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Abstract  - Nc\v Millennium DS-2 is the second projccl of
the Nc\v Millennium Program series, managed by the Jet
Propulsion Laboratory (JPL). The project consists of a pair
of probes, that \vill  be earned by the Mars ’98 spacecraft.
After release frotn the Mars ’98 L,andcr  cruise stage, both
probes \vill  autonomously enter  the atmosphere and
pcnctratc  into the Martian surface upon impact, After
impact and penetration, a soil sample  is taken  and analyzed
for the presence of \vatcr.  in addition, other atmospheric
and meteorological science is also performed during
descent and after penetration.

To create this small pcnctrator, sc~’cral IIC}V  technologies
\vcrc chosen, including a modified Direct Chip Attach
(DCA) packaging technology. This paper describes the
development of the 1} S-2 DCA electronic packaging
technology, particularly in the area of environmental
protection, substraics, and interconnects, Additional topics
include the collaboration bcttvcen  this development and
NASA technology dc~clopmcnt  programs, as \vcll  as
follo}v-on developments for nc}v programs at JPL.

1.
2.
3.
4.
5.

6.
7.
8.

Jet

T..\}H  F; OF ~ON”I’FNl’S

Ih’’rtml)(lc’l’ION

G}N’EX.M . ~I:WkI1’’l’K)N

PROJFKT RliQlmihlFN1’s

W} I}’ DIRI~CI 0[[}) ArrJ.mI?
C(n .] .A~]OR.\’II[)S  WrI’I t N.w,\ C[)])~ Q .i~l) Or}i~R
oRci:\N1/,:Y1’K)Ns
f) I~Fc”I’  C’IIIP A’]-I.WII  DF\~.[  ,OI)hf EN’ ,INI) TFS’I’ING

TEM’ RF.s( I :1’S  ‘1’() D.+w
s{hlhl.i~l’

IN’I’KOIXIC’I’ION

Promdsion  Laboratom’s  hueelt  successful Mars
Pathfinder is but the first in a line of ‘“Smaller,  Cheaper,
and Faster” programs to come out of NASA. The
subsequent New Millennium Program builds on
Pathfinder’s success in the areas of technology
incorporation and program streamlining. One of the major
goals of the New Millennium program is to \alidatc statc-
of-the-art technologies for incorporation into future
missions.
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New’ Millennium DS-2 is t}w second projccl of the New (fX’A) packaging technology, both capable of sumiving  the
Millennium Program series, A pair of probes \\’ill be W,000-G impact, The DCA packaging technology

. rclcascd  from the Mars ’98 Lander’s cruise stage, dcvclopmcnt  is the subject of this paper.
autonomously enter the Martian almosphcrc, and penetrate
the surface upon impact. During cnt~, atmospheric GBNI;RAI.  DIiSCKWTK)N
pressure measurements arc made and descent dccclcration
profile taken. Additionally, an impact  accclcromctcr  \vill Figure 1 depicts the major assemblies tvithin  the Nc\v
characterize the soil and depth of pcnctra[ion. After impact Millennium DS-2, or Mars Microprobe. DS-2 consists of
and pcnctra(ion,  a soil sample is takco and I}VO distinct subassemblies: the acroshcll,
analyzed for \vatcr content. Meteorological tvhich  is the Mars cnt~ vchiclc,  and the
science, including pressure, tcmpcraturc, microprobe, The microprobe itself consists of
and solar intensity mcasurcrncnts,  is also tfro pieces as showm in Figure 2: The
performed. Precision electrical tcrnpcralurc aftbody, }vhich  contains t h e  tclecom
sensors on the pcnctrator  arc used to subsystcm  and antenna, the batteries and
measure soil conducti~rity  (using differential various atmospheric experiments, and the
tcmpcraturcs  bcttvccn two sensors Ioca[ed  in forcbody,  tvhich  contains the sample
the probe) and study  the daily tcmpcraturc collection assembly. the analysis/optical
cycles. With ttvo probes the concept of bench, and the associated electronics. Upon
“ncttvorkcd  instruments” is also dcmoustratcd. penetration of the planclav surface, the forebody  separates

from the aftbody,  penetrating the Martian surface up to an
To crcatc a small pcnetrator  of this t}-pc  (< 3.5 Kg.), several additional 2 meters,. The aftbody is designed to stay at or
technologies Iverc chosen or dcvclopcd: an near the Martian surface, to enable the DS-2 to
aerodynamically stable acroshcll,  an advanced Micro- communicatc \vith  NASA’s Mars Global Suweyor
controller Application Specific Integrated Circuit (ASIC), a spacecraft, \vhich  \vill  bc in orbit to relay data back to
“Telccon]-on-a-Chip” ASIC, a Micro Elcctro-Mechanical Earth, A four metal layer flex-print connects the forebody
Systems (MEMS) laser diode assembly, as \vcll as ultra-lo~v to the aft-body, enabling communication bcttveen the t~vo
temperature batteries and a modified Direct Chip Attach assemblies,
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Figure 1: Ne\\ Millennium 11 S-2 Configuration
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Figure 2: Microprobe Configuration

The nature of a Mars pcnctrator  n~ission  puts unusual
environtncntal  requirements on this projccl.  For JPL
spacecraft missions over the past ttvcnty  years, the
ctnphasis  has been on the vibratiordacoustic  environnlents
associated \\ith launch, and the thermal cycling
cnvironn~ent  dri~’eo b~ electronics poww dissipation in
particular. The DS-2 mission requires an entirely different
emphasis, especially in the areas of shock and cold
tcnlpcrature  thermal cycling.
The nlission profile for DS-2 calls for an itnpact  on the
Martian surface at a probe speed of approximately four
hundred rnilcs pcr hour. Estirnatcd  shock fronl this inlpact
is 80,000 Gs for the aftbody (w%ich is designed for
nlininwnl penetration). This high shock value represents a
challenge to the designers of all rnanncr  of hardware,
particularly electronics.

The thertnal  entirontncnt  is also different fron~ the JPL
nornl, Both the size and the nlission  profile for DS-2 lin~its

5 cm

Day

the amount of energy  storage on the probe, precluding
major power dissipation, Subsurface tcnlpcraturcs  on Mars
arc cst inlatcd any~vhere bct~rccn  O to - 120°C. These tlro
factors create a thermal enviroruncnt  significantly colder
than the 25 t 25°C nornlally  experienced by the electronics
in larger spacecraft. Including prelaunch operation
tcn]peratures  (up to +30°C), this leads to an ern”irontncntal
requircnvxt  of +30 to - 1200C for the forebod~ electronics
asscn)blics. Aftbody asscrnblics  suffer  s]ightly  l e s s
exposure. lrith  a requircnlcnt  of-t 30 to -90°C,
A sun~n~an of the critical en\ironnlcntal  requircn)cnts  is in
Table 1.

11 k}’  l)irect < ‘hip.1 ltmh ?

As the conceptual design for DS-2 cvohed, the project
tcan~ sought a volun~c-cfticicnt  n]cthod for packaging the
electronics. Gi\”cn the project profile and cnf’ironn]eotal
rcquircnlcnts,  DCA using chip and \virc  techniques
appeared to bc quite compatible \vith project requirements.
The strengths of this technology (~olumc efficiency. ability



.
10 adap[ to lotv-quantity  builds, high shock capability) can
be utilized to great effect on the Mars Microprobe.

By coincidence, the project profile for DS-2 also ntitigatcs
t~vo of the known concerns with DCA technology. The firsl
of these ~veaknesses,  that of environn]cntal  protection
against the effects of humidity and corrosive ahnosphcrcs,
is of rninirual concern for 11S-2: the dcvclopn~cnt tin~e for
the flight hardware is very short (approxinlatcly  one year
from fabrication to launch) and the cnvironrncnt  during this
period can be controlled to a certain extent. once
launched, the corrosion driving forces arc rcn~ovcd,  thus
limiting possible damage. Prhnary  operations at Mars arc
on a short time scale, and the humidity at Mars is expected
to be negligible. @erall, opportunities for corrosion-
induced failures arc rninin]al,  This is quite different fronl
years of uncontrolled temperature and hun~idity exposure
typical of earth senicc conditions. Therefore,
cnvironrucntal  coatings specified for DCA need not pass
sornc of the n~ore  rigorous tenlpcraturcflwnidity  tests to be
effective for this n~ission,  particularly when used with die
passivations.

The second concern involves wire bonding of printed
wiring board n~atcrials:  early dcvcloprncnt  of DCA
technology at JPL indicated that the gold plating
specifications for printed wiring boards arc inadequate for
~vire-bondable  surfaces. Early testing yielded \vild
variations in wire bond quality on printed ~viring boards
from different n]anufacturcrs.  This is a particularly
problematic since JPL does not hate in-house printed
wiring board fabrication capabilities, and nwst rely on
outside contractors.

Fortunately, because of the size of the Microprobe, none of
the substrates arc larger than eight ccntirnctcrs  across. This

opens the door for the \vidcsprcad  use of thick fihn ceranlic
substrates and Lo\v-Ternperature Co-fired Ceran~ic
(LTCC).  substrates The ability to use hybrid substrates has
cffcctivcly  avoided the problenl  of specifying gold plating
on printed wiring board substrates.

(XHI.AWRA’I’ION WI’I’11 NASA CXNH; Q
ANI ) O’I’I It ;R OKGANIY,ATIONS

ln]plcnlcntation  of ne~v technologies such as DCA is often
cxpcnsiw,  tin~e-consun~ing,  and risky. Historically,
in~plcnlenting  new technologies has been at odds with the
fast track dcvclopnlent  schedules and tight fiscal constraints
typical of the Mars Microprobe. With this in nlind, the DS-
2 progranl  entered into a collaboration \vith the Advanced
interconnect Program (AIP) funded by NASA Code Q
(Reliability and Quality Assurance). Coincidental to the
dc}clopn~cnt of the Microprobe, AIP funded a project to
investigate DCA technologies for usc in NASA progran~s.
Projects such as these arc called Research and Technology
Operation Plans (RTOPS),  and are multi-year funded
projects. One of the stated goals of these projects is new
technology validation and insertion in[o NASA projects,
nlaking a collaboration wi[h DS-2 particularly attractive.

In addition, the NCJV  Millennium Program has developed a
set of industry partners, under the auspices of the Integrated
Product DC\dOpIIICIM Teams (IPDTs). These teams w’cre
set up by the program to bring additional, high-expertise
resources to bear on new  product developments. The
Microelectronics IPDT is currently in~olvcd  in a munber  of
aspects of DS-2, bringing expertise in the areas of
interconnect technology to the electronic packaging effort.

Table 1. Environmental Requirements
——

Environment (Qualification) Requirement

Shock 30,()()() Peak Cis forcbody, Z-Axis
80,000 Peak Gs aflbody. Z-Axis

Vibration 0.2 Gz/Hz -10-1OOO Hz

Acoustic Maximum 132.6  dB @ 250/315 H?

Thcrn~al/Vacuunl +30 to -1200 C (Operating Rcquircmcnt),  10”’3 tom

Thcrn~al/C’ycling No Specific Test Rcquircmcnl

Tcn~pcraturc/Hun] idity Humidity <7(Y%I RH, No Specific Test Requirement



Lc~eraging these resources has allot~cd the DS-2 project to
accelerate the dei’elopnwn!  of Direct  Chip Attach ~~ilhin
the constraints of the DS-2 budget. in the past,
dcwloptncnts  sin~ilar to this hafc been nudti-year projects.
DCA dcwlopnwnt for DS-2 is currently at about the one
year point, ~~ith flight hardware scheduled to bc fabricated
within the next two months.

DIKHC’I’ CIIIIJ  AT’J’ACI I
DIWI,OPMIINI’

DS-2 is considered a technology-dri~cn program and
therefore, there has been a certain flexibility in using the
mission as a dcvcloprucnt  test bed for DCA. Thus, the
preliminary dc~eloprncnt  process for DCA technology at
JPL led to different DCA configurations on DS-2,
depending upon their location }~ithin  the probe. For the
aftbody electronics, alunlinun)  w’irc-bonds  w’erc chosen
because of the additional stiffness and lo~~cr n~ass that
ahrruinurn pro~idcs.  In addition, efforts were rnadc to
rninin~izc  ~~irc-bond lengths for the aftbody (ultra high-G)
cn~ironrncnts.  This precipitated the usc of LTCC, which
can bc fabricated with ca~itics  for die, thus rninirnizing
wire-bond length, To rninirnizc  the nun~bcr  of ca~itics,
thick-film resistors arc conductiw-epoxy bonded to the
substrate. All parts arc bonded to the substrates for

I

nlcchanical  support, Aftbody  packaging configurations arc
sho~vn in Figure 3.

Requirements for the forebody  packaging arc son]cwhat
Icss stringent because of reduced shock lcvcls.  Dic calitics
arc not required and therefore, standard, thick-fihn
substrates arc used. Because of their snlaller  form factor,
thin-fihn resistors ha~c been specified. Sin]ilarly to the
aftbcrdy, all parts are bonded to the substrates for
rncchanical  support. Forcbody  DCA configurations arc
sho~~n in Figure -1.

Onc exception of note is the Analysis Chan~bcr  electronics
which, for thcr-nlal  conductivity reasons, requires the usc of
a printed ~~iring  board, As stated earlier, the use of organic
lan]inates  has caused t~ire-bond problcnis  due to gold-
plating impurities. For this isolated case, the use of a single,
JPL-qualified vendor ~~ilt  circurn~cnt  the problcrn  and
rniniruizc  risks, This ~cndor  has in-house gold plating baths
specifically set up for wire-bondable printed }~inng boards.
The gold plating is being specified to Mil-G-45204,  the
standard PWB gold plating requircrnent,  ~~ith additional
specifications, These additional spccitications  include a
rcquircnlcnt  to clirninatc  brighteners in the plating bath,
and lot qualification of the gold plating via ~~irc bond pull
tcsling
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Figure 4: DCA Configuration Baseline(s) for PrisndForebody

T\vo different configurations wwe sclcctcd  for dic
scaling/en~ironn~cntal  protection, A combination of epoxy
glob-top and Pa~lcnc coating was chosen based on a
literature research of industry performed testing. “2’4’
While the use of Dcxtcr  Hysol  FP 4460 forglob-foppirg
and Pa~lenc for coating haw been baselined  for use in DS-
2, the configuration of the glob-top will differ based on the
location within the Microprobe. The forebody  has certain
electronics that are non-reworkable in fully assembled
conf’rgurat ion, and are susceptible to dan~age during
asscrnbly.  Glob-top for these assctnblies  will co~er  the
entire die and ~~ire-bonds,  Other areas nlay utiliz.c top-of-
dic glob-top only, 10 facilitate rework.

The usc of a number of different configurations during
dctcloprncnt  phases of a technology is in direct contrast to
prwious spacecraft projects at JPL. previously, variations
of nc\v technologies w’ere incorporated only after the basic
technology \ras qualified. Fortunately, the testing to date
has not indicated problenls  t~ith any of the Various
configurations, as discussed in the next section.

Thx’I’ RWXII ,’1’S ‘1’0 DATI;

To validate DCA technology specifically for the Mars
Microprobe, DCA test ~ehiclcs arc being subjcctcd  to three
of Ihc most difficult crwironrucntal  conditions: Shock,
tcrnpcrature cycling and tcrnpcrature hutniditj.  ‘festing the
Microprobe in thernlal/vacuunl,  vibration and acoustic
environments is planned at the syslcrn ICVCI  after the

complcdon of penetration shock, tenlperature  cycling and
hun]idity  tests.

To ~crify thal the DCA configurations chosen would
su~ivc the penetration shock, the project utilized resources
fron~ the Sandia National Laborato~  (\\hich  owns an
airgun capable of propelling test }chiclcs to the required
speed) and New Mexico Energetic Materials Research Test
Center (EMRTC) to perform a series of shocldpcnctration
tests. The airgun propels the test vehicles  to speeds of 400
n~ilcs/hr. into prepared targets (\~ith pararnctcrs  similar to
cxpcctcd Mars soil conditions). As the project progressed,
higher fidelity nlodcls  were tested }~ith varying dcgrccs  of
success, The latest test vehicles for both forcbody  and
aftbody arc sho~~n in figures 5 and 6, rcspcctit’ely.  To date,
testing has indicated that the basic configurations defined
for the forcbody and aftbody will suwive itupact.

Tcl~lpcraturcfl~~llllidity  and thermal cycling tests are being
pcrfonncd on test san]plcs  under the auspices of the DCA
RTOP. Since there are no projccl specific cn~ironnwntal
rcquircn~cnts  in these areas, criteria used for testing ~~erc
dcritcd from a con]bination  of JPL and “industry
standards.” Final test parameters and criteria arc shot~n  in
Table 2.
To date, test saniplcs  haw suni~cd the full thcnnal  cycle
test and 100 hours of Highly Accelerated Stress Test
(HAST). Test cquiprnent  limitations prc~cnt  electrical
continuous n]onitoring  of the test san~plcs, and the tlrst
generation of test san~plcs  are lin~itcd  in the nuruber  of die
tested, Ho\~c\cr,  results to date have all been positi~c.



Active
Components
(Die)  ‘-

/
Prism ‘

Passive

– Passive Components

Thick-film Substrate

Ceramic
Substrate –-

Figure 5: Forcbody  Prism  Test Vehicle for Airgun shot

— Crystals

Active
Components
(Die) –..

Components

.- Pressure Sensors

. Electronics Plate

Figure 6: Aft Body Electronics Plate Test Vehicle for Airgun shot

Table 2. Test Paranwtcrs  and Success (’ritcria

F‘ix Test  Paranwtcrs Cri[cria

Thcnnal  Cycling -120° c to + 100° c. ~No failures; No physical dan~agc



Temperature Hun~iditJ

100 Cycles, <5° C’/Mitl. Ramp
15 Minute Min. Dwdl

Highly Accclcratcd Stress Test
(H AST), 85% RH, 121 “C

200 Hour

No failures; No physical damage

Chcrall, the RTOP test program has ~crificd that the bc quickly ~alidatcd and facilitate true “Sn~allcr,
configurations successfully tested in the air gun tests can
suwi~e the temperature cycling and tcmperalurc
humidity tests intact. This provided the DS-2 projccl
wit}] up-front DCA validation data for these
environments prior to the Microprobe formal
qualification. In rctum, the test shots performed on DS-2
pro~idc  shock data for DCA validation being performed
by the RTOP program. This sharing of data and
resources is a particularly good cxarnplc  of rcsourcc
le~craging c~cmplificd  by the RTOP program,

CONCI,I]SIONS

While  Direct Chip Attach technology does not appear to
be a panacea, it is proting to rncct the needs of the NCW
Millennium DS-2 Project. DS-2 will be the first project
to make \\idc  use of Direct Chip Attach at JPL, and w’ill
undoub ted ly  serve as a dc~rcloptncnt  model for
incorporation of this packaging technology into other
JPL projects,

The collaborative efforts between the DS-2 project and
NASA Code Q validation RTOPS has allowed the
integration of DCA technology into this effort w’ith
minimum, “managed’ r i sk ,  Dc~elopn~cnt of the
technology t~ithin  industw ~~as used as a guidepost for
early decision making. Environrncntal  testing and
tcchnolog~ lralidation was accomplished in parallel with
the spacecraft design. This, combined }~ith the “smaller,
chcapcr,  faster” philosophy gaining acceptance in the
NASA community, has produced a successful
technology validation program for DS-2, and ~~ill  allow’
for rnorc rapid incorporation of nc!~ technologies into
NASA programs for the future,
Further \\ork remains to be acconlplishcd  w’ithin the
DCA RTOP program: In addition to ongoing DCA
testing and dctcloprncnt,  RTOP personnel arc pursuing
the formation of a Direct Chip Attach consortium. The
purpose of forming this consortium is to not only
~alidatc  DCA technology for a }~idcr  set of programs,
but also to address some of the problems encountered on
the DS-2 project (e.g. gold plating, cn~ironnlcntal
protection, knol~n  good die, rc~~ork issues, etc.). It is
hoped that, through efforts such as this, adjanccd
packaging technologies including Direct Chip Attach.
Micro-Ball Grid Arrays and Chip-Scale packaging \\ill

Cheaper, Faster” NASA programs,
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