3). The cross-
section of an interconnect formed under such conditions is 
shown in Fig. 4c and reveals a noticeable densification of 
the NWs between both Cu pads in the bonding zone with 
NW filling factors in the range 45–60%. However, the cross-
sections do not provide sufficient evidence of the forma-
tion of NW-NW interdiffusion contacts. In fact, the formed 
interconnects seem to form on a hook-and-loop fastener 
principle.

The as-sheared Cu-NW bumps from the top and bot-
tom dies in Fig. 5 show no obvious indication of NW-NW 
interdiffusion during the bonding process or the subsequent 
annealing step. The NWs appear predominantly preserved 
in terms of their adhesion to the respective compact Cu pad 
they grew on as well as in terms of their dimensions. Over-
all, the appearances and the cross-section in Fig. 4c and the 
as-sheared NW bumps in Fig. 5 confirm the hook-and-loop 
fastener bonding principle.

Microstructural Analysis of Cu‑NW Interconnects 
with 25 µm Diameter

A detailed microstructural analysis was carried out on 
Cu-NW interconnects prepared by profile A3. Figure 6b 
shows a high-angle annular dark-field (HAADF) STEM 
image of a lamellar section (detail A in subfigure a) with 
four highlighted areas of NW-NW contacts. Area 1 in Fig. 6f 
shows two NWs weakly adhered to each other. Areas 2–4 in 
subfigures c–e on the other hand exhibit a local coalescence 
between the touching NWs. The HAADF micrograph in 
Fig. 6i (detail B in Fig. 6a) shows coalesced NWs perpen-
dicular to their wire axes. The shape of the cluster’s cross-
section and the distinct presence of oxides at its surface, but 
not at any inner interface (see EDX mapping in Fig. 6j), indi-
cate that these wires might have been already merged before 
the bonding process. Due to the conditions of the bonding 
and annealing processes (residual oxygen is always present 

Fig. 2  As-plated Cu-NW bump 
with 35 µm diameter (a) and 
Cu-NW bump with 10 µm 
diameter after final photoresist 
stripping (b).

Fig. 3  Schematic of the bonding and annealing profile used for the 
bonding of D2D stacks with fine-pitch Cu-NW interconnects.
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in the annealing chamber, bonding is done in ambient air), 
the oxidation of Cu surfaces is typically expected to take 
place.37 The EDX mapping for oxygen of area 1 (Fig. 6g) 
shows no distinct oxide formation on the surfaces of both 
touching wires. This effect might be based on an encapsula-
tion effect of the surrounding NW network. Therefore, the 
formation of surface oxides is most likely negligible between 
the cleaning process and the formation of the NW intercon-
nects at 50°C.

The EBSD results of the bonded NW-NW area is 
shown in Fig. 7. This sample type is very challenging to 
prepare defect-free for the EBSD measurement because 
of the requirement of the electrically conductive under-
fill between the individual wires. The inverse pole fig-
ure map in Fig. 7b shows a charging effect on the sam-
ple surface. White arrows indicate the spots where the 
NWs grew based on the Cu grain orientation of the Cu 
pad. While the majority of the NWs consist of multiple 
grains along the wire axis, there are also numerous NWs 

Table II  Design of experiments 
for D2D bonding using Cu-NW 
bumps.

Design Fbond (N) tbond (s) Tbond (°C) Tanneal (°C) tanneal (h) Profile code

A 150 3 50 – – A1
A 150 3 50 300 1 A2
A 450 3 50 300 1 A3
B 450 3 50 – – B1
B 450 3 50 300 1 B2
B 450 3 220 – – B3

Fig. 4  Die shear strengths τd of Cu-NW interconnects prepared using 
samples with design A depending on the bonding and annealing 
parameters (a), cross-section of a D2D stack prepared by profile A3 

(b) and bonding zone detail (c). The enlarged symbols in (a) reflect 
the mean values of γd for each profile.

Fig. 5  SEM micrographs of as-
sheared top die (a) and bottom 
die (b) Cu-NW bumps of a D2D 
stack prepared by profile A3 
with τd = 15.8 MPa.
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exhibiting grain boundaries perpendicular to the wire 
axis (rectangles in Fig. 7b). Similar to the TEM results, 
the coalesced state of NWs created during the bonding 

process is not explicitly visible. However, we believe the 
locally increased number of wires with a nearly identi-
cal crystallographic orientation (circle in Fig. 7b) as an 

Fig. 6  Microstructural analysis of a Cu-NW interconnect prepared 
by profile A3: SEM image of an interconnect lamella after lift-off 
with the white frames indicating the regions of interest (a), STEM-
HAADF image of region A (b), detail 2 in subfigure b (c), detail 3 in 

subfigure b (d), detail 4 in subfigure b (e), detail 1 in subfigure b (f) 
with corresponding EDX mappings with respect to O (g) and Cu (h), 
STEM-HAADF image of region B (i) with corresponding EDX map-
pings with respect to O (j) and Cu (k).
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indication of partially coalesced NWs with contact areas 
outside of the prepared section of the sample. Further 
investigation is required in order to examine whether the 
Cu-NWs have a bamboo-type microstructure like other 
metallic NWs.

Die Shear Strengths and Cross‑Sections of Cu‑NW 
Interconnects with 10 µm Diameter

Figure 8 shows the determined die shear strengths τd for 
the samples bonded and annealed according to the profile 
codes B1, B2 and B3. These bonding conditions show signif-
icant improvement compared to Cu-NW interconnects with 

25 µm diameter. The application of a bonding force of 450 
N, equivalent with a minimum bonding pressure of approxi-
mately 177 MPa, at 50°C results in an average shear strength 
of 25.86 MPa (B1). An additional annealing of as-bonded 
stacks without the application of pressure at 300°C for 1 h 
leads to an increase of τd by roughly 25% to 32.3 MPa (B2). 
An increase of Tbond from 50°C to 220°C without an anneal-
ing step leads to a significant increase of τd by almost 180% 
to 71.6 MPa (B3). The maximum measured value of τd for 
D2D stacks prepared by profile B3 is 90.5 MPa. The cross-
section of an interconnect formed according to profile B3 is 
shown in Fig. 8c, which reveals a high level of compactness 
in the bonding zone with NW filling factor above 80%.

Fig. 7  EBSD results of a Cu-NW interconnects prepared by profile 
A3: Ar ion beam polished cross-section (a) inverse pole figure map 
(b) and inverse pole figure (c). The arrows indicate grains belonging 
to both the bump substrate and the NWs, rectangles highlight NWs 

wires with at least one grain boundary perpendicular to the wire axis. 
The circle identifies an area with multiple NWs of (nearly) identical 
crystallographic orientation.

Fig. 8  Die shear strengths τd of Cu-NW interconnects prepared using 
samples with design B depending on the bonding and annealing 
parameters (a), cross-section of a D2D stack prepared by profile B3 

(b) and bonding zone detail (c). The enlarged symbols in (a) reflect 
the mean values of γd for each profile.
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The as-sheared top die and bottom die bumps of 
Cu-NW interconnects formed at 450 N/50°C (profile B1, 
NW diameter of 100 nm) in Fig. 9a and b show shear 
failure behavior similar to the interconnects formed with 
400 nm diameter NWs (design A): the wires show no signs 
of plastic flow. Consequently, the interconnect formation 
appears to be based on the hook-and-loop fastener princi-
ple. The shear failure behavior of interconnects formed at 
450 N/220°C (profile B3) distinctly differs from those pre-
pared at 50°C. Almost every interconnect exhibits shear 
failure outside the bonding zone of the NWs as exemplary 
shown in Fig. 9c. Consequently, the NW interconnect 

itself is not the mechanically weakest link in the system 
but rather the adhesion of the electroplated compact Cu 
pad on the under bump metallization or the adhesion of 
the wire bases on the Cu pad.

Summary and Conclusion

The fabrication of Cu–Cu fine-pitch interconnects at ambi-
ent conditions attracts high industrial interest for enabling 
the cost-effective realization of future highly integrated 

Fig. 9  As-sheared top die (left) and bottom die (right) Cu-NW bumps 
of D2D stacks prepared at 450 N/50°C (subfigures a and b) and 450 
N/220°C (c and d). The magnifications in subfigures a and b, and c 

and d show the top and bottom sections belonging to one sheared 
interconnect.
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heterogeneous systems. In our current study, we report the 
following for the first time:

• The realization of fine-pitch Cu-NW bumps with a diam-
eter below 25 µm on 300 mm wafer level using fully 
compatible back-end-of-line processes

• The realization of Cu-NW-based interconnects with a 
diameter below 25 µm under ambient conditions for fine-
pitch applications

• A detailed microstructural analysis of Cu-NW intercon-
nects using STEM/EDX and EBSD

The shear strength data reveal significant impacts of 
the bonding force, the bonding temperature and the wire 
diameter. The strengths of Cu-NW interconnects formed 
at 50°C amount to approximately 5 MPa (400 nm wire 
diameter) and 26 MPa (100 nm) and show an increase by 
20–25% in the case of additional post-bond annealing at 

300°C for 1 h. The STEM and EBSD investigations of 
interconnects with wire diameters of 400 nm reveal indi-
cations of merged NWs. However, the broad observation 
of the contact areas of NWs grown from different pads 
remains challenging. The EDX results suggest a negli-
gible oxidation of Cu-NWs during the bonding process 
at low temperatures. Cu-NW interconnects with 10 µm 
diameter of the Cu pad and 100 nm thin wires exhibit 
shear strengths around 72 MPa and up to 90.5 MPa in the 
case of a bonding temperature of 220°C. Table III pro-
vides an overview of Cu–Cu joints realized by TCB with 
conventional Cu bumps/pillars and those with nanostruc-
tured Cu bump/particles. Considering the required bond-
ing time and the atmosphere in particular, the results of 
the present study demonstrates the outstanding potential of 
Cu-NW fine-pitch interconnects for an adoption in highly 
integrated heterogeneous systems. Moreover, the broad 
compatibility of the NW based bonding technology with 

Table III  Bonding parameters and resulting shear strengths of Cu–Cu TCB interconnects based on conventional Cu bumps/pillars and nanostruc-
tured Cu bumps/particles.

Material 
interface side 
A/side B

Pitch (µm) Bump size (µm) Bonding 
atmosphere

Tbond (°C) tbond (min) pbond (MPa) τ (MPa) Remarks Refs.

Cu/Cu 10 5 Air 350 n/a n/a 85 Citric acid 
treatment

17

Cu/Cu 50 11 Air,  N2 purge 300 15 340  > 114 22
Cu/Cu Unpatterned Vacuum 260 60 0.9 63 Nitride 

passivation
23

Cu/Cu 350 100 Air,  N2/H2 
purge

360 30 51 16 38

Cu/Cu 10 5 Air, formic acid 
purge

240 0.17 250  > 150 39

Cu/Cu 130 100 Air 250 30 40 66 Self-assembled 
monolayer 
(SAM)

40

Cu-NW/Cu Unpatterned H2/Ar 300 60 20 21 Wire diam-
eter ≤ 100 nm

26

Cu-NW/Cu Unpatterned Air, reducing 
agent

270  < 2 60 50 1 µm wire 
diameter

41

Cu-NW/
Cu-NW

Unpatterned Air, reducing 
agent

270  < 2 60 60 1 µm wire 
diameter

41

Cu-NW/
Cu-NW

Unpatterned Air, reducing 
agent

270  < 2 150 115 1 µm wire 
diameter

41

Cu-NW/
Cu-NW

55 10 Air 50 0.05 177 26 100 nm wire 
diameter

This study

Cu-NW/
Cu-NW

55 10 Air 220 0.05 177 72 100 nm wire 
diameter

This study

Cu-NPP/Cu Unpatterned Air 250 20 10 52 Nanoparticle 
paste (NPP)

32

Cu-NP/Cu Unpatterned N/a, Ar/H2 
plasma pre-
treatment

200 3 30 37 Nanoparticles 
(NP)

42
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both hybrid bonding and solder-based bonding and the 
results of previous works by  NanoWired27,33,41 emphasize 
the potential for future mixed-pitch applications.

Addressing the broad applicability of this technology, 
our future research will focus on the further downscal-
ing of Cu-NW interconnects to a pitch of 10 µm includ-
ing reliability tests as well as correlations of mechanical 
and electrical interconnect properties in conjunction with 
microstructural characteristics.
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