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Abstract— The direct bond interconnect (DBI®) Ultra 
technology, a low-temperature die-to-wafer (D2W) and die-to-
die (D2D) hybrid bond, is a platform technology to reliably 
achieve submicron interconnect pitches. A reliable D2W and 
D2D assembly with submicron pitch capability will enable 
widespread disaggregation and chiplet architecture innovation. 
DBI Ultra offers bonding throughput comparable to mass 
reflow flip chip assembly. The bonding takes place at room 
temperature in an ambient environment in a class 1000 
cleanroom. A low temperature batch anneal after bonding 
results in solid Cu-Cu connection with no solder and no 
underfill. Wafer-to-wafer (W2W) direct bond interconnect 
technology has been in high volume manufacturing for several 
years. We have been reporting development for extending this 
technology from W2W to die-to-wafer (D2W) and die-to-die 
(D2D) applications over the past few years. 

Previously, Invensas has reported assembly results with a 
single daisy chain die with a direct bond interconnect layer on 
one or both surfaces of the die.  The die has a similar size to a 
high bandwidth dynamic random access memory (HBM 
DRAM) die, 8 mm x 12 mm. The longest daisy chain structure 
has 31,356 links and covers an active area of 5.36mm x 9.36mm. 
The bonding pitch ranges from 10 to 40 µm with a pad diameter 
of either 5, 10 or 15 µm. We have achieved >95% electrical test 
yield and superior reliability in temperature cycling, high 
temperature storage and autoclave test.  

In this paper, we assess the high volume production 
readiness of the technology using a die to wafer and die to die 
stacking. Critical enabling factors include the CMP process for 
bonding surface planarization and Cu recess control, metrology 
tools for CMP process control and verification, and 
compatibility with the silicon supply chain for assembly. The 
singulation technology must ensure good die edge quality and 
surface cleanliness. The die handling includes a die-on-tape 
preparation process for compatibility with low cost, high volume 
assembly. We will also review our continuous process and 

bonding yield improvement.  Our new test die design with TSVs  
allows for electrical testing of all stacked die.  

Keywords— low temperature Cu to Cu direct bonding, direct 
bond interconnect (DBI), hybrid bonding, D2W, D2D, stacking, 
reliability  

I. INTRODUCTION  
With the pitch scaling through flip chip soldering reaching 

its physical pitch limit, the semiconductor industry has been 
actively searching for an alternative bonding technology . It is 
an industry consensus that the new technology needs to be all-
solid with no melting and re-solidification of metal during 
bonding. Among different options explored, Cu to Cu direct 
bonding with no metallic coating on the surface is the most 
attractive approach due to its compatibility with the wafer 
back end of line (BEOL) fabrication process.  

Cu-to-Cu bonding can be achieved through two means: 
Cu-to-Cu thermal compression bonding, or room temperature 
direct bond interconnect (DBI®), a hybrid bonding  technique. 
[1, 2, 3]  

Gao et al gave an comprehensive comparison of  the 
thermal compression bonding process and the DBI process[4]. 
The DBI process has clear advantages over the thermal 
compression bonding process, including, but not limited to, 
the following aspects: 1) Superior control of the Cu pads co-
planarity through a robust chemical mechanical polishing 
(CMP) process; 2) Room temperature bonding with no need 
for vacuum or inert environment; 3) Fast bonding cycle time 
due to the spontaneous nature of the oxide-to-oxide bonding; 
4) No need for external pressure during bonding or anneal;     
5) Fully sealed Cu pads during anneal, with no oxidation 
concern; 6) Low anneal temperature with no need for metal 
coatings on the Cu pads; 7) Hermetic seal of the Cu 
interconnect for high reliability in service environment. In 
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fact, all commercial products using wafer-to-wafer bonding to 
achieve direct Cu-Cu interconnect are using the DBI 
technology. Examples are: CMOS image sensor [5]  and 3D 
NAND memory [6]. 

While W2W DBI bonding is well suited for certain 
applications with matching die size on both wafers with high 
die yield on each wafer, D2W DBI bonding (DBI Ultra) opens 
up  a much wider applications space. Example applications 
include 3D DRAM, heterogenous integration and chip 
disaggregation.  Stacking of DRAM die, which have a 
relatively low die yield on wafer,  requires known good die 
(KGD) for stacking; Heterogeneous integration refers to  die 
prepared with multiple materials and/or fabrication 
technology nodes bonded to the same host die site on the host 
wafer. Chen, Chiou and Yu have shown superior system 
performance with a hybrid D2W bonding to replace a package 
with solder microbump [7]. Re-architecting of large chips 
currently manufactured on a single wafer to multiple wafers 
with different technology nodes to shorten the product 
development cycles, enhance  performance and reduce 
manufacturing cost.  Given the fact that DBI Ultra technology 
can scale the pitch down to a sub-micron dimension, it is an 
ideal candidate as the next generation platform for a D2W and 
D2D bonding technology.  

To enable the DBI Ultra technology adoption to 
mainstream  high volume manufacturing, several technical 
challenges need to be addressed to ensure the ease of 
integration with existing design and assembly infrastructure. 
Since the interconnect pitch for the HBM package is currently 
35-40 µm., the DBI Ultra technology can be tested and proven 
for production with the existing pad/pitch design and bonding 
infrastructure, it paves the way for initial adoption at the 
current pitch and many generations of pitch scaling.  Another 
area of concern is contamination management. The die must 
be nearly particle free at the time of bonding for this zero 
standoff bonding technique.  High throughput is required in 
the assembly process. For the technology to be truly 
competitive, bonding throughput needs to match or approach  
the flip chip reflow soldering process. 

 

II. ADDRESSING CRITICAL CHALLENGES FOR DBI ULTRA 
HIGH VOLUME PRODUCTION  

A. CMP Process Capability 
The unique CMP challenge for D2W and D2D hybrid 

bonding is the Cu recess control on large bond pads. Existing 
bonders for  high volume flip chip assembly have alignment 
accuracy of 3 um or higher. Bonders with more accurate 
alignment normally have much lower throughput. For high 
assembly yield, the bond pad diameter needs to be at least 5x 
of the value of bonder alignment accuracy. Therefore, CMP of 
bond pads as large as 15 µm is required.  DBI bonding requires 
shallow and uniform Cu recess for high assembly yield. 
During the CMP process, the Cu recess tends to increase with 
the Cu pad diameter. Although Cu damascene process and Cu 
CMP is now the standard process for wafer BEOL fabrication, 
the Cu recess  requirement for the Cu probe pads, which are 

the large Cu features on the die, is not as stringent as the 
requirement for DBI bond pads.   

Invensas has established internal 200mm and 300mm 
CMP capability and conducted extensive CMP development 
on Cu bond pads ranging from 1µm to 20µm diameter. Figure 
1 shows a Cu recess deviation from mean as a function of 
distance to the wafer center for four 300mm wafers with 15 
µm diameter bond pads. The largest Cu recess non-uniformity 
across the entire wafer was 3 nm. We have achieved  a similar 
level of Cu recess uniformity for bond pads diameter ranging 
from 1 µm to 20 µm, paving the way for adoption of DBI Ultra 
technology in diverse applications with different pitches. We 
have also transferred the CMP process to our partner’s 300mm 
CMP tool  with equivalent results. 

 

 
Fig. 1. Deviation of the Cu recess from the mean value as a function of 
distance from the wafer center for four 300mm wafers polished on the 
Invensas 300mm CMP tool.  

B. Bonding Surface Metrology  
Since surface topography control is critical for high 

assembly yield, it is critical to have the right metrology 
equipment and test methodology to monitor oxide surface 
roughness and Cu recess. Lee et al have published  test 
methodologies for atomic force microscopy (AFM) to obtain 
accurate surface characterization [8].  We have implemented 
the methodology in two locations within Invensas and have 
wafers routinely measured at both sites. Fig. 2 shows  the 
difference of Cu recess measured on three 200mm wafers at 
two locations in Invensas. The maximum difference on three 
wafers compared is 1.2nm.  

 

 
Fig. 2.  The difference of Cu recess (in nm)  measured on the same three wafers 
at two Invensas locations .   
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C. Dicing Process Development 
One of the unique challenges to D2W hybrid bonding is die 
singulation. For W2W DBI bonding, the wafer surface is 
very clean after the final CMP process used to produce 
smooth oxide surface and specific Cu recess. However, the 
die singulation process generates a large quantity of 
particles, contaminants, and edge defects. If the bonding 
surface is not properly managed, the contamination from the 
dicing process can lead to massive voiding at the bond 
interface or total bond failure. For example, Inoue et. al 
showed that die singulated with blade dicing showed 100% 
bonding failure due to die surface contamination  [9].  
 
At Invensas, we have developed solutions to singulate the 
wafer and ensure die surface cleanliness meets the 
requirement for hybrid bonding. We have developed a die 
singulation processes using blade dicing, the most widely 
used dicing method in the industry, as well as laser stealth 
dicing, which has been gaining popularity, especially with 
thin die. Fig. 3 shows the optical images of die singulated 
with blade and laser stealth dicing. In contrast to the 100% 
bonding failure with blade dicing observed by Inoue et. al, 
we have achieved 100% die bonding with 95% of the die 
showing no void at the bonding interface (Fig. 4). We have 
confirmed that either dicing technique is compatible with 
our die handling and bonding preparation with a high die 
yield in our prototype lab. 

  

 
   (a) 

 
   (b) 

Fig. 3. Optical images of die edges prior to bonding showing minimum 
chipping and high cleanliness. (a) blade dicing;  (b) laser stealth dicing.  

 
Fig. 4. CSAM image of a host wafer with 162 blade diced die bonded though 
DBI Ultra. 95% of the die are void free at the bonding interface.  

 

D. HVM Compatible Die Processing  
A wafer  needs to be mounted to a dicing frame for the 

singulation process. After the wafer singulation, the die on 
tape can be directly placed into the HVM bonder for die pick 
and placement.  This approach reduces assembly cost, and 
minimizes thin die handling which leads to die breakage and 
defect generation. As a part of the DBI Ultra technology 
development, we have developed a die preparation process for 
die-on-tape-in-dicing frame. After wafer singulation, the die 
go through a pre-bond surface preparation process while still 
mounted on the dicing tape in frame. After the pre-bond 
surface treatment, the frame is placed inside the HVM bonder 
for direct die pick and place. The Invensas process is 
compatible with tape frame, a low cost die handling system . 
Fig. 5 shows the remnants of a diced wafer on tape frame 
prepared for bonding. 

 

  
Fig. 5. A picture of a partially picked diced wafer in dicing frame  
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E. HVM Flip Chip Bonder Evaluation 
To lower the technology adoption barrier, we started our 

DBI Ultra technology development with a Datacon 2200 Evo 
plus flip chip bonder with a single bonding head.  The machine 
was initially used for flip chip bonding. We retrofitted the 
machine with a class 100 clean kit and converted it for DBI 
Ultra bonding. The alignment accuracy is specified as +/-7 
µm. By lowering the bonder head travel speed, we were able 
to achieve +/-5um alignment accuracy while bonding at 1636 
UPH [10].  

To further enhance our capability to demonstrate 
continuous pitch scaling with DBI Ultra, we have recently 
installed a Datacon 8800 Cameo bonder with a class 100 clean 
kit. Fig. 6 shows alignment accuracy  measured from 240 die 
bonded over a period of three days.  Measurement was taken 
at the die center and at four corners. The plot shown here is 
the worst corner. The results show that the machine meets the 
specification of 3s (local) < 3 µm and 3s (global)< 5 µm.  

 

 
Fig. 6. Results of an alignment accuracy study carried out on a Datacon 8800 
Chameo bonder. Data shown is the worst case corner for alignment. 

 

III.  ADDRESSING DIE STACKING APPLICATION CHALLENGES 

A. Single Layer Assembly Yield 
Having high yield at each  layer of assembly is critical to 

minimize compound yield loss for stacking. In 2018, we 
published our electrical test yield  on a large daisy chain 
covering 50mm2  of bonded surface with 31356 daisy chain 
links [11]. Electrical test yield for 10 consecutive lots is 
increasing, with the highest yield of 92% achieved in a 1K 
clean room prototyping laboratory. Through development of 
an improved process (process B), we achieved even higher 
electrical test yield, with one lot showed 100% test yield. Fig. 
7 shows an example of bonded daisy chain lot. The test die is 
approximately 8mm x12mm in size. The main test area (area 
1) covers 50mm2 of bonding area  (10x area of the TSV area 
for HBM die) (Fig. 7a) and 31356 daisy chain links (8X of 
TSV counts in a HBM die).  As shown in Fig. 7b, the electrical 
test yield for the test area 1 is 95%. Furthermore, all failures 

are due to voids at the bonding interface. This is a 
confirmation that the CMP process is well in control and does 
not contribute to any electrical test failure.  

 
   (a) 

 
   (b) 

Fig. 7. (a) Schematic illustration of the daisy chain die layout. (b) Overlay of 
CSAM image for the bonding interface and the resistivity test results for test 
area 1. Green: pass; Red: fail 

 

 
Fig. 8. Time-sequenced bonding yields of 21 experimental lots measured by 
electrical continuity of a 31k link daisy chain for Process A and Process B. 
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CSAM and electrical test results over multiple assembly 
lots have confirmed that the new process resulted in reduced 
voiding and improved electrical test yield. As shown in Fig. 8. 
The range of yield process A is 80% to 92% and the range of 
yield for the process B is 88% to 100%.  

 

B. DBI Ultra Stacking Demonstration  
Invensas has published a D2W stacking process at ECTC 

in 2018[10] and integration of TSV into DBI Ultra in 2019 [4]. 
Oxide bonding of multiple layers takes place in an ambient 
environment. Once all layers are placed, the host wafer goes 
through a batch anneal. Cu-Cu connection through all bonding 
interfaces forms in the single batch anneal. The stacked 
samples published in 2017 [12] and 2018 [11] used blade 
dicing for wafer singulation.  

In 2019, we evaluated D2W stacking using laser stealth 
dicing for wafer singulation. Fig. 9 shows pictures of 4-die 
stack from 8mmx12mm die singulated with laser stealth. Die 
thickness for each layer is 50 µm. Assembly of die from blade 
and laser stealth dicing show comparable results. The daisy 
chain die used in this study have surfaces meeting the DBI 
bond  specification on both sides but no TSV. Fig.10a shows 
a 3D X-ray cross section image of a 4-die stack. Fig. 10b 
shows a high magnification cross-sectional image of the 
bonding interface with well fused Cu interconnect.  

 

 
   (a)  

 
   (b) 

Fig. 9. Pictures of 4-die stack on a host daisy chain wafer. (a) whole-die view; 
(b) enlarged view of the die edge.  

 
   (a) 

 
   (b) 

Fig. 10: Cross section of the die stack shown in Fig. 9. (a) 3D X-ray image 
showing all four layers; (b) high magnification of the bonded Cu interconnect.  

 

C. DBI Ultra Stacking Demonstration with TSV 
Invensas  is currently completing the fabrication of a new 

test die with TSVs for stacking study. The size of the die is 
8mm x 12mm. The TSV diameter is 5 µm, TSV pitch is 35 
µm, die thickness is 50 µm. The die dimension, thickness, 
TSV size and pitch closely simulates a HBM die. As shown in 
Fig. 11, the TSV filling is uniform and void free. We expect 
to have assembly data from this test die to present in May.  

  

 

 
Fig. 11. Cross section of the TSV fill for the new test die.  
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IV. SUMMARY 
The D2W DBI hybrid bonding technology promises to 

enable generations of interconnect pitch scaling below 40 
µm. We have systematically addressed critical challenges for 
high volume production utilizing this technology. We have 
developed a robust CMP technology to control surface 
topography specification to within less than 3nm for Cu pads 
as large as 20 µm in diameter. We have developed an AFM 
methodology for precise and repeatable measurement of 
bonding surface roughness and Cu recess. We have qualified 
blade and laser stealth dicing processes for wafer singulation. 
We have developed  a die pre-bond preparation process 
compatible with HVM tape frame processes. We have also 
tested and qualified high throughput flip chip bonders for 
D2W hybrid bonding.   The technology is ready for adoption 
and HVM ramp within the industry. 

 
For D2W and D2D stacking applications, we have 

developed an assembly process that consistently achieves > 
90% single layer electrical test yield on a daisy chain chip 
with a test area covering 31356 links and 50mm2 surface area. 
Cu-Cu bond is with 1 hour of anneal at only 200oC.   We have 
also demonstrated similar die stacking results for both wafer 
singulation methods.  
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