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Abstract— In recent years, wafer-scale engines have emerged as
a promising solution for achieving high performance computing
(HPC), thanks to their advantages on form factor and
scalability. By building a wafer-scale system with fine-pitch die-
to-wafer bonding, it is possible to achieve high computing
power, large memory capacity, and fast and efficient access to
this memory, while ensuring high manufacturing yield and low
design complexity. Large wafer-scale systems, however, make
enormous demands on power (=50 kW for a 300 mm diameter
wafer), and methods to deliver this power efficiently, uniformly,
and cost-effectively have not been fully realized yet. Compared
to silicon, Gallium Nitride (GaN) switches promise higher
conversion efficiency and higher power density, due to GaN’s
large bandgap, large breakdown electric field, and high electron
mobility. In this paper, a dielet-on-GaN interconnect fabric
(GaN-IF) vertical structure was demonstrated with a < 10 pm
metal bonding pitch for the future three-dimensional integrated
voltage regulator (3D-IVR). This allows for intimate integration
of the GaN switches with high-performance CMOS logic and
passives in the substrate. An average shear force of 160.76 N was
achieved on a dielet-to-wafer assembly with a dielet size of 4
mm?. An effective specific contact resistance of 0.13 Q-pm? was
measured for the Cu-Cu bonding interface. A reliability test was
performed, showing a resistance change of < 4%.
Photoluminance, x-ray diffraction, and Raman spectra were
measured to prove that our fabrication and bonding processes
are not degrading the quality of the GaN layer. Additionally, a
novel architecture is demonstrated, which allows an efficient
delivery of power to the wafer-scale system through a dielet-side
power delivery network (PDN) that does not require through-
silicon vias (TSVs) — which are costly and necessitate the
thinning of the substrate. A robust integration process flow for
dielet-side power delivery was developed and optimized to
obtain desired mechanical and electrical properties of the
assembled structure. Power platforms were flip-bonded to the
front side of the die-to-wafer assembly to form daisy chains.
This is the first work that demonstrates a power-efficient, cost-
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effective, and heterogeneous power delivery architecture for
wafer-scale systems.
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1. INTRODUCTION

Wafer-scale systems —with many processing cores, large
memory capacity, and high bisection bandwidth — satisfy the
rapidly rising demand for high-performance computing
(HPC). Such large but compact systems substantially facilitate
the development of a wide variety of memory-access limited
applications such as graph processing, recommendation
engines, molecular dynamics simulation, etc. Compared to
conventional systems, wafer-level systems exhibit better
performance and higher energy efficiency[1][2]. A wafer-
scale graphics processing unit (GPU) implementation
outperforms the traditional multi-chip module (MCM)-based
implementation on PCB by up to 18.9x speedup and 143x
energy-delay product (EDP) benefit[3]. This improvement
mainly stems from largely improved connection density
between the GPU nodes.

There are two methods to create a large system: building a
large system-on-chip (SOC) or interconnecting known-good-
dielets (KGDs) onto a large substrate with fine 1/O pitch.
Building a large wafer-scale SOC is impractical due to the
following issues: 1. it will suffer from low manufacturing
yield, which requires complex redundancy design to promise
an acceptable functionality. 2. the nature of homogeneity —
substrate materials, technology nodes, etc. — only allows the
use of static random-access memory (SRAM) for memory,
which is relatively small and may not satisfy some of the
memory-hungry applications such as GPUs. The need for
terabytes of memory necessitates numerous denser memories
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such as dynamic random-access memory (DRAM) or flash
and mandates high-bandwidth access to these memories.

Heterogeneous wafer-scale integration, on the other hand,
offers the system large compute, large memory, and high
bandwidth access to this memory simultaneously, leveraging
silicon-based interposer techniques and fine-pitch die-to-
wafer bonding. At UCLA CHIPS, previous works have
demonstrated the architectural and technological potential of
such an integration scheme by developing a silicon-based
large-scale substrate called the Silicon Interconnect Fabric
(Si-IF)[4]. It borrows the silicon back end of line (BEOL)
process materials and techniques and achieves low latency (<
20 ps), and high bandwidth density with an energy per bit of
< 04 plJ[5]. However, such a large and compact
heterogeneous wafer-scale system demands enormous power
(>50 kW for a 300 mm diameter wafer). Assembly of wafer-
scale systems for high performance computing will consume
several tens of megawatts[6]. However, an approach to
efficiently, uniformly, and cost-effectively delivering this
power has not been fully realized yet. The current state-of-the-
art power delivery schemes for large-scale systems usually
have low overall efficiency (<70%). The overall efficiency is
the product of the conversion/regulation efficiency and the
PDN efficiency. A high conversion efficiency has been
achieved thanks to the mature switching regulator circuits and
technologies, while most of the power is dissipated by Joule
heating (P=I°R) at the PDN. In this work, two efforts are made
to reduce the prohibitive PDN power loss for wafer-scale
systems while addressing the challenges of heterogeneity and
scalability:

The first effort is to reduce the current term (I), which is
significant because it is a quadratic term. This requires a high
voltage conversion ratio at high efficiency with fast response
time and compact size. Utilizing larger bandgap GaN devices
allows high voltage conversion thus reducing the current [7]—
[13]. Fig. 1 shows a comparison of traditional PDN for wafer-
scale systems and the novel PDN architecture in this work.
Details of this effort is discussed in section II: a Si-on-GaN
three-dimensional (3D) structure for 3D integrated voltage
regulators (3D-IVRs) is proposed to increase the power
efficiency, and heterogeneous integration of silicon dielet to
GaN-interconnect fabric (GaN-IF) is demonstrated.

The second effort is to reduce the resistance term (R) of
the PDN. GaN VR splits the system PDN into two parts —
PDN: and PDN3, and impedance on both sides is required to
be reduced. Placing GaN in a vertically close vicinity to the
point of load (discussed in section II) has been explored to
decrease the resistance of the PDNz. To reduce the resistance
of the PDNi, uniformly delivering power to the voltage
regulator from the dielet-side/substrate-side of the wafer-scale
systems should be considered. In this work, we show that a
dielet-side PDN approach enables a cost-effective and
scalable solution for wafer-scale systems. Experimental
investigations are discussed in section III.
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Figure 1. (a) Conventional PDN architecture for wafer-scale systems: large
current passes through high-impedance PDN; (b) Concept in this work:
high voltage converter (GaN) splits the original PDN into two parts (PDN;
and PDN>), and the voltage regulator is vertically close to the point of load.

II.  THREE-DIMENTIAL POWER DELIVERY PLATFORM
WITH FINE-PITCH CU-CU BONDING

In this section, the concept of GaN-IF for efficient power
delivery was proposed, and a heterogeneous integration was
demonstrated on the GaN-IF platform.

A. GaN-Interconnect Fabric: a compact power
delivery and interconnect platform

When power is delivered to a wafer-scale system, the
traditional voltage conversion/regulation (usually on the
motherboard) leads to unacceptably high voltage drop and
prohibitive power loss. Integrated voltage regulators (IVRs)
have gained popularity due to their ability to minimize power
loss and voltage drop in the PDN, while also providing
additional voltage domains. On one hand, the closer IVR is
placed to the point of load (PoL), the longer segment of PDN
will deliver low current, thus decreasing the PDN power loss.
Take a wafer-scale system as an example, if a 48 V-1 V GaN
IVR is placed near the dielet rather than on the motherboard,
the current will be decreased by 48-fold, yielding a >2000-
fold power saving on the PDN between the power input and
the IVR. This is a substantial power saving for the wafer-size
systems. On the other hand, multi-core or multi-dielet can
have different voltage domains using a highly granular
segmented approach.

The high input/output conversion ratio of IVRs requires
ITI-V devices such as GaN high electron mobility transistors
(HEMTs). Compared to silicon laterally diffused metal oxide
semiconductor (LDMOS), the GaN HEMT has larger
bandgap and higher electron mobility to deliver higher
conversion efficiency and power density[14]. GaN switches
can work at higher frequencies compared to silicon switches,
and this allows miniaturization of the inductors and
capacitors to further compact the system and increase the
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power density. However, most state-of-the-art GaN IVRs are
still integrated into the package side-by-side with the load-
chip. These IVRs not only deteriorate the power density by
occupying valuable space on the package, but also disrupt the
regularity of the load-array. To address these problems, we
report a novel three-dimensional integrated voltage
regulation (3D-IVR) platform GaN-IF. Fig.2 illustrates an
envisioned schematic of a system on the GaN-IF. Silicon
utility dielets are bonded on the GaN-IF, serving as the
regulation feedback. The inductors and the capacitors can be
fabricated on the silicon substrate for a better form factor and
lower PDN power loss. The GaN switches are on the
Interconnect Fabric, and the load dielets will be
heterogeneously bonded onto this GaN-on-Si substrate with
a fine bonding pitch. GaN-on-Si is a robust material system
compared to other substrates such as sapphire and SiC.
Furthermore, all our Si-IF learning is extendible to the GaN-
IF system. The proof of concept and a passive demonstration
are presented in the rest of this section.

substrate

(b) power power
| .
m (11}
Dielet Dielet Dielet
- — — —— S - 1 —— - T — ] —— -

wv ws

GaN power n-FET  Fine-pitch (S 10 ym)
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Figure 2. (a) 3D schematic of the GaN-IF: a wafer-scale heterogeneous die-
to-wafer integration with embedded power switches, inductors, and
capacitors. Dielets, GaN devices, L and C are 3D stacked; (b) Cross-section
schematic of the PDN architecture in this work.

B. Experiment

To evaluate the mechanical robustness, specific contact
resistance, electrical continuity, and reliability of the fine-
pitch Cu-Cu direct bonds in a Si-to-GaN heterogeneous
assembly, a specific daisy-chain structure was chosen and
fabricated. Each assembly of dielets-to-wafer comprised a
total of 180 daisy chains. Out of the 180 chains, 15 were
chosen for testing. Each chain features a length of 3600 pm

and contains 180 bonding pillars, providing an adequate test
bed for characterizing the electrical performance of the Cu-Cu
direct bonds. GaN-on-(111)Si substrate was chosen for its
excellent thermal conductivity, mechanical strength, and
affordability. 400 nm of GaN was grown using hydride vapor
phase epitaxy (HVPE) by Kyma Technologies, and a thin (200
nm) layer of AIN was sandwiched by the GaN layer and the
Si substrate to be used as a stress buffer. The quality and
uniformity of the GaN layer were evaluated by measuring
photoluminescence (PL) spectra, x-ray diffraction (XRD)
spectra, and Raman spectra at five different locations
(including the center and the edge). The dielet-on-GaN-IF
fabrication and bonding process flow is shown in Fig. 3.

4 Preparation of GaN-on-Si wafers

4 Fabrication of HEMT devices and their metal contacts (skipped in this work)

4 Patterning of Cu wires and Cu bonding pillars by the Damascene process
(<300°C)

4 Dielet-to-GaN wafer assembly by Cu-Cu thermal compression bonding
(<400°C, <150 MPa)

4 Deposition of Al,0; for encapsulation by ALD (<200°C)

Figure 3. The integration process flow of the dielet-on-GaN-IF assembly.

The Damascene process was performed on both the GaN-
on-Si wafer (substrate, Fig. 4(c)) and another silicon wafer
(from which the dielets were sourced, Fig. 4(d)). The dicing
street (Fig. 4(d)) was specifically designed and recessed to
avoid dielet edge chipping and cracking during the dicing
process[15]. Then the silicon wafer was protected using a
spin-on organic film and diced into 2x2 mm? pieces (Fig.
4(d)). The top surface of the GaN-IF wafer and the diced
dielets were terminated with Cu pillars and Cu pads,
respectively. The top dielectrics on the substrate were
recessed for 200 nm to ensure a successful tacking of Cu to
Cu during the bonding process[16]. Both the GaN-IF substrate
and the Si dielets were cleaned, followed by an additional
acetic acid cleaning to remove the surface cupric oxide. After
a 30-second Ar/H: reducing plasma surface treatment, the
known-good-quality silicon dielets were picked, aligned, and
tacked to the GaN-IF substrate with a 100 pm inter-dielet
spacing (Fig. 4(b)) under a relatively low temperature of
120°C, a bonding force of 200 N, and a bonding time of 10
seconds. Subsequently, the assembly was subjected to a one-
hour annealing process at 400°C under a top-down pressure of
137.5 MPa in a high vacuum environment to enhance the
bonding strength[17]. The bonded samples (Fig. 4(a)) were
then encapsulated with a 15 nm of Al2Os layer using atomic
layer deposition (ALD) process.
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Figure 4. (a) Demonstration of fine-pitch heterogeneous integration: 2 mm
by 2 mm silicon dielets are flip-chip bonded to a GaN-on-Si wafer with a
pattern of “UCLA GaN-IF”; (b) Zoomed-in view of two adjacent dielets
with an inter-dielet spacing of 100 pm; (c) Top view of GaN-IF substrate
before dielet assembly (inset: zoomed-in view of the bonding pillars with

10 um pitch); (d) Front-side view of the silicon dielet before assembly
(inset: zoom-in view of the bonding pads with 10 pm pitch). The dicing
street is recessed to eliminate the effect of edge chipping and cracking
during the saw dicing process.

To check the alignment accuracy and the bonding
interface quality, a focused ion beam (FIB) cross section was
fabricated, and a cross-sectional view was obtained using
scanning electron microscopy (SEM). Five different dielets
were selected from the entire GaN-IF for conducting shear
tests. A four-probe test was conducted on 45 different daisy
chain links on the bonded samples. To prove that our
fabrication and bonding processes are compatible with GaN
devices, GaN layer quality was evaluated again by PL, XRD,
and Raman on a control sample that went through the same
processes described above. To examine the performance of
the passivated samples under extreme temperature and
humidity conditions, the unbiased highly accelerated stress
test (UHAST) at 130°C and 85% relative humidity for 96
hours (JEDEC JESD22-A118 test condition A) was
performed. After subjecting the samples to the UHAST, the
shear tests and four-probe measurements were repeated.

C. Results and Discussion

To scale the interconnect pitch down to <10 pm, it is
crucial to achieve a die-to-substrate alignment accuracy of <1
pm with an exceptional bonding quality. The bonding
interface was meticulously analyzed using a Focused Ion
Beam Scanning Electron Microscopy (FIB-SEM) to appraise
the alignment accuracy, as illustrated in Fig. 5(a). The three-
dimensional cross-sectional view of the bonded die-to-wafer
stack revealed the heterogeneous integration of silicon (top
dielet) on top of the GaN-on-Si (bottom substrate) with a
fine-pitch of 10 um and an alignment accuracy of £1 pm in
both the x and y directions. Fig.5(b) shows a zoomed-in view

of the Cu-Cu bonding interface, suggesting enough Cu grain
growth and an excellent void-less interconnection.

Cu pad in the silicon dielet

;

Bonding interface

u pillar in the GaN-IF

1 pm aﬁgn ent DRSS
accuracy in both x

and y directions Cu pad in the GaN-IF

Figure 5. (a) 3D cross-sectional view of the bonded die-to-wafer stack
featuring 3D heterogeneous integration of silicon (top dielet) on top of the
GaN-on-Si (bottom substrate); (b) Zoomed in view of the Cu-Cu bonding

interface featuring void-less interconnection.

Shear tests were conducted on five different die-to-
substrate assemblies to benchmark the mechanical properties
of the bonds. Excellent bonding strength was shown in Fig.
6(a) with an average shear force of 160.76 N, which is three
times higher than the military specification (50 N)[18]. The
shear strength variation can be attributed to the different Cu
pillars’ flatness/uniformity from site to site on the substrate,
misalignment from assembly to assembly, and/or
measurement errors.

The resistance of each daisy chain was characterized by a
four-probe voltage-current measurement. We observed
complete connectivity across 45 measured daisy chains on
three different dielets. In Fig. 6(b), the current-voltage
characteristics of the daisy chain are depicted by red boxes,
with the red dotted line indicating a linear regression of the
average resistance of 4.65 Q. The variation in the
measurement can  be  attributed to  different
translational/rotational misalignments from dielet to dielet,
rotational misalignment on a single dielet-to-substrate
assembly, and/or measurement errors. To determine the
contact resistance of an individual pillar, we de-embedded the
effect of the Cu pad resistances from the measured daisy
chain resistance. We found that the average specific contact
resistance per Cu-Cu bond is 0.13 Q-pm?.

Following the reliability test (UHAST), the average shear
force was quantified as 138.47 N, exhibiting a 13.8%
variation in the bonding strength, as demonstrated in Fig.
6(a). Moreover, the average resistance of the 45 links
increased to 4.83 Q, indicating only a 3.87% change in the
electrical property, as shown in Fig. 6(b). These reliability
results demonstrate the effectiveness of the ALD
encapsulation process.
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Figure 6. (a) Shear forces of the dielet-to-GaN-IF assembly before (red)
and after (blue) the UHAST reliability test with the inset showing the
testing methodology; (b) Voltage-current characteristics of the dielet-to-
GaN-IF assembly before (red) and after (blue) the UHAST reliability test
with the inset illustrating the measurement setup.

Fig.7(a), (b), and (c) illustrate that the GaN layer quality
was intact after the metal layers fabrication process and the
bonding process by presenting the comparison of PL, XRD,
and Raman results. In the PL measurement, excitation
wavelengths of 280 nm, 290 nm, and 300 nm were chosen.
Five sites across the wafer from center to the edge were
measured. Tool setup, aperture size, sample position, and
measured sites were consistent before and after the processes.
The solid lines represent the average of the measured data,
and the colored shadow regions represent the error bar. In all
the PL measurements, the peak position, the full width at half
maximum (FWHM), and the peak intensity displayed a
variation less than 5%, indicating the stable GaN crystal
quality during the entire process. In the XRD measurement,
the GaN peak was offset to zero, and the FWHM was 1653
arcsecs and 1675 arcsecs before and after processes, further
implying that the quality of the film did not change. In the
Raman measurement, a laser beam with a wavelength of 488
nm was used, and a Raman shift peak at 566 cm™! was
obtained for the sample both before and after the processes,
revealing no strain in the GaN layer after the processes.

(a)
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Ao =280 nm =290 nm
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PL intensity (a.u.)
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Figure 7. (a) Photoluminance spectra of the GaN layer before and after
processing with excitation wavelengths of 280 nm, 290 nm, and 300 nm;
(b) XRD GaN peak spectrum of the GaN layer before and after processing;
(c) Raman spectrum of the GaN layer before and after processing with an
excitation wavelength of 488 nm.

III. DEMONSTRATION OF A TSV-LESS DIELET-SIDE
POWER DELIVERY ARCHITECTURE

In our previous work, the dielet-side power delivery
architecture was proposed, and a surrogate structure was
built[19]. This uniform power delivery scheme manifests
itself with much lower power loss compared to delivering
power from the peripheral of the wafer, and with much lower
cost compared to fabricating through-wafer vias (TWVs) and
delivering power from the substrate-side. In this section, a full
demonstration of a dielet-side power delivery architecture
with thin-dielet-to-wafer assembly and PCB-to-assembly
bonding is presented.

A. Experiment

To demonstrate the robustness of the process and the
electrical continuity, and to measure the specific contact
resistance, a daisy chain test structure was designed. The
process flow is illustrated in Fig. 8. 500-pm-thick 4-inch
silicon wafers were used as the substrate, and 100-um-thick
and 200-um-thick 4-inch silicon wafers were used for
fabricating the dielets. Thin wafers patterns were designed
and fabricated using the Ti/Cu (20/200 nm) lift-off process,
and the wafers were saw-diced into 5 mm by 5 mm dielets.
The substrate wafers patterns were designed and fabricated
using the single Damascene process. A 2-layer FR-4-based
PCB was designed and fabricated for testing. The PCB size
is 9.85 mm by 9.85 mm, and the thickness is 600 pum.
Electroless nickel immersion gold (ENIG) was used for the
pads surface termination. The photographs in Fig. 10(a) and
(b) depict the meandering path of the daisy chain within the
PCB. The complete chain was routed between the substrate
wafer and the test PCB using through-polymer vias (TPVs)
as depicted in the schematic diagrams of Fig. 11(a) and (b).
Each chain is 96.42 mm and 98.42 mm long for assemblies
with 100-um-thick dielets and 200-um-thick dielets
respectively, and each chain contains 18 TPVs and 36 solder-
to-Cu interconnections. Four of the thin silicon dielets were
bonded on the silicon substrate by Cu-Cu thermal
compression bonding (Fig.9(a)). The bonding parameters
were optimized to obtain the maximum bonding strength and
the minimum damage on the dielets.

4+ Thin dielet design, fabri
PCB design and fabrication

and singulation; substrate design and fabrication;

3

Dielet-to-substrate Cu-Cu bonding

P

Deposition of Al,O; for encapsulation by ALD

O

Deposition of SiO, for electrical isolation by PECVD

3

Deposition and patterning of SU8 in between of dielets

3

SU8 descum; SiO, & Al,O, etching

3

Cu bottom-up electroplating

3

Solder paste screen printing and reflow

3

Flux applying and PCB-to-wafer assembling

3

Underfill applying (skipped in this work)

Figure 8. The integration process flow of the dielet-side PDN structure.
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inter-dielet spacing

5 mm dielet size

bonded on a silicon wafer by Cu-Cu thermal compression bonding, and the
Cu patterns were for the bottom-up electroplating; (b) Top view of the
assembly with the patterned SUS; (¢) Zoomed in view of the Cu pads and
SU8 before electrochemical deposition; (d) Zoomed in view of the Cu pads
and SU8 after electrochemical deposition; the wrinkle patterns and
shadows imply short and long wavelength roughness/flatness on the plated
Cu surface; (¢) Zoomed in view of the Cu pads and SUS after solder screen
printing; (f) Zoomed in view of the Cu pads and SUS after solder reflow.

The bonded assembly was then coated with a thin layer of
alumina by ALD for encapsulation, followed by a thin layer
of silicon oxide deposition by plasma-enhanced chemical
vapor deposition (PECVD) for electrical isolation and SU8-
to-substrate adhesion. Then a SUS film was coated with a
thickness equal to the dielets’ height. TPVs were photo-
patterned (Fig. 9(b)), and the SU8 was hard-baked as it
constitutes a permanent structure on the wafer-scale system.
SF¢/CF4/O2 plasma descum process was performed to remove
the residue of SUS in the TPVs. Then the silicon oxide was
dry etched by CHF3/CsFs/Ar inductively coupled plasma
reactive ion etching (ICP-RIE) and the alumina was wet
etched by a tetramethylammonium hydroxide (TMAH)
solution. After completing the Cu bottom-up electroplating
process as depicted in Fig. 9(c) and (d), the subsequent steps
of SAC305 solder screen printing and reflow were performed
as shown in Fig. 9(e) and (f), respectively. Flux paste was
then applied to the reflowed solder balls and the PCB pads
were aligned to the solder balls and bonded together by
another reflow process (Fig. 10(b) and (c)). The assembly
was finally cut into a smaller piece for testing. The electrical
resistances of different lengths of segments on two individual
daisy chains on the assemblies with 100-pm-thick dielets and
200-um-thick dielets were characterized using the four-probe
measurement methodology.

B. Results and Discussion

The cross-sectional views of the assembled structures
were observed. Cut lines were marked in Fig. 10(b). Cross-
sectional view of the A-A’ is presented in Fig. 10(d),

indicating the complete connectivity of the daisy chain.
Zoomed in view of the interconnection is shown in Fig. 10(f).
The presence of total thickness variation (TTV) and non-
uniformity of the electroplated Cu underscored the need for a
thickness-compliant material, such as screen-printed solder.
The total thickness was controlled by the thickness of the
stencil, which compensated for the TTV and resulted in
successful bonding. The cross-sectional view of B-B’ is
shown in Fig. 10(e), demonstrating a full three-dimensional
(3D) stacking structure of the top-side power platform (PCB)
on a die-to-wafer bonded large-scale system.

TRA-VSCYLERES
Cu termination of the daisy - it
chain for the 4pt tosling @ 5

Cu M2 wire

B-B’ cross-section

Figure 10. (a) Front-side photograph of the designed PCB; (b) Top view of
the PCB-on-dielets-on-wafer stack; (c) Photograph of the full wafer after
all the dielet-side PDN integration processes; (d) A cross-sectional view of
the A-A’ cut demonstrates a complete connectivity of the daisy chain; (e) A
cross-sectional view of the B-B’ cut present 3D stacking of the PCB,
dielets, and the substrate; (f) A zoomed in cross-sectional view of the TPVs
and solder interconnections shows the non-uniformity of Cu plating and the
thickness compensation of the solder.

Daisy chains measured on two different samples were
found to have no opens and shorts. The resistance of the chain
was calculated based on the current-voltage characteristics
measured on the sample with 100-um-thick dielets (Fig.
11(c)). As depicted in Fig. 10(b), nine M2 wires were
exposed on the backside of the PCB, and segments of
different lengths were selected to evaluate the specific
contact resistance of SAC305/Cu (Fig. 11(a)). For each
length below 7 segments, three measurements were taken on
different segments of the same length. For the length of 7
segments, two measurements were taken on different
segments of the same length. For the length of 8 segments
and the full chain, only one measurement was taken. A de-
embedding technique was applied to eliminate the effect of
the resistance of Cu vias and wires from the measured daisy
chain resistance. Our analysis demonstrated an average
specific contact resistance of 36 mQ-cm? per SAC305-Cu
bond. This relatively high value may be due to the formation
of Cu3Sn and CueSns intermetallic compounds (IMCs) during
the double reflow process.
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Figure 11. (a) Front-side cross-sectional schematic of the daisy chain and
an illustration of the 4-pt test; (b) Left-side cross-sectional schematic of the
daisy chain; (c) Resistance vs. measured length of the daisy chain with the

inset showing the 4-pt measurement setup for one segment.

IV. CONCLUSION

In this paper, we propose a novel PDN architecture for
wafer-scale systems and discuss two efforts of implementing
this structure. Firstly, we constructed a dielet-on-GaN-on-
silicon vertical structure with fine-pitch (<10 um)
interconnects for the future compact 3D-integrated voltage
regulator (3DIVR). The dielet-to-wafer assembly achieved
an average shear force of 160.76 N, and a specific contact
resistance of 0.13 Q-um? was measured for the Cu-Cu
bonding interface. The reliability test revealed a resistance
change of <4%. Measured PL, XRD, and Raman spectra
verified that the quality of the GaN layer was not
compromised during our fabrication and bonding processes.
Secondly, a dielet-side PDN architecture without TSVs was
demonstrated. A robust integration process flow of the dielet-
side PDN was developed and optimized to obtain desired
mechanical and electrical properties of the assembled
structure. The total thickness variation (TTV) of through-
polymer vias (TPVs) was minimized by using the solder paste
screen printing technique. The power platform test PCB was
flip bonded to the front side of the die-to-wafer assembly.
Daisy chains were designed and built to benchmark the
dielet-side PDN. Complete connectivity of the full chain was
presented, and the specific contact resistance was extracted.
This successful demonstration paves the way for constructing
a power-efficient, cost-effective, and heterogeneous power
delivery architecture for wafer-scale systems.
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