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actual semiconductor devices and thus increasing production yield.

In addition to increasing the substrate area, it is also important to optimize the
utilization of the substrate area for a given substrate size so as to actually use as
much substrate area as possible for semiconductor devices and/or test structures
that may be used for process control. In the attempt to maximize the useful surface
area for a given substrate size, the feature sizes of circuit elements are steadily
scaled down. Due to this ongoing demand for shrinking the feature sizes of highly
sophisticated semiconductor devices copper in combination with low-k dielectric
materials has become a frequently used alternative for the formation of so-called
interconnect structures comprising metal line layers and intermediate via layers that

include metal lines as intra-layer connections and vias as inter-layer connections,
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In particular, one promnent failure nmechanismis seen in the phase, when

t he package substrate is actually connetted to the sem conductor die by
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material so as to forman inter-nmetallic connection between the bunp
structure of the sem conductor die and the bunp structure of the package
substrate., In this process, the sem conductor die and the package substrate
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eld loss as will be explained in more

Fig. 1a schematically illustrates a top view of a semiconductor die 150, which may
be understood as a device comprising an appropriate carrier material, such as a
silicon substrate, an insulating substrate, and the like, in and above which circuit
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any appropriate interconnect structure 165 in order to connect the various
bunps 162 to any further contact features (not shown) for connecting the
conposite sem conductor device 100 with the periphery, for instance by
contact eEentEnduchead itleasistarst lingl thedlikeapps qpoviase. capdusdiseed! dmrs, (not

shown) may, A ol . der .bunps 16 vi.a appropriately

conf i gur ef'g§%§§ ° m"%mﬁ%@ Oq§ 8‘9’59”3%5 'E%tr?l FaHatvste '%C’H%'Og rfy
conpr i se PiIralitystafatiectabigation| iayemg omtemrcdmfﬂex semnmdueﬁoer db@ies Sqard N and
above whisgh it el nt not shown) transj stors,
resistors, Sélg%gegtjt ors, (ﬁa@;d tt%hgésiq él%h F@ g,nprgptéon bﬁ@fe&lnl @ﬁt iiggividniat em
155 corrpﬁﬁg‘i'%ﬁ'dacwubwad irohitneteatdritz at irbe Maye&rmtnbmo%ygbﬁmhotl showRy cal Iy

for med r es et ures, such as netal
l'i nes ang}?ﬁ(}/&gg %ﬂﬁgﬁ%%f%t@ﬁags%g% %'Obhgrugﬂggt?r %maﬁi)ﬁf%%tf‘f%ﬁ@bé‘th\ﬁébn t he
i ndi vi dusPmeripetiptpieradiient sontast diestudss eichbeve|déheurnps ahbisl iliaps st em
155 may @Mpke S n i | ectr rials or UL terials in
conbi n;tl on \%t%hﬁi@]gé% téég%éd%‘gn}ﬁsgﬂeﬁe % éo?nsﬂgh]%g ar¢ ot ?Ctg %ﬁlﬁ@%'ify"?

resul ti ngP¢1798 SRS npleshewi) atsi dincisspdrabovehi Tthe rmmnd:m“\cﬁsca)rr(ﬂdumd
mechani calayShee& g4 SiGsien b c ni.ca t hat ma

exert ed { ayf he conrﬁyacatgys??r uct uidg%%%%&ys rg%al golt(g 'J"?Croggnrggi%t?ean?o aﬁporleower
lyi ng metUBCHPoal CHAVIE aRRItigns: %Shée@%&derforlwtamhr@r ¢hy EosseO| ypemeahaing any
severe dtaémg@othﬂr;e; | igal e certain

g ude e sen raiaf BLOUE, TR h8lohtdct Ma BEIR"ERe® st Nefern,

wel | - est LB’T’P%h § e edlargs and deg like rﬁnafmgfeldlﬁblpdrtedtam:a&aemecemmm durizicenent s,
such as dmeansi Heoschtd@VdtAgt@reChbd | @dns@ﬂg@rﬂﬁ} @Egér@(ﬂﬁ@tc%ﬂg Cﬁﬁ%?ﬂﬁy be

provi ded in co&ﬂb ation with a co

pl ural i Y%V g QQVQ%R%@‘W@@%MGVQ'WQW 151%Peoﬁthevdwd50rmw alscet we as a

final | ayatral Regie®nbact structure 151 conprising any appropriate dielectric

material in conbination with the sol der bunps or netal pillars 152.

Generally, due to the ongoing demand for avoiding critical materials in

sem condlgt 0b JUhearRsBhMg.ilisikledSin 8Adged0)ide! £e

devel OD?E for nst lc;‘&gon th eebasnl S 01l£ e?l{/g&l Om E%ﬁéﬁer@x?\@%g ﬂ-’é)Pl i ke,

in an attP@fey 3° eﬁ\? '%ﬁ@o‘ﬁ@ﬁg%pbﬁaméézﬂcomé? @iemerﬂmvmmms trieés @ilos der

mat er | alis tiwajorgeaRsaey pRYE, sdideflhiihBs Al WBARBN ARl FARTASLERLILACS and
er

may typi have a higher mnelting point conpare
mat eri al® ?Bl i%}ong%groguaqu ndhe fern §6F’d%f?d ftae spligr shaiedak ppil ¢lad like.stiffer

conpared to the relatively soft |ead-containing solder materials.

Consequ nmech forces to the contact structure 151,
a | ead g}éh%%l d'§r 1%:4@%%@3% 'ﬁ Q?%h‘é?wlﬁfrﬁﬁ@rﬁé%”érﬁ' &pgipay! S0Carie fvdrich
resul ti aponechanliyabdf §ajdmebumb'©r m@éﬁp;@@%:ﬁd’mé nko 1@@%@’?}?8\5&% 9 tl'be

tall larly, f t
wni ch e GLSUELEE IRE Tl ¢ il db “Siasbise! Riieiarsy brumiviebult i

an incr ém@t‘ﬁlmhbmeciammss roegslldrg Iﬁzemuy%lemaopr@fanbh@sé?cﬂ@p%%ﬁ eat Wes 152.
After sgpar ﬁbh %ﬂg | |V|dual sem conductor, die 150 t proce55|ng IS
cont i nued YA¢hing tHg Bﬁ@%ﬁg‘”sdﬁgFﬁaP%'TBO‘%W“ﬂﬁeFHQ@dQ$OImnHm
applyln@ﬁméﬁmdaﬁ@rdwné$ﬂaln mechani cal force in order to establish an
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the device 100 is heated to a tenperature T that is higher than a nelting
tenperature MELT of the solder material, wherein typically the device 100
is brought into an equilibriumstate, i e. substantially the sanme
tenperature is obtained at any position within the device 100 in order to
initiate the reflowing of the solder material for any solder bunp in the
device 100. To this end, the device 100 may efficiently be thermally
coupled to a process anbient, as indicated by 110, in which a device 100
may be uniformly heated, for instance by adjusting an appropriate process
tenperature within a process chanber acconmodating the device 100. For



7 tenperature reservoir to the device 1001 as indicated by the arrows in
Fig. le. After achieving the desired r&flow tenperature, the tenperature
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Fig. 1j schematically illustrates a crgss-sectional view of the device 100
in an advanced stage of the cooling phase 111 (cf. Fig. 101 wherein an
inter-nmetallic connection 1621 between the contact features 152 and the
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may be performed, in which the device 100 is heated to a temperature T that is
higher than a melting temperature Tyg.r of the solder material, wherein typically the
device 100 is brought into an equilibrium state, i.e. substantially the same
temperature is obtained at any position within the device 100 in order to initiate the
reflowing of the solder material for any solder bump in the device 100. To this end,
the device 100 may efficiently be thermally coupled to a process ambient, as
indicated by 110, in which a device 100 may be uniformly heated, for instance by
adjusting an appropriate process temperature within a process chamber
accommodating the device 100. For example, appropriate heat media, such as
gases, and the like, may appropriately be supplied to the device 100 in order to
obtain a uniform temperature across the entire volume of the device 100.

Consequently, in this heating step, thermal energy may flow from any external




I gnifi [ I ch, however, may
10 significantly affect the overall prgcess tine, which,
suffigiently reduce the difference in the actual tenperature between the
central and the peripheral areas. In other illustrative enbodi nents a

' i Ci ly restricted
tenperature reservoir may efficiently be coupled to a locally
argg within the conposite sem conductor device, thereby providing the
possi bi | | of effl ciently reducing the internal tenperature difference
wi t hout ﬁ}péﬂé‘éi“ﬁg r???é"%'vetf)aihle peyeesdo; jaseingicadedbyr thauairnystineFigotial,
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the constant for a certain time interval so as to establish appropriate process conditions
for reflowing the solder material and forming the inter-metallic connection for any of
the solder bumps. The status of substantially constant temperature above the
melting temperature of the solder bump is indicated in Fig. 1e by the hatched

surface of the device 100.

Fig. 1f schematically illustrates a diagram, in which the temperature of the device
100 is illustrated in the vertical axis, while the process time is shown on the
horizontal axis. Thus, the phase 110 may thus comprise an interval of a rising
temperature so as to finally reach the desired process temperature T, which may
then be held constant for a desired time so as to achieve an equilibrium
temperature for any point of the device 100 and to reliably establish the inter-
metallic connection upon reflowing the solder material. It should be appreciated
that the local temperature in the device 100 may vary prior to reaching the
equilibrium state, since, for instance, peripheral areas may heat up faster than
central areas, depending on the interaction between the process ambient and the
device 100 during the process phase 110. Subsequently to the phase 110 the
device 100 may be cooled down, which may be accomplished by changing the
process temperature of the temperature reservoir, for instance by providing a heat
medium of reducing temperature, by simply deactivating any heating elements, and
the like. Fig. 1g schematically illustrates the qualitative progression of the
temperature during a cooling phase 111, wherein the speed of temperature change
may be selected in accordance with throughput criteria and overall thermal stress,
which may build up upon heating or cooling the device 100 with increased speed. It
turns out, however, that well established process sirategies for heating and in
particular, cooling the device 100 may result in increased yield losses upon using
lead-free solder materials, pillar structures in the semiconductor die in combination
with sophisticated metallization systems based on low-k dielectric materials.
Without intending to restrict the present application to the following explanation, it
is assumed that an increased internal temperature gradient may cause significant
failures in the metallization systems due to an increased mechanical stress applied

to the contact elements at peripheral areas of the semiconductor die.




[ hase of the reflovv process, sophisticated nmetallization systens
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may be used, substantially w thout affecting the overall process tirne and
thus throughput, while at the sane time avoiding additional yield |osses
caused by nechanical stress in the sensitive netallization system One
iI'lustrative nmethod disclosed herein relates to assenbling a sem conductor
die in a package substrate. The met hod conprises heating a conposite device
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the firstineeabed@WiatdLeEy 3br aNAVEOSIumd Iagmpared to a central area 100C, the
temperature at the peripheral area 100P indicated as Tp may change faster and
may thus be less than the temperature T; of the central area 100C. Consequently,
the solder material in the peripheral area 100P may solidify earlier and may thus
establish a strong mechanical connection between the semiconductor die and the
package substrate, wherein generally the difference in the coefficient of thermal
expansion between the substrate and the semiconductor die may additionally
contribute to a corresponding mechanical stress, which may thus be transferred
into the sensitive metallization system of the semiconductor die in the peripheral

area 100P.

Fig. 1i schematically illustrates a device 100 in a further advanced phase of the
cooling process 111, wherein the average temperature of the device 100 may be
less compared to the average temperature as shown in Fig. 1h, while at the same
time significant temperature gradient, indicated as Te may have built up between
the central region 100C and the peripheral region 100P, thereby even further
increasing the mechanical stress, in particular in the central region 100P, in which
the solder bumps may have been solidified for a longer time interval compared to

any inner areas of the device 100.

Fig. 1j schematically illustrates a cross-sectional view of the device 100 in an
advanced stage of the cooling phase 111 (cf. Fig. 1i), wherein an inter-metallic
connection 162i between the contact features 152 and the bumps 162 is achieved,
at least in the peripheral area 100P, wherein the significant temperature gradient Tg
may thus result in significant stress components 155C, 155T in the form of
compressive and tensile stress in the vicinity of the contact features 152, since
these features are generally less resilient compared to lead containing solder
bumps, as discussed above. Consequently, the significant stress components
155T, 155C may result in significant damage in the metallization system 155, for
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In view of the situation described above, the present disclosure relates to
manufacturing techniques and systems for forming composite semiconductor
devices on the basis of a reflow process, while avoiding or at least reducing the
effects of one or more of the problems identified above.

SUMMARY OF THE DISCLOSURE

Generally, the present disclosure provides manufacturing strategies and systems,
in which a reflow process for forming a composite semiconductor device on the
basis of a semiconductor die and a package substrate may be performed in such a
way that a reduced temperature gradient is achieved during the cooling phase,
however, without unduly affecting the overall process time. To this end, an
appropriate process contiol during the cooling phase may be established so as to
provide for a superior temperature equalization between the periphery and the
center of the composite semiconductor device by additionally coupling the
composite semiconductor device to a temperature reservoir, which in some
illustrative embodiments disclosed herein, may couple globally to the composite

semiconductor device on the basis of short time intervals, which may not
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Figs. lato lc schematically illustratg top views of a sem con tor _
ang a correspondi ng bunp structure of ﬁ)cpnplex sem conductor device; Fig.
id schematically illustrates a cross-sectional view of a conposite

sem conductor device conprising a sem conductor die and a package substrate
in a phase prior to reflowing a solder material; Fig. le and Ig

. . : i ' during a
schematically illustrate the conposite sem _conduct or device t
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reflow process including a cooling phase pertor _ ast s t
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cooling step according to conventional strategies; I@t y
i 11 ust railé%r%gycpqgggd_l%éhqa dirgsibjlitywoio Bffidienttyombsirtoe the internal temperature
difference without increasing the overall process time or even reducing the total
process time. Consequently, due to the active temperature control during the
cooling phase of the reflow process, sophisticated metallization systems on the
basis of low-k dielectric materials and lead free solder materials may be used,
substantially without affecting the overall process time and thus throughput, while
at the same time avoiding additional yield losses caused by mechanical stress in

the sensitive metallization system.

One illustrative method disclosed herein relates to assembling a semiconductor die
in a package substrate. The method comprises heating a composite device
comprising the semiconductor die and the package substrate above a melting
temperature of a solder material that is formed between a contact structure of the
package substrate and a contact structure of the semiconductor die. The method
further comprises applying a first cool down interval so as to initiate solidification of
the solder material. Additionally, the method comprises applying at least one
intermediate heating step after applying the first cool down interval. Moreover, the
method comprising applying a second cool down interval after the at least one

intermediate heating step.

A further illustrative method disclosed herein comprises reflowing a solder material
formed between a contact structure of a semiconductor die and a contact structure
of a package substrate so as to form a composite semiconductor device. The
method further comprises allowing the reflowed solder material to solidify by
cooling down the composite semiconductor device to ambient temperature. The
method further comprises actively controlling the cooling down so as to reduce a
temperature difference between a center of the composite semiconductor device

and a periphery thereof.



' tor, device, wherein significant mechanical stress may resu!t in
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2a schematically illustrates a tenperatiure diagramof a fellow process for
connecting a sem conductor die and a package substrate with a super!oL r
cooling phase for inproved equalization of tenperatures betmeep perip gbat
and central device areas according to illustrative embodi nents; Flgs.d ‘to
2d schematically illustrate top views of the conposite sem conductor device
during a reflow phase and an initial cooling phase according to

e conduct o o e deRowssborCa SARSIRhREAL Y ol e T pesie el By
ce u
fgngggdr gﬁt?g’r?é?%{fd\é‘:c@rd?“ﬁf g}éwcpécﬁaewééwm@ pé'hEpihaépwl symémt hempesdsr al

areas; Figéestrak ﬁmdeﬁgoﬁﬁdmémttb crakbive I thd Usdifiad Riukie &8%%5% ﬁackage

trmes w
sen C°“d“%tu%ar T HED P R e a0 Fn S Gl bfo TRl ProeeRiTng ceheonEowed |

Sldl(‘j:‘ élr gﬂgléo i cﬁ;t%tgtggle@ dtaatieg mofcdl mghting & | Jolsd rabievial SRR PBRSh the
semiconductor die and the package substrate to a temperature above a melting
point of the solder material so as to form a composite semiconductor device. The
processing area is further configured to establish a cooling zone for solidifying the
solder material, wherein the cooling zone comprises a controllable temperature
reservoir that is configured to reduce a temperature difference between a center of

the composite semiconductor device and a periphery thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

Further embodiments of the present disclosure are defined in the appended claims
and will become more apparent with the following detailed description when taken

with reference to the accompanying drawings, in which:

Figs. 1a to 1c schematically illustrate top views of a semiconductor die and a

corresponding bump structure of a complex semiconductor device:

Fig. 1d schematically illustrates a cross-sectional view of a composite
semiconductor device comprising a semiconductor die and a package substrate in a

phase prior to reflowing a solder material:

Fig. 1e and 1g schematically illustrate the composite semiconductor device during a

heating phase and a cooling phase, respectively, of a conventional reflow process;

Fig. 1f schematically illustrates a temperature diagram of the reflow process

including a cooling phase performed on the basis of conventional strategies;



igs. 2h schematically illustrates temperature diagrans of a central region
Zlngsa peri pheral reqgi gn, respectivel y.n@ccordi ng to further illustrative
enbodi ments, in which a locally restricted coupling to a tenperature N
reservoir may be acconplished during the cooling phase; Figs. 2i agd 2]
schematically illustrate top views of the conposite sem conductor device,

' tral region may be coupled to a tenperature reservoir for
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reservoi ﬁ,?raé?gﬂfﬁS;as a jet of heat nedium radiation, and the like; Figs. 21
to 20 schematically illustrate tops of the conposite sem conductor device

s. of the cooling phase according to illustrative

i anced st ages, I . | i
during ady 1e sci'leg\atlcally illustrates a cross-sectional view of the composite

enbodi ment$;
semiconductor. device, wherein significant mechanical stress may result in damage

in the sensitive metallization system of the semiconductor die;

Fig. 2a schematically illustrates a temperature diagram of a reflow process for
connecting a semiconductor die and a package substrate with a superior cooling
phase for improved equalization of temperatures between peripheral and central
device areas according to illustrative embodiments;

Figs. 2b to 2d schematically illustrate top views of the composite semiconductor
device during a reflow phase and an initial cooling phase according to illustrative

embodiments;

Fig. 2e schematically illustrates the composite semiconductor device during a short
heating step so as to provide for reduced temperature difference between the

peripheral and the central areas:

Figs. 2f and 2g schematically illustrate the composite semiconductor device during
further advanced process times with an additional optional heating step for even
further reducing the overall difference in temperatures according to illustrative

embodiments;

Figs. 2h schematically illustrates temperature diagrams of a central region and a
peripheral region, respectively according to further illustrative embodiments, in
which a locally restricted coupling to a temperature reservoir may be accomplished

during the cooling phase;

Figs. 2i and 2j schehatically illustrate top views of the composite semiconductor
device, wherein a central region may be coupled to a temperature reservoir for

superior cooling effect of the central region;



and Figs. 3a to 3c schematically illus :\,?rate a reflow system conprising a
processi ng zone for establishing heati g and cooling zones with superior

tenperature equalization during the cooling phase according to illustrative
enbodi ments. DETAI LED DESCRI PTI ON Wil e the present disclosure is described
with reference to the enbodinents as illustrated in the follow ng detailed

description as well as in the drawi ngs, it should be understood that the
foll owi ng detail ed description as well as the draw ngs are not intended to
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15 ot her cases, the tenperature reservlir may be established on the basis
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It should be appreciated that approprrfte speeds for a tenperature change
during the cooling phase 211, i.e. app prlate val ues the slope of the
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200, which may have any appropriate configuration and which may comprise a
semiconductor die and a package substrate that are in mechanical contact via
appropriate bump structures. The composite semiconductor device 200 may have
basically the same configuration as shown in Figs. 1a to 1d when referring to the

semiconductor die 150, the package substrate 160 and the composite



Fig. 2g schematically illustrates the &evi ce 200 according to further
illustrative enbodi nents, in which an ddditional internediate heating step,
such as the steps 211E, 211F (cf. Fig. 2a) nay be applied on the basis of
an appropriate tenperature reservoir 222 having a desired process
tenperature in order to further reduce the tenperature between the central
portion and the peripheral portion so as to achieve a cooling down phase,
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Fig. 2j schematically illustrates the gevice 200 during any appropriate

stage of the cooling phase 211, whereiIT the tenperature reservoir 220 may

have any appropriate tenperature so as to initiate a cooling down of the

device 200, in conbination with a tenperature reservoir 223 providing for a

locally restricted thermal coupling to the device 200. It should be
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nsequently, upon solidifying the solder bunp material generally, the
tcgmsae(r:]atureydl fPerence bet \>//veeg t he cen?gal regi on and the peripheral region
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heating zo et
381, whid @ophn@tdmn phs®s, inawBichgyendqrang ass tambeenire ddtribution within the
composite semiconductor device 200 is superior compared to a conventional
process strategy. As discussed above, even a temperature gradient may be
adjusted, which is direct from the peripheral region 200P to the central region 200C
if desired. It should be noted that also in the one or more additional heating steps
211E, 211F, the process temperature of the reservoir 222 and the duration of the
heating may appropriately be selected so as to obtain the desired heat distribution
in the device 200. For example, the process temperature of the reservoir 222 may
be selected from approximately 80°C to 400°C or even higher with a process time
of 0.1 to 10 seconds. Thereafter, the cooling down may be continued on the basis
of a reduced process temperature using the temperature reservoir 220, as
previously explained, so as to finally obtain a non-critical temperature of
approximately 50°C and less. Consequently, in a final stage the composite device
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is to be understood that the forns shown and described herein are to be

t aken asFigh@hpsesemticaliprivdsrates tRedilifRNESprogrsfdr™bMhe temperature of
the central region as indicated by curve A, which may rise at a reduced slope
during the phase 210, as previously discussed. On the other hand, the temperature
of the peripheral region, as indicated by curve B, may raise faster, thereby
achieving the desired process temperature for reflowing the solder material earlier
compared to curve A. As previously discussed, typically a time interval of constant
process temperatures may be maintained so as to obtain an equilibrium state and
thus reliably reflow any solder material in the composite semiconductor device.
Thereafter, the cooling phase 211 is initiated by appropriately coupling a
temperature reservoir, as discussed above, wherein at any appropriate stage of the
phase 211, for instance at the beginning or at any intermediate stage, the center of
the composite semiconductor device may be locally cooled down, for instance by
providing a heat transfer medium locally in the center region, thereby achieving a
desired approximation of the cool down times of the center portion and the
peripheral portion, wherein the magnitude of the temperature difference may
efficiently be controlled on the basis of controlling the local temperature reservoir.



. hod of assenbling a conposite sem conductor device conprising a
genﬁbgﬁguctor die, a pacgage SHEstraté% and a sol der material positioned
between a contact structure of said package substrate and a contact
structure of said sem conductor die, the method conprising: _
exposi ng said conposite device to a device heating process in a procesFlng
environment at a process tenperature so as to nmelt said solder material,
wher ei n sdPd2ppehessaticadyplivsitatee 4 toradieusofethet devicd 208t whaTBEHALYNE theVel

that is geppeldtutd3Bs&voR! ﬁi@%utrﬁ}gpﬁ{ggb%see %8fghga%gég§éger({ae;?é%%girggd

exposi ng said conposite device to~a deviCe ( _
prgcess?@@mﬂu%ﬁ?ﬁé@}t so as to solidify said nelted solder material, said
devi ce cooling process conprising: performng a first cooling step

i ses decreasing said process tenperature in said processing
teg\allit r gg%é-s?j?%@%t@aﬂy ?lﬂtstrtaéeﬁaémdwiee Peoeluring ?ﬁaiﬁmﬁrié@gﬁ%@}o{ﬁﬁe | evel
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heati ng %@ww@g%ttawmtuw wiot Apup indlade reg cealiity ploagess the sk QPQ |;,P :g: (cji
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first heating step conprising increasing said pr . .
processi ?hfrgﬁ\}i FUEAL Lo then dediee sBbndltt grkg dteurappresiefedt thaa & hiotdlily

i i id first
t enper at wegtribedaherditnteraction isAol 58 uREEERIM NARSALE 1 i1 &8sk S8l
heg{)i ng teIrl er?rfrm' ?\gergc Isoenclc?né) cogﬁcl?nrg .sot ep that conﬁ‘ﬁr?géo'ljﬂﬂgé’é‘ﬁ ng
said pr o@b"s@*%@%@?&ﬁhﬁedﬁfﬁr@&i CTPPD tess devige A0 sorthemnfnmmaseﬁd dodlhig d
t enper at affect @vg!bd 8b@ikait d %@Hﬁ‘e"r%&@ﬁ A Rre r@tth'es érg)%%résl ar?egioz\g{)ﬂer
second t &I atu 2. The method of claim I, er el of der
mat eri al ﬁ] s %V'?eeéggf Feeexamgls thatemnpeature reservoir220Thay tretrbodseftedlgi m 1,
wherei n t@l ambleint dtrhesmRsral White 1RY $cdll§ rle?t?iﬁti&é]?rbcﬁﬂbqemperature reservoir
223 may be represented by the heat transfer medium, such as gas, liquid, vapor, a
direct mechanical contact, and the like, wherein also a thermal effect may be
achieved in the periphery of the device 200, however, at a significantly reduced

amount.

Fig. 2k schematically illustrates a cross-sectional view of the composite
semiconductor device 200 comprising a semiconductor die 250 and a package
substrate 260, which may have a similar configuration, as previously described with
reference to the device 100. Moreover, solidified or solidifying solder material 262
may be provided between the components 250, 260, as is also previously
discussed. Moreover, the temperature reservoir 223 is schematically illustrated and
may be represented by a jet of any appropriate heat transfer medium, such as a
gas, vapor and the like with an appropriate temperature that is less than a current
temperature in the central region 200C. It should be appreciated that the
temperature reservoir 223 may also interact with the peripheral region 200P,
wherein, however, due to the local application of the heat transfer medium or a
direct mechanical contact a reduction of the temperature difference between the
central region 200C and the peripheral region 200P may be achieved. For
example, a gas of appropriate temperature and provided with a selected gas flow

rate may be directed to the central region 200C and may thus initiate an efficient



lting tenperature of said solder matgyial. 4. The method of claim
rlr? \t/\/ne?ei nm;ai d sem conductor die corrpzszlr ses a netal lization systemthat
conprises a lowk dielectric material. 5. The nethod of claim1,
wherein said fourth tenperature level is in the range of approxi mately
20-50C 26 6. The nmethod of claim 1, further conprising:
after performn ajd second cool i ng step, perform ng at | east a second
heat i ng sf{ @ﬁtr@ﬂgg‘*’tf ey GhawgiRguke- h&ﬂ‘ﬁtﬁrw@ thaitampesaessoft hepenatlregiom sai d
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I ncreasi ng said process nperature i
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t enper at um ehbepeiipheaaldregion 200P, which may finally result in a certain degree of
equalization between the temperatures in the central region 200C and the
peripheral region 200P. It should be appreciated that the temperature reservoir
223 may be coupled to the central region 200C on any side of the device 200 that is
available and compatible with supporting the device 200 in any appropriate reflow

system.

Figs. 2l to 2n schematically illustrate the device 200 during the further advance of
the cooling phase 211, wherein generally the average of the device 200 may drop,
while at the same time the difference between the central region and the peripheral
region may be maintained within a desired range, for instance by activating the
temperature reservoir 223 once or several times or by permanently activating the
temperature reservoir 223. It should be appreciated that the temperature reservoir
223 may be controlled, for instance by controlling the actual temperature and/or by
controlling the flow rate, as discussed above, so as to adapt the “equalizing” effect
of the temperature reservoir 223 to the current state of the device 200. Fig. 2n
illustrates the device 200 in a final stage of the cooling phase 211, wherein a
reduced temperature gradient Tg may be obtained so as to point from the central
region 200C to the peripheral region 200P.

Fig. 20 schematically illustrates the device 200 according to other illustrative
embodiments, in which the temperature gradient Tc may be reversed, for instance
by controlling the temperature reservoir 223 such that the central region 200C may
have a lower temperature compared to the peripheral region 200P in this stage of
the cooling phase 211.

Consequently, upon solidifying the solder bump material generally, the temperature
difference between the central region and the peripheral region of the device 200
may be reduced during the entire cooling phase on the basis of the above identified
mechanisms, thereby also reducing the mechanical stress in the sensitive
metallization system of the device 200 so that sophisticated material systems, such



fter performng said at |east said s nd heating step, performing a third
200I i ng step thgt conpri ses decr easi ngfsgai d process tenperature in said
processing environnent fromsaid fifth tenperature Ievel to a sixth
tenperature level that is Iess than said fourth tenperature level.

7. The nethod of claim1l1l, wherein performng at |east one of said first and
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r eser voi $gmiconductor device, such as the device 200 or the device 100 with a temperature
reservoir in order to initiate the rising of temperatures of the device 200, 100 and
obtaining a desired equilibrium state for reflowing the solder material in the device
200, 100. Moreover, the system 380 may comprise a substrate holder 381 that is
configured to receive the device 200, 100 and allow an efficient thermal contact
within the heating zone 383. The substrate holder 381 may have any appropriate
configuration and may itself act as a temperature reservoir, if required. It should be
appreciated that the processing zone 382 may be configured to provide a one or
more heating zone 383 without moving the substrate holder 381, while in other
cases, one or more heating zones may be provided, which may be passed through
by substrate holder 381 sequentially, wherein each of the heating zones 383 may

have an appropriate process temperature.

Fig. 3b schematically illustrates the system 380, wherein the processing zone 382
may have provided therein a cooling zone 384 so as to initiate a drop in
temperature of the device 200, 100, wherein in the embodiment shown, additional
mechanisms, such as additional temperature reservoirs in the form of lamps,
lasers, gas flow sources, and the like 384A may be provided so as apply one or
more spike heating steps or intermediate steps, as previously discussed with
reference to Fig. 2a. [t should be appreciated that the cooling zone 384 may also
be provided in the form of two or more heating zones, which may sequentially be

passed by the substrate holder 381, while in other cases, a single process ambient
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restricted area of said conposite sem conductor device.

It should be appreciated that any hardware component of the system 380, such as
gas flow sources to provide a gas flow of controlled flow rate and temperature,
heating elements provided in the substrate holder 381 50 as to provide a locally
varying temperature, and the like are well known in the art and may be used in the
system 380,

As a result, the present disclosure provides manufacturing strategies and reflow
systems, in which semiconductor dies comprising sensitive metallization systems
formed on the basis of low-k dielectric materials, ULK materials and the like may be
connected to a package substrate on the basis of a lead-free coniact regime by
reducing the temperature gradient or temperature difference between a central
region and a peripheral region of the composite semiconductor device without
unduly increasing overall process time. In other cases, the effective process time
may even be reduced by, for instance, providing a locally resiricted cooling effect
for the central region of the composite semiconductor device.

Further modifications and variations of the present disclosure will be apparent to
those skilled in the art in view of this description. Accordingly, the description is to
be construed as illustrative only and is for the purpose of teaching those skilled in
the art the general manner of carrying out the principles disclosed herein. It is to be
understood that the forms shown and described herein are to be taken as the

presently preferred embodiments.
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material; and

exposing said composite device to a device cooling process in said processing
environment so as to solidify said melted solder material, said device cooling process

comprising:

performing a first cooling step that comprises decreasing said process temperature in
said processing environment from said first temperature level to a second temperature level

that is less than said melting temperature of said solder material;

after performing said first cooling step, performing at least a first heating step

substantially without holding said process temperature in said processing environment

at said

second temperature level, said at least said first heating step comprising increasing said process

temperature in said processing environment from said second temperature level to
temperature level; and

a third

after performing said at least said first heating step, performing a second cooling step
that comprises decreasing said process temperature in said processing environment from said

third temperature level to a fourth temperature level that is less than said second temp
level.

2. The method of claim 1, wherein said solder material is a lead-free
material.

3. The method of claim 1, wherein said third temperature level is less th

melting temperature of said solder material.

erature

solder

an said

4, The method of claim 1, wherein said semiconductor die comprises a

metallization system that comprises a low-k dielectric material.

5. The method of claim 1, wherein said fourth temperature level is in the range of

approximately 20-50°C.
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i nternmedi at é t enﬂéqr Bethod of elgisn 1, wherein performing at least one of said first and second

cooling steps comprises substantially continuously decreasing said process temperature in said

processing environment to a respective one of said second and fourth temperature levels.

8. The method of claim 1, wherein a process time of said at least said first heating
step is less than each of said first and second cooling steps.

9, A method, comprising:

forming a composite semiconductor device comprising a semiconductor die and a
package substrate by reflowing a solder material formed between a contact structure of said
semiconductor die and a contact structure of said package substrate during a device heating
phase;

solidifying said reflowed solder material by cooling said composite semiconductor device
down to substantially ambient temperature during a device cooling phase; and

reducing a temperature difference between a center of said composite semiconductor
device and a periphery of said composite semiconductor device during said device cooling phase
by controlling a process temperature to which said composite semiconductor device is exposed,
wherein controlling said process temperature comprises:

thermally coupling said composite semiconductor device with a temperature reservoir;

performing a first temperature control step by operating said temperature reservoir to
decrease said process temperature to a first intermediate temperature level that is below a
melting temperature of said solder material;

after performing said first temperature control step, and substantially without
maintaining said process temperature at said first intermediate temperature level, performing a
second temperature control step by operating said temperature reservoir to increase said
process temperature from said first intermediate temperature level to a second intermediate
temperature level that is below said melting temperature of said solder material; and



after performng said fifth tenperature control step, performing a sixth
tenperature control step by operating,gaid tenperature reservoir to
decrease said process tenperature fromsaid fourth internedi ate tenperature
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23. A conposite sem conductor device forned according to the nmethod of any
of the clains 9 to 21.

10. The method of claim 9, wherein controlling said process temperature further
comprises thermally coupling said composite semiconductor device to a second temperature
reservoir that provides a locally varying temperature across said composite semiconductor
device.

11. The method of claim 9, wherein controlling said process temperature further
comprises directing a jet of a heat transfer medium to a locally restricted area of said composite
semiconductor device.

12. The method of claim 11, wherein directing a jet of heat transfer medium
comprises directing said jet to a center area of said composite semiconductor device, wherein
said jet of said heat transfer medium has a lower temperature than a current temperature of
said center area.

13. The method of claim 9, wherein controlling said process temperature further
comprises temporarily coupling at least a peripheral area of said composite semiconductor
device with a second temperature reservoir having a temperature that is higher than a current
temperature of said peripheral area.

14. The method of claim 13, wherein temporarily coupling at least said peripheral
area with said second temperature reservoir comprises directing at least one of a jet of heat
transfer medium and a radiation beam locally to said peripheral area.

15. The method of claim 13, wherein temporarily coupling at least said peripheral
area with said second temperature reservoir comprises directly contacting said peripheral area
with a heating element.

16. The method of claim 13, wherein temporarily coupling at least said peripheral
area with said second temperature reservoir comprises coupling said composite semiconductor
device as a whole with said temperature reservoir.
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17. The method of claim 13, wherein temporarily coupling at least said peripheral
area with said second temperature reservoir comprises coupling said composite semiconductor
device with said temperature reservoir for a time interval of 10 seconds or less.

18. The method of claim 9, wherein said solder material is a lead-free solder
material.

19. The method of claim 18, wherein said semiconductor die comprises a
metallization system formed on the basis of copper and a low-k dielectric material.

20. A method of claim 9, wherein performing said third temperature control step
comprises:

performing a fourth temperature control step by operating said temperature reservoir
to decrease said process temperature from said second intermediate temperature level to a
third intermediate temperature level that is below said first intermediate temperature level;

after performing said fourth temperature control step, and substantially without
maintaining said process temperature at said third intermediate temperature level, performing
a fifth temperature control step by operating said temperature reservoir to increase said
process temperature from said third intermediate temperature level to a fourth intermediate
temperature level that is below said second intermediate temperature level; and

after performing said fifth temperature control step, performing a sixth temperature
control step by operating said temperature reservoir to decrease said process temperature from
said fourth intermediate temperature level to a fifth intermediate temperature level that is less
than said third intermediate temperature level.

21. The method of claim 9, wherein said temperature reservoir is operated to
globally interact with said composite semiconductor device.

22, A composite semiconductor device assembled according to the method of any of
the claims 110 8.

23. A composite semiconductor device formed according to the method of any of
the claims 9 to 21.



