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Abstract
Any advance beyondthe densityof standard2D MultichipModules(MCM) will
requirea vertical interconnecttechnology that can produce reliablearea array
intercormectionwith smallfeature sizes. Laser drilledverticalvias have been

• controUablyproducedin standardsilicon(Si) wafers down to 0.035mm (0.0014
inches) in diameter. Several lasersystemsand their system parametershave been
exploredto determinethe optimumparametricset for repeatablevias in Si. The

' vias produced have exhibitedclean smooth interiorsurfaces with an aspect ratioof
up to 20:1 with little or no taper. All lasersystemsused, their systemparameters,
design modifications,theoryof operation, and drillingresults shallbe discussed.
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LASER DRILLING OF VERTICAL VIAS IN SILICON

ABSTRACT:

Any advance beyond the densityof standard2D Multichip Modules (MCM) will require a
vertical interconnect technology that can produce reliablearea array interconnection with small
feature sizes. Laser drilledvertical vias have been controllablyproduced in standard Si wafers
down to 0.035 mm (0.0014 inches) in diameter. Several laser systems and their system

• parameters have been explored to determine the optimum parametric set for repeatable vias in Si.
The vias produced have exhibited clean smooth interiorsurfaces with an aspect ratio of up to 20:1
with little or no taper. All laser systemsused, their system parameters, design modifications,
theory of operation, and drillingresults shallbe discussed.

INTRODUCTION:

The Vertical Via Technology Development programwas initiatedto establish an enabling
process technology for a known limitationof 2D MCM packaging technology; specifically,
vertical interconnection. The program was establishedand funded under an internal development
program called the 3D Packaging Program. This program was to demonstrate 3D packagingby
stacking 2D MCM's with area array vertical interconnects (vias) for dense high speed advanced
electronics. The design that was implementedwas a real time image analysissystem which
needed a large FO, memory, processing throughput, and high frequency operation. This required

j the use of a 3D packaging structure to satisfyproximityinterconnectionand give the necessary
speed. The vias for thi- developmentproject were vertical holes of controlled dimensions,
electricallyisolated frc_neach other and the substrate, and filled with an electricallyconducting
material. After much study, laser drillingwas chosen as the most viableprocess for forming
vertical holes. This paper will confine its discussion to the drillingprocess.

Laser drillingoffered the greatest control of precise parameters and had a quick
turnaround time. The desired results for the laser drilled vias were: accurately controlled via
diameters, excellent interior wall geometries, minimalthermal/mechanicalimpact to the substrate,
and compatabilitywith downstream processing. The complete via technology process is very
complex and utilizes several diverse technologies which may conflict, therefore care must be taken
to insure a compatable process. Process compatabilityis an exampleof some of the other types of
requirements that make determining "optimum" process parameters for the laser system and vias
Socomplex. The laser system parameters that were studied were: laser type, wavelength (as it
applies to the absorption of photons in Si), power densities, optical system design, atmosphere,
process time, and long-term stability of drillingprocess.

Before we discuss the actual experiments and their results, the relationship between
photon wavelength and absorbtion of that photon's energy should be understood. The primary
laser system used on this project was the Nd:YAG which radiatesat its fundamental wavelength
of 1.064 microns. At this wavelength, each photon has an energy of 1.16 eV. The wafers we use
are high puritysingle crystal Si with a resistivity of 20 ohm-era at room temperature (25° C). The

' Si has an optical absorption coefficient at 1.064 microns (1064 nm) of aproximately 200 (cml),
which means it is almost transparent to this wavelength. The optical absorption coefficient at 532
run is approximately 8000 (era_) and at 266 nm the absorption exceeds lxl06 (cm_). Using
Lambert's Law, we see that the penetration depth of the light into the sample decreases
proportionally to the increase in the absorption coefficient, which is exponentially dependent on
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wavelength of the light. This is clearly seen in the absorption coefficient numbers given and is
experimentally verified in the measured values given in Table 5, showing sample thickness,
wavelength and absorption for Si. This means that at shorter wavelengths (as we go from IR to
visible to UV), the absorption depth decreases, the percentage of beam energy absorbed

increases, and the energy per photon doubles (with each wavelength harmonic, Eph= 1.16eV, at
1064nm; Eph= 2.32eV, at 532nm; and Eoh= 4.65 eV, at 266nm.). This combined effect of
smaller penetration depth, increased photon energy and increased percentage of beam absorption
results in orders of magnitude increase in volumetric energy density deposition upon the Si from
the illumination of the laser beam. This produces different physical effects in Si such as going
from melting/vaporization at 1.064 to vaporization/ablation at 0.532 to complete ablation at
0.266. These changes in effect permit additional process control for smaller scale features. Our
goal was to obtain as much feature control as was possible with current hardware.

This investigation started with the use of a Nd:YAG laser at its fundamental wavelength of
1064 am. As we studied the results from our initial experiments, we came to a limitation of this
laser. It would not allow enough control to produce satisfactory holes. There seemed to be too
much remelt and microcracking in the holes which made post processing that much more difficult.
From this we continued to investigate potential solutions with the fundamental but also
investigated doubling the frequency to improve the results. We did develop a process which
greatly improved the results with the fundamental frequency but saw more control and smaller
ultimate vias with the doubling effort. The doubling effort led us to trepanning, shield gases, and
design changes in the laser cavity which have brought us to the tight control of the output. In
addition, we did some preliminary investigation of UV lasers such as the KrF excimer (248 am).
We sent some samples to gesonetics (a laser manufacturer) and were impressed with the results.
We also had an opportunity to actually work with the University of South Florida and their
excimer laser. We were able to collaborate on some common experiments using the laser. We
are also planning to investigate the use of a quadrupled Nd:YAG that would radiate at 266 nm,
also in the UV. The details of these experiments and their results are discussed in this report.

EXPERIMENT:

1.064gm Wavelength

The first vertical vias were laser drilled using a standard Nd:YAG Q-Switched laser at the
fundamental wavelength (1064 am). See Table 1.

Table 1. U.S. Laser characteristics and parameters used for drilling silicon.

U.S. Laser System - C.W. pumped Q-switched Nd:YAG Laser

Wavelengths- 1064 and 532 am
Pulse Lengths - 130 - 190 ns
Laser Mode - Multi- Mode

Pulse Energies - 3.3-5mJ (1064 run) and 0.4-0.7mJ (532 nm)
Pulse Frequency- 3 kHz
Exposure Time- 50ms
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The absorption of laser energy in semiconductor materialscan create differentphysical
mechanisms such as melting,vaporization, or ablationdepending on the energy and wavelength of
the laser._ The originalexperimental test matrixwas developed specificallyto determine if via
formation was possible in Si substrates at the fundamentalwavelength. Initial parameters were

• set at a Q-Switch repetition rate of 3 kHz, an exposure time of 40-50 ms, a 0.7 GW/cm2
irradiance, and a F.L. lens of 90 ram. Although the laser system produces high energy with these
short pulses, a singlepulse does not produce great enough energyto penetrate through the Si

• substrate thickness. The number of pulses is determined by the Q-switch rep. rate and exposure
time. Therefore a seriesof pulses were required. The initialexperimentwas successful in
producing holes in Si. The originalholes showedtaper, inconsistant geometries,and significant
siliconreflow on the interiorwalls as seen in Figure 1. Guidedby these initialresults,it was
determinedthat multipleexposures of the laserpulse (50 ms exposure time) mightremove some
of the reflow. An experimentaltest matrixwas establishedto verifythis. Repetitions, from 2-10
attempts on the same location, were processed. Analyzingthe cross-sectionmicrographsof these
holes showed that there was no discernabledifferencein hole geometries. The repetitionshad
very little impact on removingall reflowdue to a verysmallpercentage of absorbedpower.
However, in next assemblywhen25-37 microndiameterAu wire was easier to thread through
each via for interconnection. The operation proved easierand less reworkwas required. A
repetitionrate of 3 appears to optimizethe process. Repetition ratesgreaterthan 3 only added
valuable time to the process.

Heliumwas the next experimentalvariable for two reasons. First, its thermal conductance
properties would create an excellent atmosphere to reduce thermal impact to the substrate and
reduce damage in and around the hole. Second, the flow down through the via would help expel
Si material during processing. The expected results shouldshow smoother interior geometries of
the hole with reduced substrate damage. A test matrixwas set-up to determine this effect. See
Table 2.

Figure IA & lB. Cross-section micrographs of original vias drilled with the initial
experimental laser parameters.

FigureIA. Cross-sectionmicrographoftwo FigurelB. Micrographshowingextreme
viasdrilledwiththeoriginalexperimental materialmeltatthefundamentalwavelength.
parametersatthefundamentalwavelength.
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Table 2. Helium Test Matrix

I/elium Pressure Helium Flow Rate Lamn Current Pulse Renetition-- _ --

aate •

3 20 13 1
i,

3 40 13 2
3 60 13 3
3 20 15 1
3 40 15 2
3 60 15 3
3 20 17 1
3 40 17 2
3 60 17 3

Afteranalyzing SEM micrographsof holes drilledin a heliumatmosphereversus non-
heliumatmosphereit was determinedthat there was no significantevidence that heliumwas
beneficialto the process. As seen in Figures2A and 2B interiorwalls didnot appear smoother,
therewas no reductionin Si melt on the wall surfaces and substratedamage around the via did
not show improvement.

The next experimentalchange madeto the systemwas in the optical rail. The equation for
theoreticalspot size is s =(4_)ffT_where _,=wavelength, f= lens focal length, d= beam
diameterenteringthe lens and Mzis a beam qualityfactor. When the beam quality factor
approachesthe theoreticallimitof 1.0 (at TEM00) the theoretical spot size equation is
reduced/whichis aberationflee to s = 1.27_,0qd). Fromthe equation, it is obvious that a smaller
focal length lens will producea smallerspot size andconsequently the higherpower densities. In
general, a large absorbedpower densityis the key to inducevaporizationwhich will reduce melt
flow. Absorbedpower density (measuredas power pervolume) dependson three factors, two of
which will be discussedlater. The primaryfactorfor absorbedpower density is the diameter of
the focused spotsize. A minimumspotsize is achievedwith a large beamdiameterand a short
focal-length lens) The holes drilledwith the 40 mmfocal length lens (Figures 3A and 3B) were
moreconsistant and hadmoreuniformdiametersthan those using 90 mm and 212 mm lenses
(Figures2A and 2B). The interior walls of the holes ( in Figure 3A) also exhibitedmuch less
thermalmelt and eccentricity than the holes seen in Figure2A and 2B. The melt flow indicates
the beam is heating a liquidregion which melts its way through the Si in an uncontrolledway. In
Figure3B. the frozen drip pattern illustrateshow moltenSi materialis being forcedup against the
beam path indicating the meltedmaterial is obviouslybeing pushed upward in the hole as a result
of the internaldynamics of the melt which has no exit. Melting also maximizesthe residual
stress field aroundthe hole afterdrillingand could cause fracturing of the substratein via arrays)
The top of each via showed less materialmelt,but stillexhibitsmicrocrackingaround the via from
the porosity left by the melt flow. In orderto better controlthe diameterduringdrilling,it is
essential to vaporize or ablatethe materialratherthan meltingit.



Revision #1 5 30 April 1993

Figure 2A & 2B. Helium shielded via vs. Non-helium shielded via.

Fig 2A. Via drilled in a helium atmosphere. Fig 2B. Via drilled in ambient atmosphere.
Flow rate 40 CFII. Pressure 2 PSL Standard Standard laser parameters. The wall geometries
laser parameters. Via exhibits Si melt resoHd- are comparable to the vim drilled in a helium
ifled on interior side walls, atmosphere.

Figure 3A & 3B. Micrograph of cross-section via drilled with 40mm FL lens.

Fig 3A. Micrograph of via drilled with a Fig 3B. Micregraph of the same via showing
40 man F.L. lens. The interior walls exhibit exceaaive Si material redeposited at the bottom of

• less material reflow and surrmmdinlI sub-the via against the beam path. The via diameter
strate damage, is -- 100 microns.
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1 From the comparisonof Figure3A to all previousholes, the hole diameterwas
reducedfrom approx. 0.080 mm(0.003") to 0.040 mm(0.0015"). The new holes also exhibit
much less melt flow, porosity, and substrate crackingdue to the higher energydensitiesprovided
by the smallerspotsize. This provesthat a smallfocal length lens, possessing a smallerfocused
spot size, does have a positive impacton hole diametercontrol. The clearerholes indicate that a
furtherincrease of the energydensity could improvethe qualityof hole walls even more and
reducethe thermallyinduced mechanicalstressfieldcaused by meltingduring the drillingprocess.
From the beginning,we also knew that with a multimodebeam (our original setup did not
producea TEMo0beam at all power settings andwas not utilizingdiffractionlimitedoptics), the
beam quality factorwas not minimized,the spotsizewas not minimized,and subsequently the
power densitiesdecreased. A perfect beam (TEM00)has a beam qualityfactor, M, of 1.0 and any
deviationfrom perfection will only increase it. Since the beamquality factor,M2,is squared in the
equation, a small deviationfrom perfection willgreatlyincreasethe spotsize diameter. To
optimize the laserfor drilling,a TEM00beam with diffractionlimitedoptics is necessary.

As we variedsystem parametersin an attemptto optimizehole formation,we discovered
thatlamp currenthas a significantimpacton hole diameterbut not on hole morphology. During
the originalexperimentthe current was variedfrom 11-17 amps to determinethe impact on wall
cleanliness. Therewere inconsistantresults fromthis experimentwhich made it difficultto draw
any conclusions about how lamp currentaffects interiorwalls. However, what was realizedis
that when the currentto the krypton arc lampis increasedthe spot size of the beam will increase
proportionately. Thisincreasecomes from the beam quality factor termin the spotsize equation.
With increasedpower, the diameterof the beam increasesdue to a thermal lensingeffect of the
Nd:YAG rod. As you pump harder(with more lamp current) laseremission occurs at other
frequencieswhen the gain exceedsthe internallosses for these frequencies. These other
frequencies are deteminedbythe energyband structureof the laser medium. The internal losses
are a function of the quality of the laser medium(i.e. the YAGcrystal). ASyou pump the laser
harderyou produce a higher "mode" or additional frequencies in additionto the fundamental
frequencyof the laser. These highertransversemodes leadto a deviationfromthe ideal Gausian
profilewhich affects the beam quality factor. Therefore,at the fundamentalwavelength, hole
diameterswere relatedto the drive currentfor the arc lamps in our multimodesystemas shown in
Table3.

Table 3. Via Diameter vs. Lamp Current

Lamn Current yia Diameter

11 amps = 37.5 microns
13 amps -_-50.8 microns
15 amps =_76.2 microns
17 amps - 101.6 microns •

All informationwas obtainedusing the U.S. Laser, Nd:YAG Laser System
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Once we realizedthat we neededto obtain a higherquality beam for stable operation, we
measuredthe temporal profileof the beam fromthe U.S. Laser Systemusing a high speed silicon
detector andNicolet Model# 320 oscilloscope. These measurementswere performed to
determinepulse repeatabiltyand pulse durationat specificcurrentvalues. This equipmentalso
alloweddetermin_,tionof the mode structureof the beamwhich allowedus to improvethe cavity
configuration, pulse duration,and peak powers. This was done to prove the laser'slong term
stabilityfor the type of applicationenvisionedfor thiswork. Oncemodified, the pulse

• repeatabilitywas verygood which producedmoreconsistant resultsin our drilling. No deviation
was observedin peak power and pulse duration. Pulse durationswere measuredat the fullwave
half maximum(FWHM) value of the peak power for lamp currentrangingfrom 11-17 amps. The
pulse durationsdidvaryfrom 130-190 nano-seconds, butthey were very consistant at a given
lamp current. These modificationsprovedthat the lasersystem was consistant overthe necessary
parameters.

Thefinaldevelopment whileworkingwith the fundamentalwavelengthproducedthe best
results for hole geometries to date. We modifiedourdrillingprocessbydrillingeach viatwice (A
processthat hasbeen donebefore). This time the lampcurrentwas variedfor each exposure
duration. Essentially,we drilleda bore hole at 10 ampsproducinga hole of = 25 microns
diameter. Withthe bore hole inplace, a secondvia at the exact samelocationwas drilledwith
14-16 ampsto createa finalvia of -_-75 micronsin diameter. Thepurposeof thisexperiment
was to determineif a small bore hole would allow Si materialto be expelledduringthe final
drillingprocess to obtainthe desiredvia diameterandless redeposition. Theresultantholes
exhibited good geometries fromentranceto exit and showed minimalmaterialreflow. In
addition,the processprovedto be repeatable. See Figure4. After analyzingthe SEM
micrographsit was obvious thatthe smallbore hole didallow a significantamount of Si material
to be expeledfromthe hole withoutresolidifyingon the interiorwalls. Also the bore hole at this
current was smallenou_ to allow minimalreflectionof the laserbeamin thehole and adequate
absorptionof the energyinto the Si to createa good hole.

The Nd:YAG laser systemoperatingat the fundamentalwavelengthprovedthat hole
formationin Si substrateswith a laseris feasible. Withcareful considerationof laserparameters
the process for drillingholes in Si producedadequate interiorwall geometries and good
repeatability. However, at the fundamentalwavelengthwe were limitedby the low absorption of
the Si and the relativelylargebeam diameters, limitationsdue to multimodeoperation. First,at
1.064 microns,absorption was not great enough to producevaporization and avoid melting.
Second, even though this systemgave us the requireddiametersfor the next sub-process, we
were limitedto a range of 25-100 microndiameterholes. With the systemoperatingat this

. wavelength, careful analysisof the beammustbe performedwhen processparametersarechanged
to insureTEM0omode operation.
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Table 5. Measured Optical Properties in Si

Thickness (nun) Wavclcngth(sun) Absorption(%) Transmission(%) Reflection (%)
0.051 532 63 0.0 37
0.051 1064 20 69 11
0.102 532 63 0.0 37
0.102 1064 27 45 28 "
0.635 1064 67 8 25

Figure 4. Cress-section micrograph of optimum via developed at the
fundamental wavlength.

_4. Visdrilledstslsmpcurrest_rlOsmpsc_sborehded _--25 microns in disme_ md
then a secoad vis drilled is the exact _ with a lamp csrrest d 17 raps crealJs| a via of IO0 micron

diameter with little or m Si melt md misisud dSml_ m the subsm_ sroud the tis tormlioL
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532nm Wavelength-

In orderto investigatethe increasedabsorbedenergydensitiesto create morevaporization
than melting,the Nd:YAG lasersystemwas modifiedto accept a nonlinearfrequency doubling
crystalwhich changedthe wavelengthto 0.532 microns(532nm). This change offereda largerq

optical absorption coefficientin the Si (i.e. highervolumetricenergydensity deposition) and
smallerpotential spot size. The combinationof these two factorscreatesmorevaporization than

• melting. As we discussedpreviously,the absorbedenergydensityis a functionof the absorption
propertiesof the material(Si) at the specificlaser wavelength. See Table5. The characteristics
of absorption,reflectionand transmissionin Si varieddrasticallyfrom the fundamentalwavelength
to the second harmonicwavelengthof 532 run. Therefore,the energydensityof a 532nmbeam is
significantlybetterthanat the fundamentalwavelength. In addition,the spot size will vary
directlywith wavelength as is indicatedby the followingequationfor theoreticalspot size, s=
(4k/_)(fld)M a . Fromthis relationshipit is obvious that as the wavelengthdecreasesso does the
focusedbeam spot size. Thus,at the secondharmonicwavelengththe beam area is reducedby a
factorof four, producingan increasein energydensity at the focused spot. Finally,the energyof
each photondoubles as the frequencyis halved. All threeeffectsare combinedinthis change.
The total effect from this one changeincreasesthe depositedvolumetricenergydensifyby at least
two ordersof magnitude,thus causinga changeinthe physicalresponseof the material(i.e.
vaporizationratherthanmelting). Theexperimentsconducted at thiswavelengthwere conducted
with two separate lasersystems. Onewas the U.S. LaserSystemdescribedin Table 1 and the
other a QuantronixModel#l 14 powersupplyand laserheadwhose characteristicsare shown in
Table6.

Table 6. Quantronix Model # 114 Characteristics

QuantronixModel#114Power SupplyandLaserHead - C.W.Pumped Q-SwitchedNd:YAG
Laserin a U.S. LaserClass I enclosure.

Wavelength- 532nm
Pulse Length- 150ns
LaserM._de- TEM 00
Pulse Energies- 1.25mJ
PulseFrequency - 3kHz
ExposureTime- 7 seconds
OpticalAccessories - Tre-panAssembly

s

All experimentalinformationwas obtainedusing intra-cavityfrequency doubling. Two
differentnonlinearfrequencydoublingcrystalswere used. Beta BariumBorate(BBO) and
PotasiumTitanylPhosphate(KTP). The BBO crystal producesa stable conversionof the
frequency withless temperaturesensitivity,howeverthe conversionefficiencywill be slightlyless
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than the KTP. The KTP crystal has excellent conversion efficiency producing higher output
power but output is unstable over time and temperature. The original experiments involved the
U.S. Laser System with a BBO crystal intra-cavity. The standard cavity configuration consisted
of spatial filters, brewster stack, Q-switch and doubling crystal. See Figure 5.

Figure 5. Optical Rail Set-Up for Frequency Doubling Operation

t,. ...... 36" .... )

F .052" 5-AxisMount"--I
Aperature

& Freq.DoublingCrystal,l, ouout oi I Laser ead " ,,i,' ' ,,, '

i #--=--- OutputMirror• "- AO Q Switc H.R.for1064nMBrewstcrStack • "

H.R.Mirror

The initial set-up produced approximately 2 watts, at 532nm wavelength beam, with the
standard configuration as shown in Figure 5. The nonlinear crystal was placed intra-cavity
because the circulating power within the cavity of a Nd:YAG laser is up to ten times the
extracavity power. 3 Also, the spatial aperatureswere used to create a TEM0omode. The TEMo0
mode offers the highest energy density; because the conversion efficiency of the nonlinear crystal
increases with energy density, this maximizes the output at 532nm.4 The intracavity polarizer was
used to provide a polarized beam. The 5-axis mount is then used to match the orientation angle
of the no-'linear crystal to the polarization of the beam creating the frequency doubled output.

Once the system design was completed and functional, an experimental matrix was
produced to verify system parameters and Si material response. (Test matrix shown in Table 7.)
In order to compare the effects of helium on hole formation, no helium assist was run using the
same lamp current and repetition rates as hi Table 7. The original test matrix showed that the
power level available at 532nm was capable of penetrating 625_tm silicon, however the taper of
the via was significant and the via diameter was extemely small. Entrance diameters were on the
order of 25 microns and were approximately 12.5 microns at the exit. The interior walls did not
exhibit as much silicon melt, but geometries looked very poor and a large amount of taper from
entrance hole to exit hole was evident. Cross-section micrograph_did not show conclusive
evidence that helium was beneficial to the process. As seen with 1064, the addition of helium as a
shielding gas showed no discemable difference. See Figure 6. Lamp current variances would
vary spot size and consequently vary via diameters. However, at maximum current the largest via
diameter was approximately 25 microns. This diameter was to small for the metalization
subprocess requirements.
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Table 7. Original Test Matrix for 532nm laser operation.

REPETITION RATES

1 repitition 2 repetitions 3 repetitions

H 20c_ x x x 13A L C
E AU
L 40 CFH X X X 15A M R
I PR
U 60CFH X X X 17A E

M N
T

Figure 6A. and 6B. Micrograph of cross-sectioned vias drilled with original
parameters set for 532nm.

Fig. 6A. Micn)graph shows extreme Fig. 6B. Micrograph showing less Si melt
taper and very small diameter visa at and damage to the side walls compjuredto
532nm compared to 1064nnL The visa drilled at 1.064J_m.
entrance hole diameter i8=_.25 microm

(.04)1") and the exit hole has tapered
to = 12,5 microns (.OOOS")diameter.
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With initialdataindicatingthat drillingSi at 532nmwas promising,the project focused on
optimizing the laser systemfor 532nm operation. A dedicatedfrequency doubledNd:YAG laser,
QuantronixModel#114 power supply,U.S. Laser Model#3732-A laserhead was enclosed in a
U.S. Laser Class I cabinet. A KTP frequencydoubling crystalwas used to maximizethe second
harmonicoutput power of the system. The KTP crystalproduces higherefficiencydoublingand
is less susceptible to crystaldamagecaused by thermalheating that could severelydegrade
performance. These improvementswere specificallymadeto optimize the power densityat the Si
substrate surface. With the laseroptimizedfor second harmonicoperation a shortfocal length
abberationfreelens was obtainedand the mechanismfor materialvaporization was in place.
However, one sil,,nificantproblem had to be dealt with. Due to the smallerwavelength and
TEMo0mode, th_ maximumvia diameterswere significantlyless than what was requiredfor the
complete interconnectprocess. Maximumvia diametersat maximumlamp currentwere measured
to be 25gm at the entrance.

In orderto producelargerdiameterswithexistinglasersystemparameters, a technique
called "tre-panning"was used. Tre-panning has been used extensivelyin mechanical fabrication.
Tre-panningis the process of offsetting the beamfromthe normalaxis of the optics and then
scanning the bemnin a circularmotion around the normal axis to circumscribea lingerdiameter
circlewhich creates the requireddiameterhole. Atre-pan optical assemblywas developed to fit
the existing lasersystem. To accomplishthis severaldesign considerationshadto be considered.
First, the resolution of beam offset to the normal had to be very precise. Second, to maintain
maximumpower densitiestransmissionlosses had to be minimized. Third,not kno-_ng an exact
process parameter the circularmotion had to have variablespeed control. The final design
utilizedtwo BK7 glass 1°wedges mountedin an optical assemblydesignedto fit into the system
beam path prior to the focusing lens. The assemblyheld both wedges independent of one another.
(See Figure 7.) Thus maximizingthe resolutionof the offset beam to the normal. In addition,
the wedges choosen were matchedopticallyfor angulardisplacementto maximizeresolution of
the entire tre-pan assembly. This was accomplishedby passing a HeNe laserbeam through a
multitude of test wedges at a specific distance. Once the beamenteredthe wedge angular
displacementwas measuredat a distanceof 21'6" from the test wedge for greaterangular
displacementand subsequentlybetterresolutionto match this distance. This was done with a
large quantity of test wedges to insurethe best match. Once the preciselymatchedwedges were
chosen, they were A/R coated for 532nm to minimizetransmissionlosses. This matched set
produced offset at the workpiece from 0.0 - 0.060" diameters(0.236 mm)using a 40mm F.L.
lens. The last considerationwas the variablespeed motorto control RPM of the tre-pan
assembly. The two piece wedge assemblywas placedin a rotating housing and then placed in the
beam path priorto the focusing lens. The assemblywas rotatedby a variablespeed D.C. motor
using a smalldrive belt. In the speciallydesigned assembly,one wedge is held stationaryand the
second wedge rotates around the fixed wedge to create beam displacement. This allows for
precise displacementand controlof the beam off the normal axis. Then the entire assembly
housing that incoporatesboth wedges is rotatedfrom0-110 RPM. The beam enters the tre-pan
assemblyon normal axis and will remainon normal axis when exitingthe tre-pan assemblywhen
both wedges are alignedperfectly with respectto each other as shown in Fig. 7. As you slightly
rotatethe freewedge with respect to the fixedwedge you createa displacementof the beam as
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shown in Figure 8. Amount of displacement is dependent upon wedge alignment and is
completely operator controlled with excellent resolution.

Figure 7. Tre-pan Optical Wedge Design

BK7 Glass I degree 1/8 inch air gap
Optical Wedges

lri&7 - Wedlgelm shownthebeamwm deviatethrougheach wedgeandremainon the sameopticalpath
whenexitingthe tre-pan assembly.

Figure 8. Optical Tre-Pan Assembly

Collimated Beam

Off-set
Collimated Beam

40ram
• Lens Beam Scan to

create via.

Fi&8 Sideview oftre-pan assemblyand
howthecollimatedlaserbeamis offsetthru
the focusinglensandthenrotatedfrom0-I 10
RPM.
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Once the complete system, including tre-pan assembly, was operational, multiple vias
were drilled. The parameters that were varied, included lamp current, tre-pan RPM, and exposure
time. The new system quickly demonstrated it was capable of drilling vias with the desired
geometries and consistancy that was lacking in previous experimental designs. Preliminary
optical inspection with light illuminating the via from underneath provided data that the via was
very circular, with smooth interior wall surfaces and essentially no taper at the diameter desired.
The initial vias were drilled with the following laser parameters: 532nm wa_velength, 1 watt
average power, 3khz pulse frequency, 40mm focal length lens, 5 second exposure time, 110 RPM
tre-pan assembly rotation rate offset to produce a 0.005" (0.127mrn) hole.

Further experimental matricies provided data to optimize via formation in Si with
thicknesses ranging from 0.008" to 0.025 _'(0.203ram to 0.635mm). Vias produced exhibited
excellent geometries, minimal taper, smooth interior wall surfaces and no damage to the substrate
surrounding the via formation. (See Figures 9A-9F.)

The micrograph in Figure 9A shows a functional die with .037ram (.0015") diameter via
in a .100 x .100 mm (.004" x .004") aluminumbond pad. With no damage to the bond pad as
shown, there is no adverse affect to processing wire bond interconnects. Figures 9B and 9C show
micrographs of cross-sectioned vias taken at 90° and 45° angles thru a functional die of .300ram
(.012") thickness. The via diameter is =_.050ram (.002"). Fig. 9C shows vias in a functional die
that is .375mm thick with no evidence of microcracking in and around the via as seen with vias
produced with 1064rimwavelength. Fig. 9D illustrates good repeatability in the process. This
optical photo shows a 9x9 matrixof.050mm (.002") diameter vias on .254mm (.010") centers
with no damage to the Si substrate. Figs. 9E and 9F illustrate the diversity of the tre-pan
assembly. Vias were drilled in the same substrate thickness as Fig. 9C, but the via diameter is
.125ram and each via still exhibits no material damage in around the hole.
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Figures 9A. thru 9F. Micrographs of vias drilled at 532nm
utilizing optical tre-pan assembly for beam scanning.

Fig, 9A. Micrograph of via showing via Fig, 9B. Micrograph of cross-sectioned visa
diameter versus bond pad size. Bond pad in .375 mm thick $i substrate showing good
is .100 X .100 mm square (.004" z .004") geometries, minimal taper and excellent

repeatability. Via diameter is _--50 micron
(.002").

Fig 9C. Micrograph of cross-sectioned visa Fig, 9D. Optical photograph showing 50 micron
" thru a functional _Ie of thickness .425mm (.002") diameter entrance holes on 254 micron

(.015"). The via diameter is ._S0 micron (.010") centers. Verifying consistancy of the
(.002"). frequency doubled Nd:¥AG system design.
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Fig. 9E. Micrographof cross-sectionvia Fig.9¥. Opticalphotoof - .126ram(.005")
thatis =_.126ram(.005") diameter. Thevia diametervia in $i mbstrate. E_ibiti_g excel-
wMdrilledin .375mm(.015") thickS| lentcirculargeometrieswithclean,smooth
substrateillustratingthe diversecapabilities interiorwalls.
o4"the system design.

Summary of 532nm
It was obvious from our results using the lasers fundamental wavelength that energy

densities needed to be increased to obtain better drillingresults. In order to obtain the necessary
energy densities, a frequency doubled 532nm Nd:YAG laser system was procured which offered
improved absorption, a smaller focused spot size and increased energy of each photon. The
energy of a photon at the 532nm wavelength is double that for a photon at the fundamental
(1064nm) wavelength, as show earlier. Also, the optical absorption coefficient of Si at 532 rimis
increased by a factor of forty andthe area ofthe spot is reduced by a factor of four over the
fundamental, creating higher absorbed power densities in the substrate. This was the key to
optimize the drilling process at or near the vaporization/ablation region and produced significantly
better results.

The final key element of the system design was the use of optical tre-panning apparatus to
provide precise diameter control and hole morphology control. Using the Q-Switched, frequency
doubled Nd:YAG laser with the optical tre pan assembly and a 40ram F.L. lens, has proven that
vertical via technology is not only possible but practical in Si. The process has been proven to be
repeatable and to meet the requirements for the metallization process to create vertical
interconnects. This laser system design has also demonstrated excellent flexibility to changing
technical requirements for a diversity of applications. The complete laser system configuration is
shown in figure10.
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Figure 10. Frequency Doubled Nd:YAG Laser System

248nm Wavelength-

The final wavelength that was investigatedfor drillingsiliconwas 248 nrn. This
wavelengthis producedby anexcimerlaser. An excimerlaser is a inert-gas/hafide,gas dynamic
laserwhichproduceshigh power, highefficiency,andhigh brightnessas a coherentUV source.6
Excimer lasersarecapableof producingwavelengthsfrom 193 nmto 360 nm,dependingon the
gas mixtureandratio. The majoradvantagethatwe saw in the excimerwas that it was a coherent
source of UV energy. The energyper photonat 248 nmis approximatelydoublethatof 532 nm
and silicon'sopticalabsorptionincreasesfrom 8000 (cm"I)at 532 nmto well over I x 106(cm"I)at
248 run. These increasesmove the materialremovalprocessto an ablationregime and away from
meltingor vaporization. The ablationprocessremovesthe materialwithout significantthermal
energyinputto the substrateproviding betterlookingholes and moreprecisecontrolof cutting
action. Another advantagewe saw in the excimerlaserwas the relativelyshortpulse lengths
available,typically 15-20 nsec comparedto 130-200 nsec forthe doubledNd:YAG system.
These abortpulse lengthsdecreasethe amountof heatthat goes to the substratewhich
significantlyreducesthe thermalimpacton the substrate. A disadvantageto the excimeris its low
frequency operation. Because it is a gas dynamiclaser, it takesmuch moretimefor the popuation

• inversionto take placeandthe laserto lase. The excimercan only fireup to 250 times per sex.
The Q-switchedNd:YAG can be set at anywherefrom IK to 50K Hz. If you use anexcimer, this
parameterlengthensthe time it takesto cut a hole if you cut one hole at a time, whichis what we
aredoingcurrently. However, becausethe excimeris a gas dynamiclaser,a largerlasercan be
builtto provideenergydensitieshighenough to use the entireI inchby 2 inch beamwithout
focussingthe beam. By usinga propershadowmask, the larger lasercould simultaneouslydrill
manyholes in that 1"by 2" area. Therefore, usingthis maskingtechnique,manyholes could be
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drilledin parallel,thusreducingthe overalldrillingtime. Thiswould speedup the cuttingprocess
considerably.The excimerlaser is the only UV laserwhich has this potentialsince the Nd:YAG
lasersdont lendthemselvesto parallelprocessing.

We had anopportunityto experimentwithan excimerlaserwhen we were graciously
invitedto do some collaborativeresearchwithProfs. Rex Lee and WilfredoMorenoat the

Universityof South Florida'sCenterfor MicroelectronicsResearchin February1992. They had
recentlypurchaseda Questek 2000 excimerlaserwhichthey were setting up with XeF and KrFto
do damage studies on electronicdevices. One objectiveof the tripwas to investigatethe
excimer'ssuitabilityas a cuttingtool for this work. We used the KrFgases which produces a
beam at 248 nm. We experimentedwith various thicknesses of Si wafers rangingfrom 0.025"
(0.625 mm) to 0.050" (1.27 mm). We also varied:repetitionrates (rep rates),pulse energy
(mY),power (waRs), the optical length (the distancebetween the pinhole aperatureand the
focusing lens), and where we placedthe sample(at the imageplane or the focal point). See
systemsetup in Figure 11. We were limited in the type and qualityof the experimentswe could
accomplishbecause some of the key optical pieces were eithernot availableor being repaired
while we were there. We kept the experimentalmatrixas simpleas possible in orderto obtain the
best data possible with the simplesetup being used. The via sidewalls looked verygood with
smooth interiorwall surfaceswith littleor no materialmelt (See Figure 12.). However, the large
taper (approx 2:1 through 0.025") a_ldlargevia entrance diameter(approx. 0.005" - 0.008") were
consideredto be areas of concern. Another concernwas the cutting speedwhich took a minimum
of 30 seconds for the 0.025"wafers. These parameterswould limitthe utility of an excimerfor
drillingvias in substrates if they could not be improved. Two otherkey factors in determiningthe
utility of an excimer laserare its largeinitial cost (anywherefrom $250K and up) and the
extensive ES&H requirementsassociatedwith puttingit in a laboratoryor manufacturing
environment. Its operatingcost are significantwhen you considerthe cost of the rareinert gases
and the frequency at which these bottlesare changed. These factorswill allhave to be
incorporatedinto the decision to use an excimer. Moreresearchwill also be necessaryto confirm
the excimer'slimitationsand/orabilitiesfor diameter, taper,and cutting speedcontrol. The two
dayswe spent with USF did not allow adequate time to investigate many of these parameters. It
was unclearwhether the excimer would be better than say a quadrupledNd:YAG (at 266 run).
The power of the quadrupledYAG is significantlyless than that of an excimerbut its cost,
frequency, and ease of operationmay make it a better choice. We plan to investigate this
possibility in FY93.
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Table 11. Excimer laser and Optical Rail Set-Up

Shutter PinholeApcrature

ExcimerLaser , ....i'", Sample

Large Cutoff 9.05 cm
Aperature F.L. Lens

SUMMARY:

Whenwe began to investigatethe possibilityof puttingfine holesin Si substratesfor
verticalelectricalinterconnect(or vias)for Si MultichipModules(MCM),laser drillingwasjust
one of the possibilities. We were lookingfor processesthatcouldproduceholes in Si
consistantly,withthe necessaryalignmentand accuracy,would producehighqualityhole
geometries,andbe compatiblewithtypicalcleanroom Si fabricationprocesses. Although,our
initialresultswere not perfect,we didsee the potentialof laserdrillingaftersome modificationto
the initialsetup. Laserdrilling,as we have definedit in thisreport,stillhas some drawbacks. Our
best results,to date, arewiththe doubledNd:YAGlaserwiththe tre-panassembly. However,
with ouranticipatedneed of approximately400 vias per Si substrate,at least 4 substratesper six
inchwafer, and24 wafersper wafer lot, drilling1200 holes perwafer at approx.5 sec per hole
will t_e almost2 hours of drillingtime (assumingan automatedsystem,which has not been
completed, yet). Thisserialprocess is, atthis time, necessary,since no otherlasersystemhas the
performancein Si of whatwe can do currently.We will be looking forthe laserthatcan drill
manyholes simultaneously,maybethe KrFexcimeror speedingup the drillingprocess. This is a
seriouslimitationfor the laserdrillingprocessat the presemtime.

In this report,we haveinvestigated threedifferentlasersources;the fundamental
wavelengthof the Nd:YAGlaserat 1064 nm,the doubledNd:YAG laserat 532 run,and the KrF
excimer laserat 248 rim. All three sources producagiholes in Si. Thefundamentalwavelengthof
theNd:YAG provedthathole formationin Si substrateswas feasible. We also learnedthat
carefulconsiderationof the laserparameters for the processwas criticalto producethe results

. necessaryand that stabilityof the laserwould be an importantparameter if this processwas to be
used for productiontype of work. The fundamentalwavelength'sutilitywas limitedby poor
absorptionof thatwavelengthin Si andhole diameterlimitationscausedbythe power and beam
characteristicsat that wavelength. We were also limitedby the hardwarewe had available. Via
morphology was acceptablebut not what we consideredto be the bestattainable.

The doubledNd:YAG producedthe best resultsat the dimensionswe considered to be
necessaryfor our applications. These improvementswereobtainablethroughthe combinedeffect
of doubtingthe frequencyof the laser lightwhich increasedthe absorption, madepossiblesmaller
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beamdiameters,and doubledthe energyper photon. We also improvedthe lasercavity to
producea consistantTEMO0beamand otherlaserparametersto producea stableoutputfor long
periods of timewhichwill be necessaryfor a productionlaser. In addition,we addedsome extra
featuresto make the systemgive us betterqualityresultsby addingthe tre-panningassembly. All
these changes resultedingreatercontroland consistanthighqualityresults. These resultsalso
showed thatwe could controllablydrillsensitiveelectricallygood die throughthebond padsand
not destroythe functionalityof these die.

Finallywe studiedthe use of an excimerUV laser at the University of South Florida's
Center for MicroelectronicsResearch. Although limitedby the availableoptical setup that was
currentat USF while we were there,we were able to ascertainbasic characteristicsof the excimer
by the results. Our initialassumptionsabout the drillingparametersof the laser were
fundamentallycorrect. The short pulse lengths producedfine controlof the cutting action. The
substratematerial showed no crackingand verygood morphologyof the resultingholes. What
we were not expecting was the large taperand the length of time it took to drilleach hole through
the substrate. Thiswas compoundedwhen we realizedthatthis was with a focused beam. These
parametersdiscouragedus fromexploring furtherinto the excimerlaser. In all fairness,a fully
operationalsetup and morecarefullythought through experimentsshouldbe accomplishedto
finallyascertain the utility of the excimerlaserto this type of processing.
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