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Flip-chip (FC) packaging is a key technology for realizing high performance, ultra-
miniaturized and high-density circuits in the micro-electronics industry. In this technique
the chip and/or the substrate is bumped and the two are bonded via these conductive
bumps. Many bumping techniques have been developed and intensively investigated
since the introduction of the FC technology in 1960 [1] such as stencil printing, stud
bumping, evaporation and electroless/electroplating [2]. Despite the progress that
these methods have made they all suffer from one or more than one drawbacks that
need to be addressed such as cost, complex processing steps, high processing
temperatures, fine-pitch bumping and most importantly the lack of flexibility. In this
paper, we demonstrate a simple and cost-effective laser-based bump forming
technique known as Laser-Induced Forward Transfer (LIFT) [3]. Using the LIFT
technique a wide range of bump metals can be printed in a single-step with great
flexibility, high speed and accuracy at room temperature. In addition, LIFT enables the
bumping and bonding down to chip-scale which is critical for fabricating ultra-miniature
circuitry.
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SHORT ABSTRACT:

We demonstrate the use of the Laser-Induced Forward Transfer (LIFT) technique for
flip-chip assembly of optoelectronic components. This approach provides a simple, cost-
effective, low-temperature, fast and flexible solution for fine-pitch bumping and bonding
on chip-scale for achieving high-density circuits for optoelectronic applications.

LONG ABSTRACT:

Flip-chip (FC) packaging is a key technology for realizing high performance, ultra-
miniaturized and high-density circuits in the micro-electronics industry. In this technique
the chip and/or the substrate is bumped and the two are bonded via these conductive
bumps. Many bumping techniques have been deveIoPed and intensively investigated
since the introduction of the FC technology in 1960 such as stencil printing, stud
bumping, evaporation and electroless/electroplating’®. Despite the progress that these
methods have made they all suffer from one or more than one drawbacks that need to
be addressed such as cost, complex processing steps, high processing temperatures,
manufacturing time and most importantly the lack of flexibility. In this paper, we
demonstrate a simple and cost-effective laser-based bump forming technique known as
Laser-Induced Forward Transfer (LIFT) . Using the LIFT technique a wide range of
bump materials can be printed in a single-step with great flexibility, high speed and
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accuracy at room temperature. In addition, LIFT enables the bumping and bonding
down to chip-scale which is critical for fabricating ultra-miniature circuitry.

INTRODUCTION:

Laser-Induced Forward Transfer (LIFT) is a versatile direct-write additive manufacturing
method for single-step pattern definition and material transfer with micron and sub-
micron-resolution. In this paper, we report the use of LIFT as a bumping technique for
flip-chip packaging of vertical-cavity surface-emitting lasers (VCSELS) on a chip-scale.
Flip-chip is a key technology in system packaging and integration of electronic and
optoelectronic (OE) components. In order to achieve dense integration of components
fine pitch bonding is essential. Although fine pitch bonding has been demonstrated by
some of the standard techniques but there is a void in terms of combining together the
other important features such as flexibility, cost-effectiveness, speed, accuracy and low
processing temperature. In order to meet these requirements we demonstrate LIFT-
assisted thermo-compression bonding method for fine pitch bonding of OE components.

In LIFT, a thin film of the material to be printed (referred to as the donor) is deposited
onto one face of a laser-transparent support substrate (referred to as the carrier). Figure
1 depicts the basic principle of this technique. An incident laser pulse of sufficient
intensity is then focused at the carrier-donor interface that provides the propelling force
required to forward transfer the donor pixel from the irradiated zone onto another
substrate (referred to as the receiver) placed in close proximity.

lines for repairing damaged photo-masks'. Since its first demonstration this technique

has gained significant interest as a micro-nano fabrication technology for controlled
patterning and printing of a wide range of materials such as ceramics!, CNTs™, QDs!®,
living cells!”, graphene!®, for diverse applications such as bio-sensors’®, OLEDs™?,
optoelectronic components ™, plasmonic sensors*?, organic-electronics™ and flip-
chip bonding!***®.,

LIFT was first reported in 1986 by Bohand¥ as a technique to print micron-sized copper

LIFT offers several advantages over the existing flip-chip bumping and bonding
techniques such as simplicity, speed, flexibility, cost-effectiveness, high-resolution and
accuracy for flip-chip packaging of OE components.

PROTOCOL:

1. LIFT-assisted flip-chip bonding

There are three stages involved in realizing the LIFT-assisted flip-chip assemblies
namely-micro-bumping of the substrates using the LIFT technique, attaching the
optoelectronic chips to the bumped substrates using thermo-compression flip-chip
bonding method and finally encapsulation of the bonded assemblies. Each of these
stages are discussed in the following sections:

1.1  Micro-bumping using LIFT:
1.1.1) For donor preparation, deposit a thin film of the donor material onto a laser-
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transparent carrier substrate. For this experiment, evaporate a 200 nm thick film of
indium metal on top of glass carrier substrate with dimensions: 5 x 5 x 0.07 cm?.

NOTE: Donor preparation method depends on the phase of the donor material e.g. use
evaporation and sputtering for solid phase donor materials and spin-coating and doctor-
blading for liquid-phase donors.

1.1.2) For receiver preparation, use glass substrates with dimensions of 5 x 5 x 0.07
cm® as the receivers. Pattern these substrates with the metallic contact pads for
bonding the OE chip and fan-out probing structures using photolithography. For this
experiment pattern 4 um thick Ni-Au bond pads and fan-out probing tracks onto glass
receiver substrates.

1.1.3) Next, place the donor in contact with the receiver and mount the donor-receiver
assembly onto a computer controlled X-Y translation stage.

NOTE: Depending on the phase of the donor material (e.g. solid (indium) or liquid
(ink/paste)) and its thickness the donor and the receiver substrates are placed at an
optimum separation that can be easily controlled by using e.g. metallic spacers.

1.1.4) Focus the incident laser beam at the carrier-donor interface employing an
objective lens of 160 mm focal length and scan the beam (20 um spot size) across the
donor substrate for transferring donor micro-bumps onto the receiver bond-pads. Use a
ps laser source of 355 nm wavelength and 12 ps pulse duration to LIFT indium bumps
onto the receiver bond-pads at a fluence of 270 mJ/cm?.

NOTE: The laser properties such as energy, no. of pulses, objective lens height,
coordinates of the precise location on the receiver substrate for printing donor micro-
bumps and the desired pattern to be transferred are accurately controlled by a computer
program. Key experimental parameters (e.g. transfer fluence) need to be optimized in
case of using another laser source.

1.1.5) For thicker bumps move the donor to a fresh area and repeat step 1.1.4 several
times. For example, repeat step 1.1.4 six times to get a stack of 6 indium bumps printed
on top of each other for this experiment. The final LIFTed bumps have an average
height of ~ 1.5 um and a diameter of 20 um (Figure 2).

NOTE: For this experiment measure the surface profile and thickness of the printed
bumps using an optical profilometer. It was examined that the bumps had a
convex/dome morphology with an average thickness of 1.5 um, averaged over the
bump diameter (as marked yellow in the figure 3). The reason for this is attributed to the
fact that the donor melted in the laser irradiated zone and the transferred pellet then re-
solidified upon reaching the receiver surface (Indium has a low melting point). The
advantage of this is that it results in good adhesion of the printed bump to the VCSEL
contact pads.
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1.2. Chip to substrate thermo-compression bonding (Figure 4-6):

1.2.1) Use a semiautomatic flip-chip bonder for bonding the optoelectronic chips to the
bumped substrates.

1.2.2) Load the bumped receiver and the chip to be bonded onto their respective
vacuum plates of the bonder. Place the chip in a flipped position i.e. with its active area
facing down.

1.2.3) Use a suitable pick-up tool and align it on the centre of the chip. Use a needle-
shaped tool as shown in figure 5. Next, pick the chip using this pick-up tool.

1.2.4) Align the chip bond-pads with the corresponding contact pads on the receiver
substrate using a camera-alignment system.

1.2.5) Once aligned place the chip on the substrate.

1.2.6) Apply heat (~ 200 °C) and pressure (12.5 gf/lbump) simultaneously to realize chip
to substrate electrical and mechanical interconnections.

1. 3: Encapsulation of the bonded assemblies (Figures 4-6):

1.3.1) Dispense an optically transparent adhesive around the edges of the bonded
assembly using a syringe needle. The encapsulation increases the mechanical reliability
of the bonded assemblies. Use a single component UV curable adhesive such as NOA
83H for encapsulating the bonded chips.

1.3.2) Cure the adhesive using a UV lamp for ~ 30 s.

2. Characterization of the bonded vertical-cavity surface-emitting lasers (VCSELS)
After fabrication the next step is to evaluate the electro-optical performance of the
bonded assemblies. The light-current-voltage (LIV) curves of the devices are recorded
post-bonding using a probe station. The following steps are involved for the testing:

2.1) Place the flip-chip bonded device onto a custom-made transparent stage. The
stage has a hole drilled in the centre for easy access to the light emitted by the
VCSELs.

2.2) Place a photodetector (PD) underneath the transparent stage and align its active
area with the bonded chip using a microscope.

2.3) Precisely position the probing needles on the Ni-Au probing pads using a
microscope.

2.4) Inject up to 10 mA of current and measure the voltage drop across the VCSEL and
the light emitted by it using a current/voltage source-meter unit and a power meter
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respectively.

REPRESENTATIVE RESULTS:

Figure 7 shows a typical LIV curve that was recorded from one of the many flip-chip
bonded VCSEL chips. A good match between the measured optical power to the
supplier quoted values indicated successful functioning of the bonded devices post-
bonding. The curves were also recorded prior- and post-encapsulation and upon
comparison it was verified that the encapsulant had no affect on the chip functionality
(as shown in Figure 7). Also, a comparison between the |-V curves recorded for the flip-
chip bonded VCSELs and those recorded from a bare die resulted in a good match
thereby, suggesting negligible additional resistance incurred due to the LIFTed bumps
(Figure 8).

The mechanical ruggedness of the bonded assemblies was tested using a Dage 4000
series machine. The encapsulated chips did not detach from the substrate without
getting damaged when a die-shear force was applied to them, thereby, testifying a very
good mechanical reliability. The stability over time of the bonded and encapsulated
chips was evaluated by performing the standard 8585 (85 °C and 85 % relative
humidity) accelerated ageing tests. During these tests the chips were kept under
controlled temperature and humidity in a climate chamber for a total of 400 hrs. The
chips were monitored electrically and optically at regular intervals. The performance and
functionality of the chips did not degrade even after 400 hrs in the climate chamber as is
clear from Figure 9.

FIGURE LEGENDS:
Figure 1: Schematic illustrating the principle of the LIFT technique.

Figure 2: Optical micrograph of a LIFT-assisted bumped receiver substrate. The inset
shows a magnified image of a printed indium micro-bump.

Figure 3: Typical optical profilometer measurements of the LIFTed micro-bumps.

Figure 4 : Depicts the various steps involved in the thermo-compression flip-chip
bonding of OE components.

Figure 5 : Optical micrographs taken at various processing steps.

Figure 6: Optical microscope image of a flip-chip bonded VCSEL chip as viewed from
the backside of the receiver glass substrate.

Figure 7: Typical LIV curves recorded for a flip-chip VCSEL assembly prior and post
encapsulation. (Modified from *°)

Figure 8: Comparison of I-V curves recorded for flip-chip assemblies bonded using
different pressures with those recorded from a bare die. (Modified from °)
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Figure 9: Plot depicting the results of ageing tests performed on the bonded VCSEL
chips.

DISCUSSION:

In this paper, we have demonstrated thermo-compression flip-chip bonding of single
VCSEL chips using a laser based direct-write technique called LIFT. The assembly
fabrication steps involved printing of the micro-bumps of indium onto the substrate
contact pads using the LIFT technique. This was followed by thermo-compression flip-
chip bonding of VCSEL chips to the bumped substrates and finally their encapsulation.

Electrical, optical and mechanical reliability of the LIFT-assisted bonded chips was
evaluated by measuring their LIV curves and performing standard 8585 ageing tests.
The successful results obtained for optical characterization, mechanical stability, and
durability clearly highlight the great potential of the LIFT technique as an interconnect
technology.

It should be mentioned that currently LIFT printing is limited to thin films when it comes
to solid-phase materials and it is challenging to LIFT thicker films (~ 10 um). Having
said that by Pre-processing the donor films such as pre-patterning the donors prior to
printing them'*® can make LIFTing of thicker solid materials feasible.

To conclude, LIFT offers a simple, highly accurate and flexible solution to realize chip-
level interconnections for applications requiring single-chip bumping, high-accuracy,
resolution and fine-pitch for high-density flip-chip applications.
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such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. [n consideration of loVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of capyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Warks (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the abave. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such maodifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in ltem 1 above, JoVE and the
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such author. JoVE reserves the right, in its absolute and sole
discretion and withaut giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of the
Author's institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
cantained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author's institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by loVE. The Author shall be responsible
far, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or

ARTICLE AND VIDEO LICENSE AGREEMENT

decontamination procedures shall be solely the respansibility
of the Author and shall be undertaken at the Author's
expense. All indemnifications provided herein shall include
loVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JOVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US31,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of

JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

Asigned copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:
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Name:
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Signature: \{“} Date: I , 1

Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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response letter
Click here to download Rebuttal Comments: Response to comments.docx

JOVE

One Alewife Center, Suite 200,
Cambridge, MA 02140

office: 617-945-9051 x307

Date: 04.11.14

Dear Editor,

We would like thank you and the reviewers for the valuable comments on our
manuscript titled " Laser-Induced Forward Transfer for Flip-Chip Packaging of Single
Dies". We have tried to address all the comments and have modified the manuscript
accordingly.

We look forward to hearing from you in due course, but please do not hesitate
to contact us should you require any further information.

Yours sincerely,

Kamalpreet Kaur

(Corresponding author)

Centre for Microsystems Technology,
Ghent University-imec,

Gent, Belgium


http://email.jove.com/wf/click?upn=9QGxvY7XbksJV8rihZHHvORY93MioFXwNtDJgKkUX8I-3D_ySiwfyeRQirdkEK5q19jo9XABfy3ANAs-2BobkBgA4FZjPJHmb5cfIm7-2Bb4yrjSZjJFB0gi3M-2B-2Bdvi-2FfbJ71kBb5PkrjAnXVO8QzfB5ZLgO5cfEMhvVFEmGthZWg9JqsS7Y-2BmGRHVPSG-2FGGJbetKOvtUqlx-2Bz79lR2MxdORwyMZMTKsooCJSlA9R2CyWdQh5HhhHm8INxi-2F4CiLe45Hxgv9VPzWJQG-2F9Ok7-2B1AaXXhU7e95yb5VQSklfHlatQT194mAdjRgl1weNsJe8-2B0jFWa74LqQLc-2BRd-2BuFRd80wkEt3AZIV1ZCRkiMwP7XeQj7Y2l0uf-2FheDJMeqaQ80GOV7sNQ-2F8TqhL9r1QTZ-2BITWXniPR0hgQD7iheeIgGL7lUuM-2Bqnw07bfx8D3Zn2gPloWh-2F-2Bl8WkXZdpxe9ZkVKUAk2NfTQBcvsEAvklx2HOWOYFPPeiqTBlKT2FJjy-2FxjXsPPXEFhOpXgx7XtOlAs8uLoFX0IJMNKYpfAAGvm8eouvj8kJrqX5IuA7-2BxOP3kPfO-2BQrOknV2Dw24ZFWkdoK-2BEcH5ZqKipckleqoyWVgitQ97I3s
tel:617-945-9051%20x307
http://www.editorialmanager.com/jove/download.aspx?id=234814&guid=7c0145fd-9727-4f38-9f0b-6aa45015ab64&scheme=1

Editorial comments:
1.Several steps require additional detail:

a)Steps 1.1.1 and 1.1.2 need references for the procedures described or should be described
stepwise.

According to the authors these steps have been described in the simplest possible way. The
deposition methods mentioned in this step e.g. evaporation, spin coating, sputtering and
photolithography are very commonly used, standard and very well-known processes.

b)Where does step 1.2.6 take place?

At the flip-chip bonder while the chip is placed onto the bumped receiver substrate.

c)ls the wavelength important in step 1.3.2?

No it is not. The adhesive is sensitive over a broad range of UV from 320-380 nm.

2.There are a few minor grammar issues that need to be addressed:

a)1.2.3 "took" should be "tool"
We have made the change in the revised manuscript.

b)2.4 Inject the up to 10 mA..

Changes have been incorporated in the modified script.

3. Please keep the editorial comments from your previous revisions in mind as you revise your
manuscript to address peer review comments. For instance, if formatting or other changes
were made, commercial language was removed, etc., please maintain these overall manuscript
changes.

4. Please take this opportunity to thoroughly proofread your manuscript to ensure that there
are no spelling or grammar issues. Your JoVE editor will not copy-edit your manuscript and
any errors in your submitted revision may be present in the published version.

5. If your figures and tables are original and not published previously, please ignore this
comment. For figures and tables that have been published before, please include phrases such
as “Re-print with permission from (reference#)” or “Modified from..” etc. And please send a
copy of the re-print permission for JoVE’s record keeping purposes.



Reviewers' comments:

Reviewer #1:
Publishable in present form

Reviewer #2:

Manuscript Summary:

The article "Laser-Induced Forward Transfer for Flip-Chip Packaging of Single Dies" submitted
to JoVE Produced Video was published in APPLIED PHYSICS LETTERS 104, 061102 (2014) with
title "Flip-chip bonding of vertical-cavity surface-emitting lasers using laser-induced forward
transfer". In this paper the use of LIFT as a bumping technique for flip-chip packaging of
vertical cavity surface emitting lasers on a chip-scale is presented.

Minor Concerns:

This paper can be presented as video in JOVE, after the authors explain:

1) In the Introduction part (line 74), the article cited [7] is about cells, not bio-materials. The
authors should change the word "bio-materials" with "cells" or should give another reference
for "bio-materials";

We have made the changes suggested by the reviewer in the revised manuscript.

2) Line 128: please show a "line scan of a bump profile" with the height of 1.5 pum.

We have added the bump profile image ( Figure 3) recorded using an optical profilometer in the
revised manuscript.

3) Line 107: the authors write that the donor is in contact with the receiver. Please explain how
you obtain thicker bumps without changing the target (donor); if the target has to be changed
"several times", the bump printing process becomes too slow and rather difficult.

For stacking, first, an indium bump is LIFTed onto the receiver bond pad, then the donor is moved to a
fresh area, and another bump is printed on top of the previously printed one. This is repeated six times
to achieve a stack of LIFTed dots with an average height of 1.5 um and 20 um diameter.

The main reason for using a stack of 6 bumps was due to the fact that the evaporator available in-
house is capable of depositing only 200 nm thick films in one run. Deposition of thicker donor films
would have required multiple runs and that would have involved breaking the vacuum which is not
ideal because of oxidation of the already deposited indium layer. Having said that, in principle it is
possible to LIFT thicker indium bumps using e.g. pre-patterned thicker (> 1 um) donor films (as
reported in the following reference).

K.S.Kaur,et al. “Laser-induced forward transfer of focussed ion beam pre-machined donors”, Appl.
Surf. Sci. 257 (15) (2011).

However, having a thinner donor also gave the flexibility to test bonding using different bump
thicknesses by employing different stacking conditions.



Reviewer #3:

Manuscript Summary:

Review of the manuscript 'Laser-Induced Forward Transfer for Flip-Chip Packaging of Single
Dies' by K. Kaur and G. Van Steenberge.

The manuscript describes a new laser-based technique for digital printing of microbumps with
high resolution for optoelectronics applications

The manuscript is clear and well-organised. The procedures are well described and the figures
illustrate perfectly the different steps of the fabrication process.

Major Concerns:
No

Minor Concerns:

| have few minor comments hereafter

- The point 1.1.4 defines the laser parameters and the irradiation conditions, and the following
note explains that the experimental conditions need to be controlled accurately. It could be
interesting to mention if these conditions are unique or if similar results could be obtained with
other laser source and experimental conditions. There is a mistyping error at the last line of
paragraph 1.1.4: flunece instead of fluence

We have addressed these comments and made the changes in the revised script in NOTE of 1.1.4.

- Point 1.1.5: the donor film thickness is 200nm and the thickness of the bumps composed of a
stack of six pixels printed on the top of each other is 1500nm. Authors should explain why a
stack of six pixels is thicker than six times the maximum thickness of one pixel.

We have addressed the similar point above (please refer to the comment 3 by reviewer # 2). To
explain the discrepancy between the sizes of the stacked bump as compared to the addition of
thickness of 6 bumps we have added the text explaining the same in the NOTE of 1.1.5.

- Figure 2: a scale should be added in the zoom image too.

We have added the scale in the magnified image.



