LASER PROCESSING OPTIMIZATION
FOR SEMICONDUCTOR BASED DEVICES

Yunlong Sun

B.S., Qin-Hua University, China, 1966

A dissertation submitted to the faculty of the
Oregon Graduate Institute of Science and Technology
in partial fulfillment of the
requirement for the degree
Doctor of Philosophy
n

Applied Physics

February 1997



The dissertation of “Laser Processing Optimization for Semiconductor Based
Devices” by Yunlong Sun has been examined and approved by the following Examination

Committee:

Richard K. DeFl*eez,_"[_he& Adviser

Associate Professor

Anthony E. Bell

Associate Professor

Reinhart Engelmann

Professor

Robert L. Byer

Professor, Stanford University

ii



This dissertation is dedicated to my wife

Huiqin Jiang

iii



ACKNOWLEDGMENTS

I would like to express my sincere gratitude for the consistent and strong support
and guidance of Professor Richard DeFreez both in my doctoral study program and thesis
writing. In addition, I would like to thank the other members of my committee, Professors
Anthony Bell and Reinhart Engelman at the Oregon Graduate Institute, for their
assistance. I am especially grateful to Professor Robert Byer at Stanford University for his
help and encouragement in my pursuit of advanced studies and research.

I would also like to thank the many people at Electro Scientific Industries, Inc.
(ESI) who helped define and test the 1.32-micron wavelength laser processing of
semiconductor based devices. They include Craig Hutchens, Chris Feryn, Jim Dumestre,
Allen Kawasaki, Tom Richardson, Dick Simon and Paul Sawyier of the Memory Repair
Systems Business Unit and Ed Swenson, Dick Harris and David Lo of the Research &
Development Group. Thank you also to Andy Wells for assistance in using software
program of I-DEAS, Lili Panarella and Matt Meazell for proofreading in the English
writing and to fellow students Brady Nilson and Zhuoyu Bao for their collaboration. I
wish to especially thank my colleague and fellow student Brian Baird for his constant
support and encouragement throughout the research work.

Many discussions with ESIT’s customers around the world have been very useful in
successfully pursuing this project. Their helps are deeply appreciated.

I want to thank my employer, Electro Scientific Industries, Inc. (ESI) and the
management team of ESI for the financial support and encouragement I received during

the study.

iv



TABLE OF CONTENTS

IR AT TN o svnnin s o s S B A B S R R LTS 1i
ACKNOWLEDGMENTS ...ttt iv
FABLE OF CONTEBEIES ovmssmornn s e s e v
LIST OF FIGURES ... .o et e vii
LIST - BABISES oot somsnsos s o s oo s e i s DO xi
ABSTRACT ..ot xii
CHAPTER 1: INTRODUCGTION ..ottt 1
1.1 Laser processiig of semicondiictor based devices .......umninanimisiisivass 1
1.2 Memory chip redundancy laser link processing.................cccccoooiiiiiiieiieeiieeeeens 1
1.3 Functional laser trimming of semiconductor based devices ...........cc..covuivviniinnininaas 6
1.4 How the thesis 1S Organized ..ot 8
CHAPTER 2: LINK PROCESSING BY LASER BEAMS .........cooiiiiiiiiiiiiciiiiciie 10
4 E G O e e S T R S S S A N s 10
2.2. Memory redundancy link processing by laser beams................cccooiiiii 11
23 BasiveqinrenieinS ol laser Ink BroceSIEg . ... i s 13
2.4 Existing understanding and techniques of laser link processing.................c.cc.ccceee 18
2.5 New challenges to the laser link processing..............ccooeeeueeieiinesiassiniismsisesinasssnsionss 22
2.6 SUMMALY ..o e 26
CHAPTER. 3: LASER LINK PROCESSING SIMULATION ...cosccusmsamviss ssssnmssnssses 28
3.1 Introduction...........cccoooviiiiiiiiiiiieiiee PSR TPPTR 28
3.2 OpicalitterfereneEsliottS v s R R RS 31
3.3 Pre-rupture temperature distribution Simulation .................ccooiieiiiiiiiiieeeeeiieeeeee 45
3.4 Mechanicnl SHe88 SIINUISH v T R e 68
3.5 Effects of the rupture of the overlying passivation on link processing ...................... 89
3.6 Post rupture procCess analysis ................ccoiiiuiiiiiiie ettt e, 98



Bl o EANTEIEN cvormseses im0 e S S SR SR 103
CHAPTER 4: LINK PROCESSING BY LONGER LASER WAVELENGTHS......... 105
4.1 INEEOAUCTION. ...ttt 105
4.2 Light absorphion BY SHICOM .. ... . o iiirmss o sAsihes s as i e s RS A S R s 107
4.3 Light absorption by mMetals..............c..coooiiiiiiiiiiiiii e 113
4.4 The high end of laser hnk processing WARdOW oo 114
4.5 Link processing results using 1.32 um wavelength laser......................ccociiiien, 122
4.6 Other issues of laser link processing using the longer laser wavelength.................. 127
bl ST oo o S B A S S RN 129

5.2 Parameter drift of silicon based devices during functional trimming using 1 pm-
S SRVRICEIN v s R L R R 135
5.3 Functional trimming using longer laser wavelengths ... 139

5.4 Experiment results of functional trimming of silicon devices with 1.32 pm

TR PN . oo oo o T T T O B RSN SR 139
5.5 SUMMATY ..ot 143
CHAPTER 6: SUMMARY AND FUTURE WORK..........cccoovveeeneeiei. TR 144
Gl OORTRIRAIN . oo v v A O T S S R R 144
6.2 FUuture WOTK. ... 146
1A 002 B 149
T L e o, 158
b L YU 70 e SR 175

vi



2-1.
2-2.

[¥5]
]
[

L
[
]

L)
|
L)

3-8.
3-9.

LIST OF FIGURES

Link structure example (cross-section view in its width direction)........................
Positioning of the laser beam over a linK ..............c..ccooiiiiiiii e
Result OF & TaEr STV T s s i S i R S
S A AR RT T TN ccmmnomsons st o R S S AR RS SR 5
Link sthictiifes for 1Emperatire A0alVEls. o vnannnannusnsn ey i
L e Tenyanl SHapes DY RIS oo o s o Ao B RS
Temperature distribution at different times for different link materials and

laser pulse Widths ...
Additional structure and process steps needed for processing deeply buried
POLYSICON HNKS ...t
Result of a “laser energy run™ for metal Bnks ....ocovnanpamnminmiinpssmns
Link structure example used for simulations ..................cccoooviiiiiiiiiiiiiii e
A simplified link structure for optical interference analysis....................c.ccoceis
A structure example for optical interference simulation with part of the

HAK B < comnvinmen om0 S A SR
A structure example for optical interference simulation with a thin link

B I e R S S B R P e s
Multi-layer structure for optical interference simulation ............cccccooceeiiiiiiinenn
Optical interference effects from the overlying passivation with an

A ST ERITIN RINRE v scsnmicssoammsssonos oot s o R T A S SN RN
Optical interference effects from the overlying and underlying passivation

for the poly IINK ... 40,
Optical interference effects from the overlying passivation for the poly link..........
Optical interference effects from the underlying passivation with only a thin

layer (100 A) of aluminum link remaining .................occoooooioieoeeeeeeeeeee.

3=10.. Tawve dinensional niodesand heatflows.. . s

3-11. The spatial laser energy distribUtiOn .................ccooiiieiiiiii e s

34

34
35



. The temporal distribution of the laser intensity.....................oocoooiiii
. Absorption vs. temperature for silicon and heavily doped silicon.........................

. Thermal conductivity vs. temperature for silicon, heavily doped silicon

AN STO 2 e

. Specific heat capacity vs. temperature for silicon and silica glass,

RSt . R A S O BN o conomonssassoson e e s A ST R N RS

. (1-R), thermal conductivity and specific heat vs. temperature for aluminum .......

. Link structure modeling and division into finite elements for temperature

ST A O . oo

. Temperature distribution along the z axis at different times for the poly link

exposed 10 @ S NS 1aSer PUISE..........ooooviiiiiiii e

. Temperature distribution along the z axis at different times for the poly link

exposed to a SO ns laser pulse ...

. Temperature distribution along the z axis at different times for the aluminum

link exposed to a S nslaser pulse ...

. Temperature distribution along the z axis at different times for the aluminum

link exposed to a SO ns laser pulse ...t

. Two dimensional temperature distribution at 4.52 ns for the poly link

(three dimensional display) ..............ccoooiiiiiiii i

. Two dimensional temperature distribution at 4.52 ns for the poly link

(contour AISPIAY) ..o e

. Two dimensional temperature distribution at 3.91 ns for the aluminum link

(three dimensional display) ...

. Two dimensional temperature distribution at 3.91 ns for the aluminum link

(CONLOUT AISPIAY) ..o.vvieee e

. Temperature distribution at the top of the poly link at different times..................
. Temperature distribution at the top of the aluminum link at different times..........
. Finite element stress analysis computer program block diagram ......................

. A typical link cross-section structure model used for stress simulation

(PIANE SLTAIN) ..o

viii



LJ
I

LI

(=]

3-35.

3-40.
3-41.
3-42.

3-44.

3-46.

. Pressure vs. temperature for aluminum and polysilicon links ............................... 77

. Finite element (node) division of a half of the link cross section plane

for the Stress SIMUIALION ... e 79

. Mechanical stress distribution for the link structure under the point force

APPIEG 20k TS SRS IRIMNE B cnssnsnrs s s s s e SRR S BSR4 80

. Mechanical stress distribution for the link structure under the edge force............. 81

. Maximum principal stress vs. location where the point force (100 nN/nm)

ISARPICH ... s R A A AR e s oA Rans S 82
Maximum principal stress vs. radius of corner C with the point force

CIO0aDA] BEPOIBED ... . ..oonm s s emassnassmsprsia s s R s 83

. Maximum principal stress vs. different link half width under the point

foirce (D0 GNEM) BEDOIBE B ... ... i s T S R T R oS aaos 83

. Maximum principal stress vs. thickness of the overlying passivation with

the point force (TO0)AE POINE D o oiiin s v i e s AT E 84

. Stress distribution under pressure by the molten poly link when the

temperature at the link’s top center is 3200 °C..............ooooiiiiiiieeiie e 86

. Stress distribution under pressure by the molten aluminum link when the

témperatute af the link’ s top center 18 1200 "Cunnmnmmnvnsmsamsas, 87
Remaining polysilicon link structure just after rupture of the passivation............. 92
Remaining aluminum link structure just after rupture of the passivation............... 93

Laser energy needed to fully cut the polysilicon link vs. different rupture

CINETRIIE RN . oo enn s nsemss e e s rans it A AR 95

. Laser energy needed to fully cut an aluminum link vs. different rupture

TEMPEEAIUIES. ... o oo s rmms s s s s pa A A s e snmad b AR 96
Laser energy needed to cut a polysilicon link vs. different rupture

temperatures, based on the one dimensional simulation...................coooi 97

. The aluminum link processed by a laser pulse with energy of 0.5 pJ,

showing an incomplete Cut........................oooiiiiiiiiii e 101
The aluminum link processed by a laser pulse with energy of 0.75 pJ,

showWilig & Complete Gt «conmi o nnamen eI AR R 102

ix



4-1.
42

43,
4-4,

4-5.

4-6.

4-7.

4-8.
4-9.

4-10.

5-5.

5-6.

5-7.

5-8.

Absorption coefficient vs. photon energy for Si, Ge and GaAs......................... 108
Light absorption coefficient of silicon at different wavelengths and

BRI ALUTCS . ..ottt 112
Absorption versus wavelength for several different metals ................................ 114
Temperature distribution within the polysilicon link structure when damage to

the silicon substrate occurs, using a 1.047 um wavelength laser pulse .............. 116
Temperature distribution within the polysilicon link structure when damage to

the silicon substrate occurs, using a 1.32 um wavelength laser pulse ................ 117

Temperature distribution within the aluminum link structure when damage to

the silicon substrate occurs, using a 1.047 um wavelength laser pulse .............. 118
Results of the laser energy run using a 1.047 um laser and a 1.32 um laser ....... 123
Results of a laser energy run using a 1.32 um laserbeam.................ccccoeeeeniies 124
Results of a vernier test run using a 1.047 pum laser and a 1.32 um laser ........... 125

Highly magnified view of metal links processed by a 1.047 um laser and

A 132 LM LASEI ... 126

. Resulting open resistance of metal links processed by 1.047 and 1.32 um

SRR R L B IR, . .. oo cnmmiis s S S R A 128
Schematic of the INA2128 Dual Amplifier..... ... conmannsammnnissn 132
Output voltage drift of the amplifier during functional laser trimming................ 132
V-I curve of a P-N junction with and without illumination .......................cccee 138

Spectral response curves for several different types of silicon

PROTOAELECLOTS ... oo 138
Performance drift of the amplifier using a 1.32 pm laser for functional

EEIMIMING .. SR 140
Stability comparison of resistors trimmed by 1.047 and 1.32 pm

R aSERE o ey e T S S 141
Output voltage of a voltage regulator trimmed with a 1.047 um laser ............... 142
Output voltage of a voltage regulator trimmed with a 1.32 um laser ................ 142



LIST OF TABLES

3-1. Refractive index (at 1.047 um) used for optical interference simulation................. 38
3-2. Volume change on melting, measured values of thermodynamic coefficients
just above the melting points for several materials..................cocoovviiiiiiiiin, 76

3-3. Thermal properties of several materials..................ocoviiiiiiiiiii 90
3-4. Laser energy needed to fully cut the [inks (in JJ) ........cccovicemeeicisiniiainensiesisiiinns 103
4-1. Damage thresholds of the silicon substrate for different links and at different

IRSer WaVEIBROLNS .. ... cxeesensssenmmsnsaramsmnssnsnssmnsssnmnessasannsenn spnmmms s an S A s A B AGEE 8 119
4-2. Damage thresholds (uJ) of the silicon substrate at 1.047 um with different

offset of the laser beam center over the link ... 120
4-3. Results of processing windows using 1.047 and 1.32 um lasers .......................... 22

xi



ABSTRACT

LASER PROCESSING OPTIMIZATION FOR
SEMICONDUCTOR BASED DEVICES

Yunlong Sun
Supervising Professor: Richard K. DeFreez

Memory devices redundancy repair by link laser processing and laser trimming of
components have been two widely used applications of lasers in the electronics industry.

Constantly shrinking memory feature sizes and industry’s technology tendency to
use metals as link materials rather than polysilicon impose new challenges for link laser
processing. Maximizing the volume of the molten link material before the rupture of the
overlying passivation has been considered in the past to be a key factor in enhancing the
process. Unfortunately, this criterion doesn’t work well for processing metal links, due to
their small optical absorption depth.

New physical models and analyses of optical interference effects, pre-rupture
temperature distribution, mechanical stress within the passivation and post-rupture
processes have been developed and are presented in this thesis. The effects of link width
and overlying passivation thickness on mechanical stress and link process have been
revealed.

A new approach of emphasizing laser absorption contrast between the link material
and silicon substrate at longer wavelengths is proposed and analyzed. Higher absorption
contrast allows the use of higher laser energy to cleanly cut links without damaging the
silicon substrates. While light absorption of most metals remains almost unchanged within
wavelength range of 1 to 2 um, it drops dramatically for silicon at longer than 1.2 pm.
Simulation of laser processing windows at both laser wavelengths of 1 and 1.32 pum are in
good agreement with experiment results which have proved the expected advantages of

using 1.32 pm lasers over 1 pm lasers for link processing.



Severe parameter drift of semiconductor based devices during exposure to laser
pulses has been a major problem for functional trimming. Although the excitation of
excessive electron-hole carriers within the semiconductor material by the laser beam has
been identified as the cause, no real solution had been found. By using laser wavelengths
beyond the range within which excessive electron-hole carriers can be excited, such as
1.32 pum, laser induced device parameter drift is virtually eliminated. Higher trimming

through-put thus becomes achievable.
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CHAPTER 1
INTRODUCTION

1.1 Laser processing of semiconductor based devices

Due to the laser beam’s high energies and intensities, good focusability, narrow
spectrum band widths, and the availability of continuous wave (CW) or pulsed beams and
wavelengths from UV to IR, lasers have found important applications in the electronics
industry. Memory chip redundancy link laser processing and laser trimming are two most
outstanding examples of laser applications in the industry. However, with wide spread
acceptance in the industry, these laser processing techniques are also facing new

challenges, which turn out to be the driving force for technological progress.

1.2 Memory chip redundancy laser link processing

The concept of laser implemented redundancy had its genesis in the 1960’s in
research investigating the electrical connection of different layers in a semiconductor
device." This research suggested the laser could be used to connect or disconnect
electrical conductors, thereby modifying circuits after completion of most fabrication
steps.

In the middle of 1970’s, more work was reported on using the laser beam to make
connections or disconnections on integrated circuits for modification and personalization
of the circuits.>*

The pioneering research and development effort did not get acceptance in the
electronics industry’s mass production until the debut of memory chip redundancy
processing. In the later 1970’s, typical yields for large scale memory arrays such as 64K
DRAM’s, during their start-up production stage, was less than 10%. Substantial
improvement in the yield would have conventionally required major improvement in
already low random defect densities. A group at Bell Labs in Allentown, Pennsylvania,

undertook the development of an alternative approach using laser “redundant” process to



overcome such low yield.*® Two to four “spare” rows and columns of memory cells were
designed into the memory circuit layout. Then wafer level testing was carried out at the
earliest possible stage in the memory chip production process. Faulty cells were detected,
certain links were then cut by laser pulses to switch out the rows and columns containing
the faulty cells. Also other relevant links were cut to activate the spare rows and columns
to permanently replace the faulty ones. Thus, the faulty memory device could be repaired.
The yield with the help of laser redundancy repairing is increased by a factor of 1.4 to 30
times depending on the pre-laser repair yield and the laser repair yield. A small “penalty”
to pay for the dramatic yield improvement was the addition of the spare elements to the
device layout, which increased the device sizes by 3% to 5%.

The laser system used at that time was ESI’s laser trimming sysfem Model 44 with
slight modifications. The laser source used was a CW arc lamp pumped, acousto-optic
(A. O.) Q-switched Nd:YAG laser with wavelength at 1.064 micrometers (im).

An other method, electric current blowing has been tried to cut the links.”” A 2
um wide and 5000 Angstrom (A) thick polysilicon fuse would be burned out with 30
milliamps (mA) of current. However, reliability tests have shown that after a certain time
period, an electric current blown fuse opening can become re-connected due to polysilicon
migration (growing back), resulting in device failure. Besides, higher real estate costs for
the wafer to implement the electrical fuses and the unacceptably high blowing current
requirement (greater than 100 mA) for silicide or metal link materials'’ make this approach
much less favorable compared to laser link processing.

Laser redundant link process has become a standard process in the industry for
mass production of almost all memory devices, as well as a powerful tool in fabrication of
other integrated circuits such as programmable logic devices or gate arrays, and
application specific integrated circuits (ASIC).

However, laser link processing has its own problems. Severing a few micrometer
wide conducting link fabricated on a delicate silicon based device with a laser pulse is a
locally violent operation. It had raised many concerns about reliability (both short and

long term) of the repaired devices before the process was accepted by the industry. L



Major reliability concerns for memory redundancy laser repair were and have been
as following: (1) reliable opening with a high resistance, no “grow back” of the opening,
(2) no risk of shorting the processed link to other nearby circuit features due to slag and
debris produced by the laser cutting, nor to the silicon substrate through an excessive large
crater within the passivation layers, (3) no damage to the links’ surrounding area, nearby
circuit features, and the silicon substrate, (4) acceptable cosmetic appearance.

Many variables are involved in memory redundancy link design and laser
processing, such as number of the spare rows and columns, location of the links, device
circuit design, and the algorithm for the processing (for a particular faulty cell, how many
links and which links need to be cut to repaired the device), link materials and dimensions,
materials and thickness of the overlying and underlying passivation layers, substrate

112 Not all variables can be

material and its doping level, and laser parameters used, etc.
freely controlled or changed for the benefit of laser processing. Instead, many of them are
almost solely mandated by other considerations, such as the density of the memory device,
its operation speed, and other IC fabrication requirements.

One example of the variables affecting the laser processing is the overlying passi-
vation layer. To have the passivation in place before the laser processing is preferred
because of device reliability concerns.” The passivation layer protects the devices from
possible contamination during testing and other later fabrication procedures. For the laser
process itself, existence of the passivation reduces the risk of shorting underlying circuit
features by laser process induced debris and slag. Early link processing practice proved
that the existence of this passivation did not cause problems for the process as long as its
thickness is within a reasonable range. As a matter of fact, in most cases it helps the
processing.

An another example is the use of metal as the link material. Metal links are more
difficult for lasers to process than polysilicon links. For older generation memory devices,
redundancy link materials can be chosen to be either polysilicon or metals based on laser
processing results. But for newer generation memory devices, despite the difficulty
associated with laser processing, metals have become the necessary choice as the link

materials. Metal links offer much lower electrical resistance which is demanded by higher



speed operation of the devices. This becomes a critical factor when the link dimensions
keep shrinking. Also, for newer generation memory devices, there are more layers built
on the silicon substrate. Due to the nature of IC fabrication, poly links become deeply
buried under those layers. To process the poly links, an additional costly etching process
has to be added to reduce the thickness of overlying passivation. In contrast, metal links
are usually at the top part of the layer stack structure and therefore they are more readily
accessible for laser pulses to process.

Other variables, such as all laser parameters (energy per pulse, pulse width, beam
spot size, and wavelength) are more flexible and can be optimized mainly based on the
consideration of the laser process itself. However, optimization is impossible without a
deep understanding of the process, and the effects of all those variables on the process
quality.

So far, the majority of theoretical analyses of memory laser link processing have

1316 First,

concentrated on the dependence of process quality on the following factors.
optical interference effects of the multi-layer link structure, such as passivation layers both
above and underneath the link, the link itself, and the silicon substrate. Second, laser beam
energy absorption behavior of the link material and silicon substrate at laser wavelengths
of 1 micron and 0.53 micron. Third, temperature distribution within the structure as result
of laser beam energy absorption and thermal conduction (temperature distribution versus
laser pulse width and link materials).

A major conclusion drawn by those analyses was that the uniformity of the
temperature distribution across the link, or the volume of the molten link material before
passivation’s rupture plays the most important roll in ensuring link processing’s quality.
Thus process optimization should aim at maximizing the volume of the molten link
material before the rupture, while avoiding damage risks to the devices caused by over-
heating or excessive thermal conduction. From this stand point, for a given link structure,
longer laser pulses should perform better than the shorter ones as long as there is no heat
conduction induced damage to the passivation and the silicon substrate.

But experiments have indicated just the opposite: pulse widths as short as 5 to 10

nanoseconds (ns) perform much better in processing most metal links."”



The difficulties metal laser link processing faces and the obvious lack of a satis-
factory understanding of the laser link process lead to a suspicion that the laser will no
longer be a viable tool for processing next generation of memory devices. Instead, it is
thought that ion beams might be the alternative for the purpose.'®

To explore the full potential of laser link processing, new theoretical analyses and
computer simulations of the processing have been researched and developed.'” Effects on
link processing by critical link structure parameters, such as the overlying passivation’s
thickness and link width, have been investigated by computer simulation of the mechanical
stress distribution within the passivation using a finite element method. Based on the
knowledge gained from the work, optimization of the thickness of overlying passivation
and link width became possible for the first time. The link material’s density change upon
melting has also been taken into account in the analysis for the first time. Different
behavior of polysilicon and metals in this regard has been found to be one of the major
contributors as to why metal links are more difficult for the laser to process. Post-rupture
analyses, including the silicon substrate’s damage risk assessment, has also been developed
as a critical part of the whole analysis. To optimize the laser process further, a new
concept of maximizing the absorption contrast of laser energy between link materials and
the silicon substrate has been proposed, patented, and tested.*>?' Instead of searching for
ways to maximize the volume of molten link material before the passivation’s rupture,
emphasis is put on maximizing the absorption contrast by choosing specific laser wave-
lengths, based upon the fact that while the absorption of most metal materials within a
spectral range of 1 to 1.5 um does not change much, it drops dramatically for silicon at
wavelengths longer than 1.2 um. Link processing using 1.3 um laser pulses has proved
the predicted advantages: much better processing quality and a wider processing window.
Some links which were difficult to process with a 1 um wavelength laser beam have

become readily processable using 1.3 um laser beam.”**



1.3 Functional laser trimming of semiconductor based devices

Resistors made by traditional technology, such as printed thick film resistors or
sputtered thin film resistors, are not capable of meeting the high accuracy needed (say,
better than 1% to 0.02%, depending on the type of resistors) without additional adjusting
or trimming. Sand blasting was used as a way to trim the resistance of thick film resistors
into higher values with better accuracy in the early days. But it is a dirty and inaccurate
process. Recently, resistor trimming into a lower value with a better accuracy using radio
frequency (RF) energy has been reported,”® but commercial acceptance has been very
limited.

The principal of laser trimming is to cut a small portion of the resistor material by
vaporizing it with intense pulses of laser energy until the desired resistance value is
reached as measured by resistance measurement equipment. Other components such as
oscillator crystals, capacitors and printed inductors can be laser trimmed as well.

CW pumped, A. O. Q-switched Nd:YAG laser at 1.064 pum has been the major
laser source used in trimming applications due to its almost perfect output parameters for
the application and good reliability due to its solid-state nature.

If only the value of the component under trimming is being monitored during the
process, the whole device or circuit where the component belongs is not powered up, the
trimming process is referred to as “passive trimming”. It is easy to perform, but probing
pads for each individual component to be trimmed have to be added to the device’s layout
to allow access for measurement equipment.

In contrast, functional trimming is a process during which the whole device or
circuit is powered up to its normal operation condition with proper input signals applied as
well”?  The trimming is done on the device’s components based upon measurement
results of relevant parameters of the whole device, rather than values of those individual
components. A chief advantage of functional trimming is that all contributors to the error
in the device’s parameter are accounted for in the trim process under their normal
operating condition, resulting in higher accuracy and throughput. Another advantage is
that each individual component which needs to be trimmed does not need independent

probing pads, making the device or circuit design more flexible and compact.



For passive trimming, the trimmed component’s parameter can drift during or after
trimming due to the effect of heat generated by laser energy within the component or its
substrate. With great care taken to the proper control of laser parameters used, sound
design and fabrication of the components, and the right choice of materials used, this drift
can be minimized or eliminated.”> ** UV laser trimming (surface ablation) has also been
used to reduce heat induced component parameter drift.’’

On the other hand, for functional trimming of either hybrid integrated circuit (HIC)
devices or monolithic thin film devices, the parameters of the whole device can show

%27 Some devices even “latch up” out of normal

dramatic drifts during processing.
function.™

The device parameter drift not only prohibits the use of parameter tracking tech-
niques (whereby device parameters are continuously monitored), but also generates severe
problems for the traditional “measure and predict” technique, because the system has to
wait long enough for device parameter drift to disappear before any meaningful mea-
surement can be taken. For devices suffering from the “latch up” problem during the
functional trimming, in some cases, the power supplies to the devices have to be shut off
for a certain time period to let the devices return to their normal function. In either case,
the throughput is considerably reduced.

It is known that parameter drift is caused by photoelectric reaction of the semi-
conductor materials and the devices themselves to the laser pulses.”” But, so far, no real
cure has been found.

For HIC devices, trimming targets are usually fabricated on ceramic substrates,
with other passive and semiconductor based active components integrated together with
it. Spatial separation and shielding of the trimming targets from semiconductor based
components were proposed as a method of reducing the effect of scattered laser light on
electrical parameters during trimming.”® For thin films on silicon wafers (monolithic IC),
component proximity negates spatial separation. Some researchers investigated the time
constant of the laser pulse induced parameter drift and came to a conclusion that the drift
can recover quickly compared with the time interval between laser pulses.”® But their

experiments were performed only on a few special components or devices. It is doubtful



that the conclusion will be valid for other real or more complicated devices, due to the
independence of the photo-electrical response on the devices circuit structures.

Having noticed that the performance drift is the result of the photo-electric
response of the semiconductor material and semiconductor devices to a laser pulse, it is
reasonable to predict that the behavior of the performance drift is laser wavelength
dependent, as well as semiconductor material dependent. By choosing special laser
wavelengths which are beyond the sensitive spectrum of certain semiconductor materials
and semiconductor based devices, the laser induced performance drift can be minimized,
or totally eliminated.**

For silicon based devices, 1.32 um is an ideal laser wavelength to serve this
purpose, because solid state laser sources at this wavelength are readily available at
reasonable cost, and 1.32 um is just beyond the spectral sensitivity of silicon which ends at
about 1.1 pm.

Experiments using a 1.32 um wavelength laser beam for functional trimming of
silicon based devices have been carried out. Laser induced parameter drift was totally
eliminated or greatly reduced. Dramatic improvement of throughput was realized.”

Similar principles can be applied to functional trimming of devices based on other
semiconductor materials, such as a 2 pum laser wavelength for functional trimming of

germanium based devices.

1.4 How the thesis is organized

Beyond this brief introduction, the thesis is organized into five chapters.

Chapter 2 (Link processing by laser beams) briefly discusses the history of memory
chip laser link processing technology, the requirements of the process, the existing under-
standing of the process, and problems and new challenges the process is facing.

Chapter 3 (Laser link processing simulation) discusses a new physical model and
computer simulation of the process, including simulation of optical interference effects,
pre-rupture temperature simulation, analysis of mechanical stress within the passivation,

and post-rupture process analysis. Effects of laser pulse width on the link processing are



discussed qualitatively. Effects of link structure data and laser parameters on the laser
processing window as well as process quality are also discussed.

Chapter 4 (Link processing by longer laser wavelengths) discusses the idea of
using laser wavelengths longer than the traditional 1.047 and 1.064 um for maximizing the
laser energy absorption contrast between the link materials and the silicon substrate.
Advantages of using longer laser wavelengths for memory link processing are analyzed
and experimental results are presented.

Chapter 5 (Optimization of functional trimming by laser beams) discusses the
performance drift problem of semiconductor material based devices during functional laser
trimming. The new idea of using laser wavelengths longer than the traditional 1 pm is
discussed for solving the problem. Experimental results are presented.

Chapter 6 (summary and future work) briefly summarizes the discussions and

explores the possible direction of future work.



CHAPIER. 2
LINK PROCESSING BY LASER BEAMS

2.1 Introduction

Although the importance of memory redundancy link processing by laser beams
has been obvious since its first demonstration, it has never drawn wide academic research
interest as other laser applications have, such as semiconductor materials laser annealing.
Except for a few papers"™® published by L. M. Scarfone, J. D. Chilipala and their
colleagues, there have been few others available. One reason for this might be that this
application, from its very beginning, has been a very device specific process. There are
few manufacturers who have been willing to share their information of memory device
design or process knowledge, etc. with others. The other reason might be in the strange
mix of the “simplicity” and “difficulty” in analyzing the process. On one hand, the process
can be considered as quite simple and straight forward. The link material is heated up by a
laser pulse, then the overlying passivation ruptures and the process is completed, etc.' *°
On the other hand, since many dynamic issues are involved in blowing away link material
by a short laser pulse during the process, it is a more difficult problem to fully analyze and
simulate than others such as annealing. The process itself has been working so well for
polysilicon links, there has been little urgency for more research work until the new
challenges of processing metal links emerge.

With the prior understanding of the process,”'16

optimization of metal laser link
processing can go nowhere except to use longer laser pulse widths to the limitation
imposed by the laser induced structural damage. But experimental results indicating that
laser pulses with much shorter pulse widths than the simulation analysis thought
reasonable perform surprisingly better indicate that something is not quite right in the prior
analysis. Therefore, in order to meet the challenges of processing newer generation

memory devices, a thorough review of the process and the prior understanding becomes

necessary.

10
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2.2 Memory redundancy link processing by laser beams
The general concept and method of memory redundancy laser link processing have

been explained by several authors.” '"**

Memory chips are first tested at the wafer level.
Which links need to be cut are determined by the test results and the relevant algorithm
based on the particular device design. The laser processing system then retrieves the
information from the test equipment (or data base from a central computer) for the wafer.
The automatic positioning mechanism of the laser system then aligns the laser pulse to the
link that needs to be cut. One link is cut by a pulse. A modern processing system is able
to cut a few hundred to a few thousand links per second, even without stopping the
positioning mechanism (cutting on fly).

Common link dimensions used are between 0.8 to 1.5 um wide, 0.5 to 1 um thick
with pitch size of 2.5 to 5 um. The links can be made of a single material, or can consist
of two or more “sandwiched” layers made of different materials, including polysilicon,
silicides, metals, nitrides, etc. As an example, Figure 2-1 shows the cross section view of
a link structure in its width direction. The link is 1 um wide, 0.5 um thick and made of
heavily doped polysilicon. On top of the link, there are one or more passivation layers
(two layers are shown). Underneath the link, there are also one or more underlying
passivation layers (two layers are shown). Silicon oxide or silicon nitride are typical
dielectric materials for the passivation. Detailed dimensions of the structure and materials
used vary from design to design. The topography of the overlying passivation layer might
be different as well. The one shown in Figure 2-1 has a flat top surface.

During the process, a laser beam should be positioned such that its center is
aligned at the middle of the link, as shown in Figure 2-2 (A). The laser beam spot size
should be large enough to cover the whole link width, but small enough not to risk hitting
adjacent links with the normal system positioning error taking into account. For a typical
modern laser link processing system, the laser beam spot size on the wafer surface is
programmable from 2.5 to 6 um using a zoom lens, with a typical positioning accuracy of
0.35 to 0.5 um. This accuracy can be affected by problems like lower reflection contrast
from the special alignment features built on the wafer. Larger positioning error of the

laser beam can result in incomplete link cut or higher damage risk to the silicon substrate.
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Figure 2-2 (B) shows a laser beam is slightly off a link. The laser energy per pulse is also
programmable from a few tenths to a few micro-joules using a “liquid crystal attenuator”,

or an A.O. attenuator, or other means.

Air

Overlying passivation layer #1

Overlying passivation layer #2

Link

Underlying layer #1

Underlying layer #2

Silicon substrate

Figure 2-1. Link structure example (cross-section view in its width direction).

(A) The laser beam is aligned over a link.  (B) The laser beam center is off the center of
the link.

Figure 2-2. Positioning of the laser beam over a link.



2.3 Basic requirements of laser link processing

Due to the large number of links that need to be cut for any practical memory chip
redundancy repair, laser link processing must meet several stringent requirements before it
can qualify as an acceptable mass production tool.

The major issues concerned for the qualification are satisfactory link processing
quality, a reasonably large processing window and little damage risk to the device. Other
production issues such as throughput, and operation and system cost are also important,

but beyond the scope of this discussion.

2.3.1 Processing quality

There are two key quality requirements for laser link processing.

First, the processed link has to be completely open both visually and electrically.
Visually, the processed link has to be completely open with no residuals of the link
material left in the open area. The opening has to be of adequate length. The two ends of
the opening should be regularly shaped. There should be no significant amount of slag or
splashes around the cut area. Electrically, the open resistance of the cut has to be higher
than a few tens of mega-ohms. “Grow back” of the opening due to migration of the
conductive link material for laser processed links is usually not a problem due to the larger
size of the cut compared with that of electrically blown fuses.

Second, there should not be any visible damage to the silicon substrate, nor to any
circuit features nearby. There should not be any electrically detectable performance
deterioration of the device either. Visually, the laser link cut induced crater within
passivation should be of a normal size (both in its diameter and depth) and regular shape.
The crater has to be quite centered at the position where the link was. No melting or
micro-cracks on the silicon substrate, nor sign of damage on any adjacent links or circuit
features should occur. Electrically, no significant leakage current increase between the
processed link and the silicon substrate, nor between the processed link and its adjacent
links should result. No significant performance deterioration of any adjacent passive and

active components, such as higher leakage currents of P-N junctions is tolerable.
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The visual appearance of the cut is often referred to its “cosmetic appearance”.
The importance of having a better cosmetic appearance for the cut is not because it looks
nicer, but rather cosmetic appearance problems of the cut are very good indicators for
quality problems of the process. For instance, visible residual link material around the cut
area is often associated with lower open resistance of the cut. An oversized crater
indicates excessive heat was conducted into the passivation structure, thus higher risk of
device reliability problems. Too deep a crater is often associated with detectable leakage
increase between the processed link and the silicon substrate. Off-centered crater indicates
laser beam positioning problems, imposing higher damage risk to the silicon substrate or

incomplete cut of the link.

2.3.2 Processing window

The laser processing window for a particular link structure is defined as a range of
laser energies per pulse within which the links can be safely processed, while other laser
parameters such as laser pulse width, laser spot size, and laser wavelength are set up as
pre-defined parameters.

The reasons for using laser energy per pulse to define a processing window are
obvious. First, for a given link structure, when all laser parameters are set within their
reasonable ranges, then percentage wise, laser energy per pulse is the most critical
parameter for optimum processing results. Second, for a given laser processing system,
laser energy per pulse is also the parameter with the highest fluctuation (instability), as
well as the easiest one to purposely adjust.

The low end of laser processing window is determined as a laser energy value E; at
which the links can just be cut open. Its high end is determined as the laser energy value
Ex at which damage to the silicon substrate or passivation starts to occur. The processing
window is then calculated in a percentage term as

£ [(En-E)/ (2 Em)] %,
where Ey, is the medium laser energy value of the processing window (the middle energy

point of the window). Ep, is the laser energy normally chosen for real processing.
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No processing window means that for a particular link structure, there is no way to
successfully process the link using the laser parameters tested. Damage to the silicon
substrate or passivation structure occurs at a lower laser energy than is required for the
link to be cleanly cut. A wider processing window, on the other hand, not only means the
process is more tolerable to both link structure and laser parameter variations, but more
importantly, ensures better processing quality. For a wide processing window, E. will
have enough margin over the window’s low end E,, thus the link cut is more complete
and clean resulting in higher open resistance of the cut. At the same time, E, also has
enough margin below the window’s high end E, (or the damage threshold of the silicon
substrate or other device features), so there is little risk of damaging devices.

Thus, in some sense, the analysis of laser link processing actually is to analyze the
dependence of the laser processing window on link structure data and laser parameters
used. The optimization of laser link processing is to maximize the processing window,
either by reducing its low end or increasing its high end, or both.

A “laser energy run” is usually designed and run to verify the processing window
for a particular link structure. During the run, the laser energy per pulse starts at a low
value, and is increased by a certain amount for each consecutive link cut while scanning
cross a bank of links, until a pre-set large energy value is reached. Then processed links
are tested to determine the low and high ends of the window. Figure 2-3 shows the result
of a laser energy run for a polysilicon link structure. The run starts from laser pulse
energy of 0.27 pJ, stops at laser pulse energy of 0.98 uJ. The laser spot size is 3.8 um in
diameter, the laser pulse width is 4 ns. From this test run, it is determined that for this
particular link structure, the lower end of the processing window is 0.52 uJ. The high end
of the window is 0.79 uJ. The processing window is +16%, according to its definition.

Positioning error is another variable having significant effect on laser link
processing. If a laser beam is perfectly aligned with a link, the link will receive the precise
amount of laser energy thus ensure the cut quality. Also, the link blocks the most intense
power, located in the center part of the beam, from hitting the silicon substrate beneath the
link, until the entire link is gone. If all the parameters are right, then when the link is

disintegrated, the laser energy left should impose no damage risk to the silicon substrate.
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Figure 2-3. Result of a “laser energy run”.

If the laser beam center is off the link center due to positioning inaccuracy, either
incomplete link cut and/or damage to the silicon substrate can occur. A special “vernier
test run” is designed and performed to check the sensitivity of the process to positioning
error of the laser beam over the link. As shown in Figure 2-4, a link bank with 21 links
and pitch size of 5 um is used for the test. The link is 1 um wide. The laser energy used

is the medium value of the processing window: 0.62 uJ. The laser beam is perfectly
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aligned over the center link, then adding 0.25 um offset for each consecutive link in both
directions. The laser beam will hit at the middle of two links at both ends. The result
shows that with a 1.25 um offset between the laser beam center and link center, damage

to the silicon substrate becomes clearly visible.

Vernier Run Diagram

it

offset 0.0pm offset

(1) Concept drawing for the “vernier test run”.

(2) Result of a “vernier test run” with visible damage occurring in both ends.

Figure 2-4. The vernier test run.

2.3.3 Long term reliability of laser processed devices

Laser link processing is a locally violent operation to the delicate memory devices.
While a link is processed by a laser pulse, along with the eruption of the overlying passi-
vation and removal of the link material, heat, stress, and a shock wave are generated
within the structure. Visible damage, or micro-cracks, within the passivation structure or
the silicon substrate can occur. The characteristics of other active circuit features nearby

can be permanently deteriorated due to exposure to excessive heat or stress.
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While all the short term process quality issues discussed above can be tested both
visually and electrically just after the process, long term reliability remains a major concern
and difficult to assess with a quick verification. Considering that the devices requiring
laser repair were originally faulty ones, all the additional negative impacts of laser
processing would quite naturally cause more questions concerning the long term reliability
of the “repaired” devices. Rugged “burn-in” processes have been used to reveal any long
term reliability risks and their relationship with structure and laser parameters, especially
during the research and development stages of the memory redundancy laser link
processing” '® or qualification of the process on new device structures. It has been proven
and widely accepted that with proper laser parameters such as the energy per pulse, pulse
width and spot size, if the repaired devices show good test results right after the process,

there is little additional long term reliability problem caused by the laser processing.

2.4 Existing understanding and techniques of laser link processing
Existing understanding of laser link processing is best represented by several

'* " According to these

papers written by the pioneer group in developing the technique."
papers, the process itself is a thermal-mechanical one in its nature. The link material is a
laser energy absorbing medium. When a laser pulse hits the link, part of its energy is
absorbed by the link. The rest is either reflected by the structure or transmitted into the
silicon substrate. The percentage of laser energy absorbed by the link is determined by the
optical interference effects of the multi-layer structure both above and below the link and
the absorption coefficient of the link material at the laser wavelength used. Laser energy
absorbed by the link heats the link, raising its temperature. At the same time, the heat is
conducted into the surrounding structure, including the overlying and underlying passi-
vation layers and the silicon substrate.

After a part of link material gets molten, pressure builds-up under the overlying
passivation. This pressure is determined by a so called hard sphere model of liquid metal®
which treats the liquid metal’s atoms as hard spheres and relates the pressure of the liquid

36, 37

metal to its temperature. The temperature used is the one derived from a one

dimensional thermal simulation, that is the temperature at the top center point of the link.
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Then, without any explanation, an additional arbitrarily chosen 680 °C was added onto
the “derived” temperature as the temperature at which the overlying passivation‘s rupture
occurs.”” It was assumed that when the pressure reaches the adhesive strength of the
passivation material, the passivation ruptures. With the rupture of the passivation, all
already molten link material under high pressure explodes away, resulting in a link cut of
high quality. Contributions to the overlying passivation’s rupture by other factors, such
as a temperature gradient within the structure, and different thermal expansion coefficients
of the materials involved, were considered not critical in comparison to the pressure by
molten link material.'®**

It was explained that for a polysilicon link, due to its large optical absorption
depth, the laser energy can penetrate deep through the link, resulting in more uniform
heating within the whole depth of the link until its top part gets molten. Due to a much
higher absorption coefficient of liquid poly than that of solid poly,” laser energy
absorption within the molten link material increases dramatically, resulting in significantly
faster temperature increase or thermal “run away” within the top part of the link, until the
overlying passivation layer ruptures. For a polysilicon link structure and temporal laser
pulse shapes shown in Figure 2-5(A) and 2-6, the temperature evolution curve with time
up to the passivation’s rupture point is presented in Figure 2-7(A)." The short laser pulse
1s 35 ns full width at half maximum (FWHM) and 220 ns full duration while the long one
1s 190 ns FWHM, 740 ns full duration, while both have the same laser energy per pulse.

In contrast, for a metal link, the laser energy absorption is restricted within a very
shallow, top part of the link from the very beginning of the process due to metal’s much
shorter optical absorption depth. The laser beam can penetrate into only a thin top layer
of the link. Most lower part of the link material does not receive the laser energy directly,
except the heat conducted from the “hot” top part of the link, thus remains at relatively
lower temperature. Figure 2-5(B) and 2-7(B), (C) show a metal link structure and the

temperature distribution within the link structure for different laser pulse widths."
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(A) A polysilicon link structure. (B) A metal link structure.

Figure 2-5. Link structures for temperature analysis.
(After Scarfone et al., ref. 13.)
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Figure 2-6. The temporal shapes of laser pulses.
(After Scarfone et al., ref. 13.)
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(A) Temperature distribution at different times for a poly link with a short laser pulse.
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(B) Temperature distribution at different
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Figure 2-7. Temperature distribution at different times for different link materials
and laser pulse widths. (After Scarfone et al., ref. 13.)
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It was explained that the shape of this temperature distribution within the link was
a key criterion for a better processing result: a more uniform temperature distribution
meant that by the rupture point of the passivation, more link material volume would have
become molten, resulting in a higher probability of a clean cut. That was why the poly-
silicon link was easier to process than metal links, according to these analyses. Therefore,
the goal of link processing optimization was to maximize the uniformity of temperature
distribution within the link, or maximize the molten link material’s volume before the
rupture point of the passivation. What happened after the rupture was considered less
important, thus the analysis stopped at the rupture point of the passivation.'* '°

Apparently, there are sever