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Flip chip bonding and active alignment are two separate techniques used in device assembly; each
tailored to different performance goals. Flip chip is an electronic packaging method where the die is
inverted so that its pads face downward and connect directly to the substrate through solder bumps. This
setup minimizes interconnect length, improves signal integrity, and supports high input-output density.

Active alignment is used for photonic packaging where optical components need to be positioned with
extreme accuracy to ensure efficient light coupling. To achieve this high accuracy, active alignment
utilizes real-time optical feedback to adjust the position of components, such as lasers or detectors, with
submicron precision. Once the optimal alignment is achieved the components are locked in place using
UV adhesives or low-temperature solder.

Use Cases — Flip Chip VS Active Alignment

Flip chip bonding is best suited for high-density electronic applications where electrical performance,
thermal management, and compact design are critical. It is commonly used in advanced microprocessors,
RF modules, GPUs, FPGAs, and high-speed memory devices. In these systems, the ability to minimize
interconnect length helps reduce signal delay and power consumption. Flip chip is also preferred in harsh
environments like automotive control units or military-grade electronics, where mechanical stability and
thermal dissipation are essential. Additionally, it supports multi-chip modules and 2.5D/3D integration
where vertical stacking and interposer connections are required.

Active alignment is mostly used in optical systems where submicron positioning accuracy is needed to
align lasers, detectors, waveguides, or optical fibers. It is essential in photonic integrated circuits, optical
transceivers, LIDAR systems, quantum optics platforms, and lab-on-chip biosensors. In these devices,
optimal light coupling cannot be achieved through passive placement alone so active alignment is
required to maximize signal throughput and minimize optical loss. This method is also used in hybrid
photonic-electronic assemblies where discrete optical components must be aligned and fixed before
electrical packaging. Unlike flip chip, active alignment is rarely used in high-volume manufacturing due
to its time intensive process.

Flip Chip - High-performance microprocessors and GPUs

- RF and mmWave modules

- 2.5D/3D integrated systems with interposers

- Automotive and military-grade electronics

- High-speed memory packages (e.g. HBM, LPDDR)

- Compact multi-chip modules with dense I/O requirements
Active Alignment - Photonic integrated circuits (PICs)

- Optical transceivers and fiber coupling

- LiDAR systems for autonomous vehicles or mapping

- Quantum optics and precision laser alignment
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- Biosensors with on-chip optical readout
- Hybrid optoelectronic devices requiring precise light path optimization

Required Specs — Flip Chip VS Active Alignment

‘ Specification H Flip Chip Bonding H Active Alignment ‘

Submicron (0.5 - 0.1 micron) to

Alignment Accuracy | =2 - 3 microns for Fintech Pico 2
nanometer scale

25-130 pm (Cu Pillar), >150 um

Bump Pitch Capability (C4) N/A
Bonding Method Thermocompr}e{sesa(:)li; Thermosonic, UV-curable adhesive or low-temp solder
Atmosphere Inert or reducing gases during Typically ambient but must ensure
Requirements bonding mechanical stability
Post-Bonding Steps H Underfill, encapsulation H UV curing or adhesive setting

Primary Tolerance
Concern

Optical coupling efficiency, angular

Solder bump height, die coplanarity alignment

Flip Chip Alignment Accuracy Comparison (3-micron, 2-micron, sub-micron
0.5-0.3)

Based on several articles on flip-chip assembly, the pitch can be estimated using the following calculation

[41(5][6]1[7]:

Gap = 0.5 * Bump Diamater

Pitch = Gap + Bump Diameter | Or | Pitch > 1.5 * Bump Diameter
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Figure 1: Figure from SHINKO ELECTRIC INDUSTRIES [7] depicting the flip chip bump and pitch development. Here the
bump size is 20 micro meters and the pitch is 30 micrometers which corresponds with the formula provided above
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The need for tight placement accuracy in flip-chip bonding depends heavily on bump pitch, which defines
the distance between solder joints on the die and substrate. According to IPC-J-STD-029, the alignment
of a bump should not deviate more than 25% from the center of the underlying pad or under-bump
metallization (UBM). While this sets an upper boundary for acceptable misalignment high-yield
production processes require much tighter tolerances, typically <10% of bump pitch for high-reliability or
fine-pitch applications [1]. This ensures robust solder contact, avoids electrical shorts or opens, and
accounts for variations introduced by thermal cycling and mechanical stress. The formula governing this
relationship is:

Misali CE (%) = Placement Accuracy 100
isalignment Error (%) = Bump Pitch x

For example, a 3 um placement accuracy on a 60 pm pitch corresponds to a 5% error which great for
most flip-chip processes. But that same 3 um placement accuracy on a 30 pm pitch becomes 10%, which
approaches the risk threshold for electrical opens or bridging, especially in high-frequency or high-density
designs. As a result, 3 um tools are best suited for bump pitches >60—-100 um, typical of RF modules,
biosensors, and photonic devices. 2 pm tools allow for finer I/O density, enabling reliable bonding at
pitches down to 40 pm.

Sub-micron placement (<0.5 pm) becomes mathematically necessary when the bump pitch drops below
10 um. For instance, achieving less than 10% error at 10 pm pitch requires less than 1 um accuracy.
However, the challenge is not only placement it’s also the process physics. Solder-based flip-chip
bonding relies on self-alignment through surface tension during reflow, which can correct initial
misalignments up to 20-30% of pad diameter [2]. Below 20 um pitch, solder balls become unreliable,
and hybrid bonding (oxide-to-oxide or copper-to-copper direct bonding) becomes the dominant method.
This technique eliminates the need for reflow and depends entirely on sub-micron placement accuracy,
typically <0.5 um[3]. Therefore, while sub-micron alignment tools exist, they are most useful for hybrid
bonding, not traditional flip-chip.

Flip Chip VS Die Bonding

Flip chip and die bonding differ significantly in terms of equipment requirements, process control, and
target applications. Flip chip bonding, especially using C4 bumps or copper pillar interconnects, requires
high-precision alignment systems capable of £2—3 pm placement. C4 technology, with bump pitches
typically >100 pm, allows for reflow-based self-alignment using solder balls. This method requires a flip
chip bonder with heating stages, flux or paste deposition systems, and reflow ovens. Copper pillar flip
chip, which supports pitches down to 30 pm, demands tighter alignment and often uses
thermocompression or thermosonic bonding. It may also include underfill dispensing and curing
equipment to reinforce the mechanical bond.

Die bonding, on the other hand, includes a broader range of attachment techniques with varying
equipment needs. Epoxy die bonding requires a dispenser for adhesive application, a pick-and-place
machine with +5-10 um accuracy, and a curing oven. Eutectic bonding, using alloys like AuSn or AuSi,
requires heated stages capable of reaching 150—400°C, based on the solder material being used, and tight
control of bonding time and atmosphere. Silver sintering can be performed either under pressure or in a
pressure less setup. Pressure sintering requires a force-controlled bonding head capable of several MPa of
pressure, as well as elevated temperatures around 200-300 °C. Pressure less sintering reduces equipment
complexity but may require longer bonding cycles and careful surface preparation.
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In terms of use cases, flip chip with C4 is well-suited for high I/O count devices such as FPGAs,
processors, and memory stacks where thermal and electrical performance are critical. Copper pillar
bonding is preferred in applications with fine-pitch interposers, 2.5D integration, or RF packages where
signal integrity matters. Epoxy die bonding is ideal for passive components, low-power sensors, and
biomedical devices where stress must be minimized. Eutectic bonding is used in optoelectronics, MEMS,
and aerospace where thermal stability and high conductivity are required. Silver sintering is chosen for
power modules, IGBT packages, and high-reliability environments such as automotive and defense due to
its excellent thermal and electrical performance.

Equipment Requirements- Flip Chip VS Die Bonding

Flip chip bonding and die bonding each demand specific equipment tailored to their thermal, mechanical,
and precision needs. For flip chip using C4 solder bumps (typically 100—150 um pitch), the process relies
on reflow ovens, flux dispensers, and flip chip bonders with optical alignment systems offering ~+3 um
accuracy. These systems typically use a heated stage for flux activation and solder reflow. No pressure is
required, as solder self-alignment corrects minor misplacements. In contrast, copper pillar flip chip (with
pitches as fine as 25-40 um) requires more advanced thermocompression bonders. These tools include
high-precision alignment optics, fine-force control, and heated stages capable of reaching ~250-300 °C.
Since solder volume is minimal and self-alignment is limited, alignment accuracy needs to be tighter,
often within £1-2 pm. In many setups, these bonders also integrate underfill dispensers and curing ovens.

Epoxy die bonding requires simpler equipment. A die bonder with a dispenser head deposits conductive
or non-conductive epoxy on the substrate, followed by pick-and-place with ~+10 pm accuracy. A curing
oven then completes the process. Eutectic die bonding (using alloys like AuSn or AuSi) demands bonders
with localized heating stages that can reach 300—400 °C, and sometimes inert gas purging such as the
CENTROTHERM vacuum reflow oven at AmMTECH. These machines must control both temperature,
dwell time, and pressure precisely but don’t always require high bonding force. For silver sintering, two
types of tools exist. Pressure-based systems use a heated press or force-controlled bonding head capable
of applying several megapascals of pressure during sintering at 200-300 °C. Pressure less sintering
systems replace mechanical force with longer dwell times and often require controlled atmospheres such
as nitrogen or vacuum.

Customers Moving Into Sub-Micron Range

Sub-micron flip chip alignment (0.5-0.3 pm) is critical for customers operating at the forefront of
technology, where even the slightest misalignment can compromise performance. Quantum computing
companies require this level of precision to ensure accurate optical coupling and low-loss signal
transmission in photonic and superconducting circuits.

Similarly, photonics and optoelectronics developers working on photonic integrated circuits, laser diode
assemblies, or optical interposers depend on sub-micron alignment for efficient waveguide and fiber
coupling.

RF and mmWave component manufacturers also require this accuracy to maintain impedance matching
and signal integrity at high frequencies. In the biotech space, companies developing neural interfaces or
high-density biochips rely on tight alignment for functional miniaturization and reliable electrical or
optical interfaces.
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Lastly, R&D labs and advanced semiconductor startups engaged in 2.5D/3D integration or neuromorphic
systems require sub-micron placement to support ultra-fine pitch interconnects and emerging device
architectures.
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