WO 2011/ 156527PCT/ US2011/ 039679 THREE- DI MENSI ONAL HOT SPOT LOCALI ZATI ON
RELATED APPLI CATI ONS [ 0001] This application clains priority benefit from
U. S. ProwveizonalseRAppl i cation Serial Nunmber 61/352, 738, #Priras2an/o3ene 8,
2010, the entire disclosure of which is incorporated herein by reference.
BACKGROUND 1. Field of Invention [0002] This invention is in the field of

| ocal i zati on of resistive heat sources (hot spots) buried inside of

el ectroni c devi ces. ing the descri t he positions of hot
Spots can be | odHBEIAIHENSONRE ST ST TG AIOR RS by anal vz ng
the thermal heat propagation through defect-covering layers utilizing |ock

in anplified thermal inmaging. The invention in particular enables a non
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an increasing challenge I'n such devices, several integrated circuit dies
are véwtiElsedncy. st acked and i nterconnected by wire bond or through silicon
via (TSV) technol ogi es. The access to and analysis of internal electronic
structures or interconnects is [imted to non destructive techniques, |ike
magnetB ACKGROISNDPY, time domain reflectonetry which can be used for signa
tracklng Both nethods are limted in resolution and the three di nensi onal
p05|t|on|néﬁﬁﬂoéﬁe@9VWbal defects are very limted or extensive. Standard
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not b i ed since {ical access to buried electronic Str fes
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encapsul at'i | ayers.” Separation of individual dies for separate failure

anal y gagicuty ebdﬂ%ra opt destruetoel b mkilzetide bEdesnd uctivdhitsichrocegfdcss iwery ti nme
vertical stack of integrated circuits and interconnect layers within system in package devices

(SiP).

2. Related Art

[0003] Failure analysis of modern complex system in package devices with a three-
dimensional architecture is an increasing challenge. In such devices, several integrated circuit
dies are vertically stacked and interconnected by wire bond or through silicon via (TSV)
technologies. The access to and analysis of internal electronic structures or interconnects is
limited to non destructive techniques, like magnetic microscopy, time domain reflectometry
which can be used for signal tracking. Both methods are limited in resolution and the three
dimensional positioning of electrical defects are very limited or extensive. Standard failure
localization methods like OBIRCH or Emission Microscopy can mostly not be applied since the
optical access to buried electronic structures within the 3D architecture is limited by opaque
material layers. This is most critical in case of 3D system in package devices due to the fact that
thermal active structures and defects can be buried at deeper dies or interconnect levels covered
by opaque die attach, redistribution or encapsulation layers. Separation of individual dies for

separate failure analysis may be an option to localize defects but this process is very time
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creating additional preparation-related defects reducing significantly the

failure amelzgsliseaccess rate. [0004] Current | ocali zati @aTiusSedmiosses of

t hermal defects which can be electrically stinulated include the follow ng:
Lock In Thernography (LIT) [OOO5]LIT refers to a non destructive techni que
that detect very small tenperature variations across a sanple by direct

t her mal irrain u3|n i ve .canmer.a conbi ned with piXx W se two
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Sensi trbddcﬁigtéf%ﬂlﬁca{n@l heratifRy MRlysRGhEdss gt uctures and defects in x and y
coor di nat es ut un now doesn t enable depth localization. Depth of hot
spots within or under a material |ayer wi th honogeneous thernal properties
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and t@ﬁmhldmmblutiéﬁﬁsfoﬂdwm eat to reach the surface. This thernmal tine

delay is proportional to the phase signal and can be neasured by two

channel | ock-in thernography, which allows a recal cul ati on of the heat

rsrg;” Cﬁ.g.?;kiﬁ%ﬂ&r&og?ap%b?L?ﬁrface and therefore its depth within or under the
[0005] LIT refers to a non destructive technique that detect very small temperature

variations across a sample by direct thermal imaging, using an IR sensitive camera combined
with pixel-wise two channel lock in correlation. LIT provides um spatial resolution and pK
sensititivity to locate thermal active structures and defects in x and y coordinates, but until now

doesn’t enable depth localization.

Depth of hot spots within or under a material layver with homogeneous thermal properties

[0006] For a given thermal homogeneous material there is an approximately linear
dependence between the depth of a heat source underneath the surface and the time it takes the
heat to reach the surface. This thermal time delay is proportional to the phase signal and can be
measured by two channel lock-in thermography, which allows a recalculation of the heat source

distance to the surface and therefore its depth within or under the material layer.

Thermal scope

[0007] Conventional time-resolved temperature measurements allow to detect/display the

thermal response of a sample with microsecond (us) and milli-Kelvin (mK) accuracy.

Thermal pulse absorption analysis

[0008] Based on pulsing heat onto a surface (backside or frontside) and measuring the
temperature distribution/spreading in a time-resolved way. The Pulse Phase Thermography can
detect sub-surface delaminations, material impurities, voids, etc. It can be used for contactless
detection of weak welding joints (see, ¢.g., Thermosensorik, of Germany). In comparison to LIT,

thermal pulse absoption is less sensitive and provides less spatial resolution.



Thermal scope [0007] Conventional tine-resolved tenperature nmeasurenents
allow to detect/display the thermal response of a sanple with m crosecond
(0) and mwvbl2otiksbszirn (nK) accuracy. Thernal pul se absor pCirars2@anabyss? s

[ 0008] Based on pul sing heat onto a surface (backside or frontside) and
measuring the tenperature distribution/spreading in a tinme-resolved way.
The Pul se Phase Ther nography can detect sub-surface del am nations, materi al
inpurk%} @Pﬂ¥ ids, etc. It can be used for contactless detection of weak
wel di ]ﬁ (see, e.g., Thernosensorik, of Germany). In conparison to

LIT, qbeoop! Pulise raiseRbis@Rnady bOHS dReRSILYHCcRIE] B &Hé%?r&ﬁééa sRat i al
resol ution. WD 2011/ 156527PCT/°US2011/ 039679 SUMVARY [ 0009] The fol | owi ng

sumuarpdettandiog of sohosipeets iagd faatiresdefdhé mventaey. Thes pmawvinyes aotpagix¢ensive

under st andi n f.so aspects d features of the invention. This. sunmmary
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or to delineate the scope of the invention. Its sole purpose is to present
some ¢omesprespisfoltheinyentintin epimplifiedsorpis f pedudede tha@ore dstaled desariptione

nor e QEﬂ%$%%ﬁm%§ﬁ&i¥Vtion that is presented bel ow. [0010] A new approach for
| ocal izati1'on o eat sources in a non-destructive way by using

[0010] A new approach for localization of heat sources in a non-destructive way by using
Lock-in Thermography (LIT) is disclosed. The method of LIT is a very sensitive and easy to
handle for hot spot detection and can be applied for the localization of die and packaging level
defects. For quantitative LIT analysis and three dimensional allocation of buried heat sources,
the basic principles of heat wave propagation, dependence of the thermal and geometrical
properties of the material layer above the hot spot area, have to be understood.

[0011] Aspects of the invention provide three-dimensional allocation of buried hot spots
based on phase and time-resolved thermal response measurements by means of lock-in
thermography. A method is disclosed to discriminate one, or multiple thermal active structures,
which can be stimulated by applying an electrical signal, out of numerous stacked layers by
means of non-destructive measurements of the heat, generated at the thermal active structure
inside of the stack and detected on the surface of the device.

[0012] The combination of Lock-in Thermography (fast localization of the hot spots in x
and y) with time-resolved thermal response measurements at different excitation frequencies (for
localization of the hot spots in the z direction) allows fast and secure detection of the thermally
active structure.

[0013] In addition to the non-destructive localization of thermal heat sources in x and y
inside of fully packaged electronic devices, embodiments of this invention allow localizing the
defective layer (die) through the encapsulation (including the full layer stack) by measuring and
analyzing the phase shifts (in case of Lock-in Thermography) and/or the thermal time delays (in
case of time-resolved thermal response measurements) as a function of the applied excitation
frequency (lock-in frequency).

[0014] While embodiments of the invention are described herein with respect to

encapsulated integrated circuits, the invention can also be implemented for testing other devices



Lock-in Thernography (LIT) is disclosed. The nethod of LIT is a very
sensitive and easy to handle for hot spot detection and can be applied for
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anal ysis and three dimensional allocation of buried heat sources, the basic
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Ther nogr ermal tinme deldys (1n case of tine-resolved
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2011/ 156527PCT/ US2011/ 039679 t hat generate hot spots b ectrical
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shift to frequency behavior by analytical solution of the thermal wave propagation; and,
correlating the calculated depth related phase shift to frequency behavior to the detected phase
shift to indentify the depth of the heat source. The analysis may also include calculating depth-
related phase shift to frequency behavior by finite element modeling of thermal wave
propagation; and, correlating the calculated depth-related phase shift to frequency behavior to the
detected phase shift to indentify the depth of the heat source.
[0015] According to embodiments of the invention, a method is provided for detecting
the location of heat sources buried within a sample by using Lock-in Thermography, comprising:
placing the sample on a test system; applying test signals to the sample; while the test signals are
applied to the sample, imaging the sample using an infrared sensor; detecting from the imaging
lateral temperature distribution on a surface of the sample and analyzing the lateral temperature
distribution to thereby obtain lateral location of the heat sources; Characterized in that: the test
signals are applied at multiple different lock-in frequencies; and further by detecting and
analyzing a resulting phase shift between the test signals and thermal response obtained from the
imaging in correlation to thermal heat propagation within the sample; and, analyzing the phase

shift at each heat source position to thereby determine its depth location within the sample.



According to enbodi nents of the invention, a nethod is provided for
detecting the location of heat sources buried within a sanple by using
Lock-in TWernmgseyny, conprising: placing the sanpl e onPaTiUS2M1193BTLEM
applying test signals to the sanple at multiple different |ock-in
frequencies; while the test signals are applied to the sanple, inmaging the
sanple using an infrared sensor; detecting fromthe imging |ateral
tenmperature distribution.gn.a surface of t anpl e;. detecti nd .
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detecting lateral tenperature distrihution on a surface of the sanple to
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wherein reduci ng the operational area of the IR canera nay be done by

. o Y b1 o o Y b1 o o



WO 2011/ 156527PCT/ US2011/ 039679 waveform for exanple but not exclusively,
by using auto-correlation or cross-correlation to predefined waveforns |ike
sin, cos,wequarees2ghar k-fin, exponential chargi ng/ di schaCgiusgoiasases et c. ,
and generating a matrix of resulting correlation factors vs. lock-in
frequency. [0019] According to aspects of the invention, a nethod for

| ocalizing defects in device under test (DUT) is provided, conprising:
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THE GS [0021] Ot her aspects and features of the invention would be
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[0022] Figure 1 is a conplex vector diagram show ng the basic LIT
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t he defe position ce surface, progres right.
WO 201dst 3ighaR ¢TSI/ tRSR6{/Dgnals are applied to the IC, imaging the IC using the

infrared camera with a reduced field of view; using the imaging to generate a time-resolved

thermal waveform; and, using the waveform to determine defect depth within the IC.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Other aspects and features of the invention would be apparent from the detailed
description, which is made with reference to the following drawings. It should be mentioned that
the detailed description and the drawings provide various non-limiting examples of various
embodiments of the invention, which is defined by the appended claims.

[0022] Figure 1 is a complex vector diagram, showing the basic LIT correlation signals
(Real part and imaginary part) and in consequence the resulting amplitude vector and phase shift
for an increasing distance of the defect position to the device surface, progressing from left to

right.



[0023]Figure 2 is a plot of thermal diffusion |length as a function of the
applied lock-in frequency for the materials silicon and noul d conpound.

[ 0024] Fi gmoeoB/ises2a pl ot of the resulting phase shift agCauSanmaswmn of the
applied lock-in frequency resulting froman assuned defect under a one
mllimeter material |ayer of silicon and nmould conpound. [0025]Figure 4 is
a diagramof a system according to an enbodi nent of the invention.

[0026] Figure 5 is an_ i.mage showi ng the.creation of a localize fect usin
F oous OB, oo e ad & Pt of et i Bosbire dundion o BehebBekdt 1he
therrf@%eqh&{c?%mlma‘emm {iHdg) ar@URbl18L8mPYRId. @ topography image, show ng the

heat genera ed by the artificially generated defect (reference heat source)
of t hd082pl e sHogwie Bns Fplptipths requiioRaibrbgshik aya fencsios phfficiapple! lokleirch of

one GRSk S0P i e P S B R L B
mould compound.
[0025] Figure 4 is a diagram of a system according to an embodiment of the invention.
[0026] Figure 5 is an image showing the creation of a localized defect using focused ion
beam based circuit editing.
[0027] Figure 6 is an image of the thermal intensity (Amplitude) overlaid over a
topography image, showing the heat generated by the artificially generated defect (reference heat

source) of the sample shown in Figure 5.

[0028] Figure 7 is a simplified sketch of one device under test.

[0029] Figure 8 is a plot of experimental and theoretical phase shift related to the applied
lock-in frequency.

[0030] Figure 9A-9D are sketches of the experimental setup.

[0031] Figure 10 is a plot of the experimental results of the investigated stacked device

with different number of dies (DUT as shown in figure 9A-9D).

[0032] Figure 11A is a LIT results of overlay of topography and lock-in amplitude
image, while Figure 11B is the phase results.

[0033] Figure 12 is a plot of time-resolved thermal response (similar to thermal
waveforms); all measured with Vi = 1.2V, time of acquisition = 40sec, at full frame mode of
camera (frame rate = 100Hz), for different lock-in frequencies.

[0034] Figure 13 is a plot of time-resolved thermal response (similar to thermal
waveforms); all measured with fio iy = 1Hz, Vieein = 1.2V, time of acquisition = 40sec, at
different sub frame modes of camera (windowing, with higher frame rates).

[0035] Figure 14 is a plot of time-resolved thermal response, measured with fioekin = 1Hz,
Viockin = 1.2V, time of acquisition = 40sec, full frame mode (100Hz), with an overlay of the
excitation/lock-in voltage and a sin function at the delay point of highest cross-correlation. The
cross-correlation result can be used to determine the phase shift A, with increased accuracy.
[0036] Figure 15 shows a time-resolved thermal response measured at 0.2 Hz (see Figure

12) superimposed to the lock-in voltage, in comparison to different potential functions used for



[ 0030] Fi gure 9A-9D are sketches of the experinental setup. [0031] Figure 10
Is a plot of the experinental results of the investigated stacked device

wi t h dif fwoenti/msesther of dies (DUT as shown in figure 9RCIMS201108823 Fi gur e
11Ais a LIT results of overlay of topography and | ock-in anplitude imge,
while Figure 11B is the phase results. [0033]Figure 12 is a plot of
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t her mal maveforns) all measured with filHz, Mlockin = 1.2V, tine of

acquisition = 40sec, at different sub franme nodes of camera (w ndow ng,
W th hi « [0035]Figure 14 is a plot of tine-resolved
therng?@f@péodg’ﬁd@ﬁ@%d with flock,. = 1Hz, Viockme 1.2V, tinme of
acqui 0037 = 403R& difdhdiohd] aroRiteRGRs 6&@1@Hzamc Welides . Qyseérh ay pdkagdie

excitation/lock-in voltage and a sin function at the del ay p0|nt of hi ghest
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time her response neas
devices are heterogenous material stacks containing silicon, polymer and Si-oxide isolators,

metal lines and wires, glue and/or adhesives, encapsulation mould, etc. Therefore, the internal
heat propagation starting from the hot spot position can be very complex. Consequently,
location of a hot spot defect in the z direction, i.¢., its depth within the sample, is difficult.
Furthermore, complex defects or sample types may result in non-ideal hot spot activation in
terms of power conversion at the hot spot location. Various embodiments disclosed herein
enable accurate localization of heat sources (e.g. thermally active structures or defects) in such
devices.

[0038] Various embodiments of the invention use defined multiple frequencies for device
excitation (primarily, but not exclusively square waves voltage signals with 50% duty cycle).
Analysis of the resulting phase shift between excitation and thermal response vs. frequency curve
enables the necessary hot spot depth calculation accuracy, including a comparison to simulated
and/or pre-calibrated data. Time-resolved thermal response measurements (similar to the display
of a thermal scope) are used to analyze the full thermal waveform for better accuracy with
strongly reduced analysis time.

[0039] Embodiments of the invention use quantitative measures for the phase shift/time
delay between electrical stimulation and thermal response and the shape of the measured
waveform for automated and semi-automated data analysis. The waveform shape analysis can
be based on cross-correlation between the measured results and pre-defined functions (e.g. sine,
cosine, shark-fin, triangle, square), delivering a correlation matrix rather than just single phase
values per applied lock-in.

[0040] The embodiments of the invention provide advantages such as: scanning the lock-
in frequency offers measuring more data points and allows analyzing not only the individual

absolute phase values, but also the shape/slope of the phase vs. frequency curve. This offers an
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[0042] For a better understanding of the relation ship between the basic signals (S0°,
S90°) and the resulting amplitude and phase information, the 0° and the 90° signals are plotted in
a complex vector diagram, shown in Figure 1. The resulting vector of both parts represents the
amplitude A (arrow leading to point “S” in Figure 1) whereby the angle between 0° and the
resulting amplitude vector is represented by the phase ¢. The phase value can be understood as a
time delay between the excitation signal and the measured thermal response.

[0043] In general, since the test is performed on devices with a material above the hot
spot area is not transparent for the detected IR wavelength (typically but not exclusively 3-5um)
thermal waves can propagate through this material, resulting in a periodically increased

temperature at the device surface above the hot spot, which can be measured by LIT. The time
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[0045] The thermal diffusion length p (in mm) is characteristic for each material

propagated by the thermal wave. Figure 2 shows the thermal diffusion length of two examples,
mould compound (solid line) and silicon (dashed line). It can be observed that the thermal
diffusion length of mould compound is significantly shorter compared to silicon. Furthermore it
can be seen from Figure 2 that the lower the applied frequency is, the deeper the thermal wave
propagates into the solid material. Consequently, reducing the frequency of the excitation signal
allows the localization of heat sources even through hundreds of microns of IR-opaque material
layers.

[0046] Due to the fact that the thermal diffusion length can be seen as the damping factor
to the thermal wave, it affects not only the amplitude but also the resulting phase. A higher lock-
in frequency results in a higher time delay between excitation signal at the hot spot position and
the thermal response at the device surface. Therefore, an increase of the phase shift as a function

of the increased lock-in frequency has to be expected.
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[0043] I n general, since the test is perforned on devices with a materi al
above the hot spot area is not transparent for the detected IR wavel ength
(typi cal Iwolotymses27excl usi vel y 3-5um) thernmal waves canPprasagatsdsrhr ough
this material, resulting in a periodically increased tenperature at the
devi ce surface above the hot spot, which can be neasured by LIT. The tine
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reducHW@“@%@“FW&GH@H@&h@ﬁ$9%@”é¥%$tat|on signal allows the localization of

heat Tﬁhiéf]f‘z eVl Jﬁ{s?%{g@ttm{]ﬂga{ ﬁszarté’ﬁ HRétﬂ @Qtsco%ld}eﬁ tf?e?ﬁ%?en ﬂs@'ls | ayers.

[ 0046] the fa usi on can e seen as the
danpi rglchiaetdarsing half of the assumed dissipation power in order to reach a stable modulation

within a few cycles. After reaching this “quasi — steady state,” the sample is stimulated with the
pulsed excitation signal. Lock-in frequency, number of excitation periods and number of
intermediate steps are chosen with reference to the real geometries and thermal parameters (heat
conductivity, heat capacity and density). The dissipation power is applied to the model ground
and pulsed by various lock in frequencies. In addition, the time and power dissipation signals are
saved in separate files, allowing the creation of the correlation functions and the reconstruction
of the excitation signal. Two paths are created, where one is reading the temperature modulation
over the surface and one over the thickness of the sample.

[0050] Figure 4 is a diagram of a system according to an embodiment of the invention.
DUT 400 is stimulated by excitation signal 430 at frequency f; generated by excitation source
405. In one example the excitation signal 430 is a square wave having amplitude voltage equal
to the DUT’s operational voltage, e.g., 1.2 V, and a lock-in frequency f;. The frequency f, of the
excitation signal is set and varied by frequency selector part 420, of processor 415. A sync

signal 435 is output from the processor 415 and sent to the excitation source 405. The simplest
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to the thermal wave, it affects not only the anplitude but also the
resul ti ng phase. A higher lock-in frequency results in a higher tine delay
bet ween ewoOi2bati56327si gnal at the hot spot position and rha/ush@nmsde7y esponse
at the device surface. Therefore, an increase of the phase shift as a
function of the increased |ock-in frequency has to be expected. WO
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excitation signal 430 is a square wave having anplitude voltage equal to
the DUT's operational voltage, e.q., 1.2 V, and a | ock-in frequencyfi. The
f r equén@pic bHQhePet &k athl g?E%EP&%QNA%O@e%T aNIOvEG I BEVIGkuency
sel ector part 420, of processor 415. A sync signal 435 is output fromthe
processor 415 and sent to the excitation source 405. The sinpl est

[0052] The method of LIT can be used to non-destructively determine the hot spot

position inside of a fully packaged single chip device providing a better alignment for the
following physical failure analysis steps.. The relationship between hot spot depth, applied lock-
in frequency and resulting phase shift was investigated using test structures with defined point
heat sources. The test structures were made using single chip device containing a meander of
copper lines. The meander was locally modified by Focused Ion Beam technique (FIB), as
shown in the upper part of Figure 5 to generate well-defined local heat sources. After the
creation of the local high resistance area the single chip device was measured by LIT with a
supply voltage of 1.2 V and a lock-in frequency of 5Hz creating a local heat source with a

dissipation power of 14 mW. The resulting amplitude overlaid with the topography image is
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cor amTE T opEk b SOB R Bt iR Aoy AT B Bt 1 E R eblacl At
def ectjoc MUt ueTRRENd VB SA tHchekk Qupht IR GRich whRdiRLEkagsSsigflc 9501m over
the top surface ofothe chi p.
number, i.e., 177.5". From this result, the single influences (correlation error, geometry
influences, contact resistance, etc.) can not be separated, which is a necessary information for the
investigation of complex 3D structures, such as SiP.
[0057] For the investigation of the internal heat propagation and the separation of
different influences to the resulting phase shift the method of finite element modelling can be

used simulating the lock-in process for a know device build up and a assumed defect position.

As a first step, the steady state solution that considers the transient response is calculated using
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[ 0054] Based on the theory explained in the previous section, the DUT was
i nvestigated by the apparatus of Figure 4 over a frequency range fromO0.1
to 7 Hz awo2ohe1sse3ul ting phase shift was neasured. Fi gece/826ho3s79 he
investigated rel ationship between applied | ock-in frequency and resulting
phase shift. The nmeasured data points are plotted over the theoretical
curve. It can be seen clearly that the trends matches the theoretical data
for a lock-in fre ncy range of 0.1 to 3 Hz. ILn c of 5 and_.7 Hz, a

1 gt e e OB A b e TR e ARGy oD AE DS BHAFS o
noi se AfdriracHig thR “fhRi isQhEY sttdMRhE ehrdfle tsembRRLIRL WRhaIsed Bk&itatiBh | uence
can be renoved by a | onger neasuring tinme due to the fact that the

st ochatgnek Look-sefrofuenhis ndetbecoiexcitstionguimiodsl atd/nurhlecr of irderanadige stofs arbie

time. [0055] Th | at i ipb h hi f | ock-i
T aaneniywalt Brata e B8 iRt ar by Bep R i SR RE R raneaPRd v th'a
good GeMtédl @ida®BorddactivieQhedticepcitdaha deddtg) SlicBhsigdcd esiiht didipatih poiég t he

potential of Lock-in Thernography investigations for 3D localization of

t her nat appdic yethsipagdel groasd and pelseschysvagiouh faskfi fequensick dgaddisipn cthg time

[ 0056] ' al ]y, i i.Qf ' ' - r - was
005 kA S0t o DoRAB P BY bt 16 AoPABhe chaghs L Coguggsy, vas
shown futictiohg biiceth8 redoastnexianipl ehe dxtititioa signak - Two bhths ueneyatets ehevasneds Hz,

t hen the output of the system woul d have been a single nunber. i.e.,

177. sacadimgoihe tgmrerptae medul st %weﬁ&eéurafﬁ«fq PIRDESVETCHF tiFkNC DR the paspple.
geonetry influences, contact resistance, etc.) can not be separated, which
is a necessary information for the investigation of conplex 3D structures,
such &xafipR 11{0BBECFAMER ¢ DENERSVIINATION AF STACKED eIRAEVKAS pr opagat i on
and the separation of different influences to the resulting phase shift the
met hod of finite el ement nodelling can be used simulating the [ock-in
procege058y a knw3paik ot detalidhtith iANk 6 AakulBl HRERE] RIRLEIQN;a AS a
first step, the steady state solution that considers the transient response
i s calspsitmtindadgigage sopnd fictor 06 88RERCTaY8R b 15zeried.7 Theratal weres gracrsssiated

di ssi patign _power.in order to reach abil e modul ation wi,thin a few

cyct edh b aRHASHioh Mat Pifro lrBNaR oY Gy P e 8 ShisPh &g at e
Wi th tcbmppund @t @neh tptl @8, &dcgmaling o chihitkQALRNCYs a CHubRRn& depeatiingt | on
peri ods and nunber of internediate steps are chosen with reference to the
real parthaetierhot spH@osiien pediffgeenbdiss af e gefeptiec davicgpaefioatethe distarce & theheat
conducg.j Vi i i . :0ONSH j.SsSi pation
poner oLtk bl SRl A SEHRSh e PRORSERT i X ERRT HAGERR: Bk 1Pty

f r equepadresd at otagelis tat ver tive isidoofahdstpaieive db pass paditional Shayeréd] $ayarse saved
in separate files, allowing the creation of the corrﬁlgtLon functjons and
the r&eBwaic e thegnaloyavengcusieted &t habapets gihah aregleseirthe daries wrise-ebikewmer e

one i gpd @%@foﬂ%écﬁ@n? %(iﬁ 18 IR AL Qfis B¥RlvidNGn BE L aCe, gd one over the
t hi ckness of the sanple. anple'|1: DEFECT DEPTH DETERM NATI ON AT STACKED
Dl E DEvteGRBation of the hot spot depth by calculating the theoretical phase shift over a certain

frequency range for different hot spot positions. Unlike the investigations of single chip devices,

it is assumed that the hot spot is related to a specific die, which leads to the circumstance that a

discrete model of the material system can be used. Therefore, at least to a first order, the total

thermal diffusion length is the summation of the single thermal diffusion length of each material

layer. Also, the total depth zw of the hot spot is the summation of the thicknesses z, of the

single material layers.
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[ 0058] For 3D hot spot |ocalization inside of stacked die integrated
devices, e.g., a systemin-package, a second factor of influence has to be
regar ded. wohermabs2haves generated at the hot spot posit iPom/Usave/08979
propagate through different material |ayers, e.g., silicon, nould conmpound,
die attach tape, etc., each having different thicknesses. As a consequence,
dependi ng on the axial hot spot position at different dies of the defective
device, not only the distance to the device surface but also the thernal

di ffusion %englh“rﬁ“éﬁanglng Therefore, thermal waves generated at hot
spots at* 1ﬁmeﬁq<|eaﬁ|n5|de of the stack have to pass additional materia

| ayers conpared to thernal Waves generated at hot spots which are close to
the device surfaces- Like in the previous section regarding single chip

devi ces, this béhawior can be used for the determi nation of the hot spot
depth by calculating the theoretical phase shift over a certain frequency
range [0059]di f f erlnt cquiarlsqnoshom;sfot ixzhn:h asdumdddet tiboe dbpﬂaeushatglabétmesn of single

chi p devi ces, i S assu t hat ha i s, relat taq. a specjfic die,

Shi on CRBGGES Y A TR Gt AR iR i s SR ra s debdre 8 tHeS HERGkkal

syst empGARoRevdt S&fts ndNEkSHAS Socottht 1hf%?i§§en€@e@ecftd 'h@ﬁ llﬁéﬁﬁgr:et& o iRkdlg afteher mal
diffusion length is the summation of the singlé thernal ffusion Iength of
each s eglatadnshipyoarstachbd dic leved, attoastahmd@pmlth Z tlefirad p@intthha Shmtce spaxcesseryt he

t k t . WO
5011/ 18R ek miebdl SBEE R8I Paab et ot BElGRAEH ShbudtEihuad on assued
hot sReHwIRPIHAr tiflBtaeReOdEE WREAEEDRAY rﬁ@dH al stveh infreaied 9£alorslap@ni iscagi ven,
which identifies the defective die inside the stack. This, however, does
not t aRECEnVercasaoated agwindyidBanedifiedtion of singledastichips avith petabmeandyplines,

t t. ti i {
S A Ty R AT SIARSF b Ll A S5t FPTRLE i) 2

rel at i[0060]o ad diFok eHeafiniferd @hdnd hlnhLﬂMﬁfnSOfQH&"lhm traﬁsfashtoggh edtasekap&ve s&mpleor
this, stacked die test device was made, as shown in Figures 9A - 9D. Poi nt

heat dbukedsinpspesydpwialioads BGE meriingddP-Pahesit! srodsh nhicaisedsfecle hi ps
wth r F

d|33|g§%§%ﬂ§§g§§§ %%%@ﬁgg%lhégﬁﬁﬂégﬁﬂm%&f(%qgéﬁa%@ lhlﬁf006 ?%g@&x geflnlte
el enenpplsédrlisatmiop doffertitehchiemtirdes amaffelrent latema.lgahd arelstcak:posdlods esglrrbltle t he
Lock- cess simul atiagn nor 2D/ 3- her.mal nodel .

The Bt SERR el Grats Oltesfﬁwle%&le Hathes br% f évar}ﬂym PkIB HsatisgIcs
copperg tiRNGpEMBEKtal d4ed Fabnt RS BRI FES @§1§iofi‘pp| ied. Assuming different heat
sources at different |ateral and VEFPIC&| positions inside of the materi al
st ack [8@@1]cor r elAmt afitshgep, ebaphasaghiftirelatedtto thal apphedpckin fregudngy waar i ous I ock

[ 061 Ay b R e o TR e an B £ pelP e s ST OB I

frequenpya v@as sdRbEAM Wiekla thblkehs @ﬁlrgsqgn ussditahed af BF SirEedrefe @eﬁbﬁ&@fé&t
| ocated at the device surface. a next step, a bare silicon die with a

t hi ckBEsusyTe a @S aftegh t\m%O%kSt La@ﬁbsak%ﬁss,taﬁ shesy fialtiguisfoR. e apﬁréb@pwmé@@n chip
using @ gi.g, ?ﬁ&ga(?p%ptles @1 1R tt% téyn%‘é%%éfs@?iﬁ%r;oﬁﬁm co ac 18, ordS 2

first approxi erna operties o ‘tape can be

seen shmddauioﬂabdlmktdcmd peu H;d‘esp-ﬂﬂelbfbf for & highbercagldhg plazalshidi. éfl&t‘tiaﬁé:d‘iﬁd)nl ayer
i's resgon5|ble for a higher_resulting phase shift. The bare silicon chip

shoul ghipothorlgrof pesitibuts |S@mffqaefé¥1fq tye changgof theariges Brftihssayspifsis trapspagent
becaU%&ﬂ%th}ﬁ ahd 8 Hé}hﬁmkoﬁcﬁetl+lf§ Al tﬁ%@et i P&feaﬁﬂev&efg gﬂgéd tWotﬁllofes much

hi gher proce ure was appli'e creatin I nal
st ackeunnadi Heaimg ﬁxmllwatsltackhd die ddires vathalree divs a@evneﬂhatgemjerhteéhees(sumce

structure, and 9D. [0062] The experinmental results of
this iYL @1%15103451 legﬂg%%ggg(é ?ﬁ Figure 10. In

[0062] The experimental results of this investigation can be seen in Figure 10. In

addition, a square root fit is plotted (dashed line) in order to compare the slope of the

experimental phase shift to the theoretical one. The plotted black rectangles are data points for
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addition, a square root fit is plotted (dashed line) in order to conpare
the sl ope of the experinental phase shift to the theoretical one. The

pl ott ed bWackiwei2angl es are data points for WO PCT/US2011/039679
2011/ 156527PCT/ US2011/ 039679 neasuring the defective die alone, as in
Figure 9A. Due to the fact that the defect is |located at the device
surface, the phase shift is independent of the applled l ock-in frequency,

whi ch is proclai.ned.by..the theaory. Th ore, fect depth, z | Zer o,
wnt o s inehe OBt M AR b Fiss o emtkrs el Ge B e R eFubd el on.
I n casg @fvidd\@rfatd A pmet siph 1@1n@1b&nﬁ&9‘6@tﬁeha% fed Rek-iRfeguentRavii¥Riscal

dependency of the phase shift to the lock-in frequency can be detected, as
shown pb@clftlfmed ply sloa tdonyh diossforthtbe daferthdopthaz thizecia rwha)th ghudts i dipba® shifoof ed as

crrcl and d as tri e) to _an nc e of the
Coout O sB g MRl SRl MaheF br bR AT Seiberl e RO PRe IRGeERE R,

at t achhd gpR)l &hﬁbbﬁd[bn'@f@fﬂfé ph@scdirety @k stk ﬁelqeeﬂcbeaﬁraé dveed, ds QRGBh By
conparln&>the resul tlngﬁghase shifts for different die nunbers at the same

f r equébreylotted dambse The drithenaddition elidirt (donaploded as aiyeles ard digd pjatied 951 i con
and di c 40 -
o0 SR Ies aREo Rt b Safe RIS AT Lo PLERRG.PRARD 2
good fedth iendddndi@atidvh admes) mdadh IRk as e pénehhtefi(bry the fhreﬁqalezrmzy range of 0.1 to
[11: Time-resolved Thermal Re ponse 0064] One_ di sadvant age of
tradl 35@@ phady qpanparing dhesissy) “%Pll*?éesh‘g 5 fof, 1f Bisgt %fﬁ&fl pees af thesamgqui r ed.
Nbasur i ver al
it A BRTRRCBERBE Ayt BC el b & Bl g P P L B 27
sanpl es) leads gur @msd dift &wIdaBe bhowea 40 yrﬁO&afThf: ex:pe{umentaé whtts of thre phascatift
atfiock-in th time of isition =1 nut es,
with PRACTHES h@f‘f)r?éﬂ%r?pr%ddaaénf s attflr%t&él RS GVRF g ey aaﬁlgsp?ﬁt
t opogrzaphy i mage which is the basis for the Iocallzatlon of such a defect
in x &y. Figure 11B is the phase results, representing the |ocal therma
del ay per pi xel . Since the x,y localization of a heat-source can be
obt ai a anal ysis is reduced to the determ nati on of
t he z%%' Lqﬁf%%%gfﬁggf 1@6 P%%%only requires the phase val ue,
measur ed rrght on top of the targeted heat-source. Therefore, taking
measurenent of the entire field of view, as shown in Figure 11B for al

requi 18064lock- i Prcrdispdaprirgasoldragiiiparhashs. ficgeensy nagibodis sha leas apdysis

addi t i f for r ntion,
fhe fii0aesRgr ubuprphRhg: (P U PA kR ETRARIARENR Bl MRS S URC,

ar oundnibibes agnodioussffot high hedk- mrfﬁdquermmsluﬂedow@wehmmpl&y Fharsquar &s in
Flgure 11A and 11B. For exanple, according to one enbodinent, the

ti me- ldBoho¥a WRisrhark-tospdiss Beanagd Aifisiins Hsa YnekmsasaViWigh M6 ohecessary
wayv ef cqui snal

o o S o C Al itk R 1 B R A A e T
or evemp@ramhngfnegqawkeh)ls ﬂmetblaswrﬁnhhe hcaleasen oﬁawhraadeﬁq@emax &on &geedLlBDsr | ng
t he d ta ach|s tion, é@ mgﬁg d, alculatgﬁ$ an vaHues across the
smal | ! Wec%}l Sa“éﬁlif)%?@ ng fpgyde aéfdf%ﬁbxe 190% éni lﬁija PABORBFY
Centeﬂm@ﬂaﬁhﬁcﬁﬁ%e%B@hmﬁqkh@@LAthﬁnQMQ)@Mﬁ&ﬁgﬁﬁe&ﬂﬁdﬂﬁ%@dc@ﬁﬂﬁﬁﬁ@mb?ed to
the excitation (Iock-in) frequency to generate the tine-resolved thernal
wavef dhar- (iepfhnﬁﬂeshe@tf-soslmwmeh' eflyrraquires tlzmdme valudingpasered pighinen g )of the

[ 0065] Thi s Qcess s i ncreas g i |on speed, since the
SR+ S BSe GRS TR SOELAM Find el SrERGTR ERE RS VB FEGEn &
cal cu Ifagurag 1BHer sTERfuiadd 108i8-irl frequefiBies clohSdleythe bf&eﬁl\ﬂﬂd@%wa@aﬁﬁdﬁﬁmmr ed

i mge) can be increased by the nunber of pixels being included (e.g. 8x8 =
64) . Agueftti dharefere. acrerdingnacmbpdinastngd th%tvem% the ffeg@l efc‘élévqufélrlf‘dcaererwew
(FOV), S r 1 (
st Y DA e BB Ao chloP P Y 1B R moush R0 HORRD T e
per pmqehesmlﬁgmeddAﬁmﬁdﬂBgdﬁ&axmh@cnecmﬁa@nueheemmomn&ntMMemmesebhed
wavef ormrequires tq average the inconm ng data separately, regardrng therr
Lo QRETHELTPRITSE ApATHY B haé%dp%@e%saﬂ%@eéseewwwequ qeRyirggdatd
Assum ng a targeted tinme resolution of 1140th of the utilized eXC|tat|on
(lock-in) period, this would reduce the SNR tinme-resol ved data point by
40x, since the acquired data has to ﬂﬁ split evenly across all tinme slots.
Wth the used nunbers, this would result in an overall speed increase of
about 12. 8.



[ 0066] Fi gure 12 shows tine-resol ved waveformresults at full frane node
(100Hz), all neasured with Mlockin = 1.2V, time of acquisition = 40sec, for
di ff er entwbaoki/ise52fr equenci es, showi ng cl early differenPCy/tsb@posoero
waveforms. Figure 13 shows tinme-resolved waveformresults all neasured with
Viockin = 1.2V, time of acquisition = 40sec. These were neasured by use of
differently sized pixel arrays, allowng 2.61 tinmes higher canera

acquisition fra rate_for the u r pl , show ng nmuch..i royed SNR
Aot Rt AR ol PRl Ry B o b Rk | P o SR 2s ar y
acqui siol Opixtl WBth thlithi iK&rci 28 c8BEl elAbAPRUNDUrRS YA dRS adiGsitidd, &e art,

using tinme-resol ved waveform provides nore information about the heat
pr opagaftivere can chiicnlatettbe deen galucsTiraessities smdewindow aressobset evenveshbem i s

obt ai ned | otti.ng the thermal. r onse of the device over .tinme. This
reacur e SRR b Py 4 SRBPRCH e AR B EReS RS akThape of the
ti me- rseseHryfge Ve vied @it @bdkei) Faqetinky e gdtlerdt@glstine-fkSbEeetRs can be
anal yzed to determ ne the heat source's depth. For exanple, the waveform
can bevayebse-(esrmriraeieych wavelprma s shanatin sigyre Bl 183 sine functi on,

sawt f unct i~Qr - f i f i.on, . Tk far

2011/ 18085 per RS SRS LY e o Eh i P AR EARCE VN R st o1 16
a | i broartle ofermbnehberif da@poass being evaidadg Byhalduldigriesokeamescroavieé ansl

provi des futher depth information in addition to the phase_ shif

[ 006 7B 19 MRoPG AeMerBiiivd Amage) Kan Paincreaseq haige npglbﬁraqkféﬂxq}%ﬁﬁgg al | of
t he pi; t c r : J - oo | NSO
ot eorhudeddt g, B8 SRR R4aifofkly, it Pirklia RHARAS £lor Wi SENSE eicordiew 0
(425 i(ROM)durtberdhcraaing the angesitios bp anotheteddtowiOt thmes (e ssnming J)e€ogpated t he

| ocation of. the hot spot in x and y. The user opt.i onal | | so be

or ovi GBS A oAk ATt s ElenBgTsd TR C et S (el d of
Vi ew, rEedistructiBh@Fh tihRXoIREARhPefbiAY reqiieditol V8rayds Blc ihfdrhindlis sth@ateRSt i Ng
sequence, data is collected only fromthe designated field of view  For

exanplregarding yheitemepkedqeisgmmredprpionty the cxeitatios xloek-pi)xpetied afesunsagiaat each

57606 B b iy RTer e GRS ouioh et Tulion oot BOREEE

anpuntSNK tifhatrasobald ®ed gsinf §y000x biﬁc@ﬂll%b%hifeﬁ daediis @6l bbypl TRk enly hadss Mp or ders
of magni tude, the canera can be operated at a higher frame rate during the

neas uri@ieniets p\Geeths usedyamehsys, phis wodldgsHbmendgyeellsprert werease afipbo/ k&g ng
proce anotd; i .an V] ' [ used.
00631008 s neiflrg PP AR P fi R RE R Uy 3 R OBy RiokEl IR0,

what ' sngemed alithyV gal Fad\anmehdfrchuisitiong Aked) fonditfbicpt loickqin frgquedciast | vat ed,

t he daga from nei ghboring pixels are collected into a SiYnF%lse d?ta poi nt.

For exafying cloeflysltizaronthy irpeeyWrscarns. Jaewd, 3 shews time-rowl idsvaeiqraypesults

nei ghbgrhagyRIXGSy AL e-adedidh ColRREHHoR PURLAITRE SAAOMkasul B opay. the
canmera can ]El)e operated at faster r agout speeds and i nproved si'gnal to

noi se difftrentsy siaddomkél aatays, hdoexpehsktimes higtenmdtespatquasitiondsohaitatofor thon t he

ot her hand, si,nce the ati al atj on of the ot has .al read een

Sot or IPRGPIOF MY atch Tehare b RRE SR et srram SRB ek e Brbapclears

irrel gvapt ﬂ?esnefceﬁax?% HERITR Aimd. UMBLAhOGhYlcldatad®i@Blukeo iR pAG ) usiﬁgt the
spatial location. [0069] Fld?ure 14 shows anot her tinme-resolved therm

r esporisec-reselsed wreeform afoyados mawik mjomrtiongbout the keat propepategevighia the si n

functign, plkotted for the, delay yiel.ding. highest .cross-correlation.between
t e sidVieeindftiaf T e kOSHE TRt Ror SR DFintt SRR BEOS TTRRl SoRonCR P et o
neasurdevicB evérehdrathit h¥esudehant ipipBattdRR & thetMRERefubteitd. STHIGhesger of

the lock-in voltage and the zero-point of the sin function) w th higher
accur degtimerpwbed waychsaabtging iatdifgondpck-Hefremgpepneante aplysed toswi ng.

Furt hey ) | gt | .

i oS b BeoE bRte PGS, Por Ambf, Wi WAHFRA YRS drtifbd'y various
uncor rfehaioas ,sudh as distefuhtid@l, yaw-asoth €unesion, sharkafiisefiacibn, esulTthe wavefoe@asiang t he
accuracy and reliability of the defect depth neasurenent. WO

2011/ 156527PCT/ US2011/ 039679
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[0070] Using nultiple predefined functions for cross-correlation allows to
anal yze the shape of the thermal waveformin a quantified and reproducible
way. The woeall/is632|l ustrated in Figure 15, where a ther malt/usavefosgeny wi t h
non-sin |like shape is shown in conparison to the |lock-in voltage and three
different correlation functions. Al three correlation function wl|

del i ver different delay values mhereby the sin (dashed green) and the

exponent i al / dj.schar curve d soI dline) will have a
C1 bar o grar rige R o fr fuf Vb Bir TS CresshEha st |

t hese V@lwasydve R frovideriier 4paHinFAnRATR A fiditd B8R Fldss hiky or
experinentally derived reference data to yield the defect depth

| ocal i[088Tlon wi tAccerding wmntendo@dumeam:,yhe{ wifepl idegeeis takeatusiog aﬂfofd@fmtls vé

ROARRE Lt SR o g AT e e A R SRt e s ol VR

for quamngd {sphdj¥ec@oal tHrafokl &% (425hiRigurd B) hbakugatit provadfedhath $0886 th - €.
generated by electrical structures or defects inside of electronic devices.

The r écsignaipdisilpcasionnd e hohepa pipkiaad vl dbR uber maveapiionally dpeibe provistedsdthshi f ¢
was def £t{ﬂn§%9 d?ﬁgl?‘i’e 8{% 23%5?@3%%@. d gd Skl es &1&?%% pel§’<‘Q¥ f%)v Thi's was

done for i'ed und eri‘al |ayer
of unRKbsNtht Ins@kﬁnas&s &mtesftmg stqencasiatads c@lld@tﬁd Cﬁlﬂll}ofroﬂnlihd: edslgmcwrﬁacm ofinknown
nunber .of dies inside of a stacked die device. was shown t hat burled hot
spot s &&rent ‘Bfrf‘d‘émpg PRy dhe pixgls comesprpding te hisd b h@lP’éﬁlﬁ apRropd btach £xcFn aI |

three @gi,pg nl%ﬂf%? ﬁlan[rgagﬂr?é f[}-'%i‘t bIXR[sCe. g%)ﬁf 1ont 3217'630 hﬁ%éfsr Snl ?fl 6%)’@“2

package architectures cou measure oW ng sig I can ase S |ft
diff erpemad;saarp raldladeadhgryclee Sexcadhe elmbertmif dathicolleaddd fréva thiefanadra wefedlmoedtbbtr ough

t he pac e to the nan-ho eneous terial sta ked. di es th
conp! SOE RE D SEISpE FRESRCE. Becanes cre Posaaryd pbt Beliertrutng P BT
resul tgeadbreflchf GHERE, th&@tky plravfoﬁﬁglﬁa@ ®pointlFomBt Reda@hg BRI IAwa@nfér

anal yzi ng these results for hot ot dep?h cal culation 1s enabl ed
enbodwﬁéﬂmsdeﬁﬁh%Whﬁvegﬁﬁw@kﬂp@ﬂlapEﬁm@ﬁinents of the invention also

Cpot JO0PR ana yurcl il bR FARERE b TRV elle PR TR cr o6si

t he ng@ﬁ@my Yal B @9 WhedBinhink! Meh&URISERPbindidg)is abtisratdiie FHERIae: frérh neipdbbese a
nore detail ed data analysis of the shape of the ach|red t hermal wavef orm

i n addixaloe celledrd inteer vagle dptgwoid) K9t capwiaif 4 2xhyaniagpeadivasesthewthet hat
ProCces3a % 8Pt & Hﬁo‘} uge%&fe aﬁﬁech t]lagmétgte [ )fglé’%eadB‘ELeﬁE@}lé Wal, nlﬁ eﬁﬁerﬁo any
e C I Na

partlcu ar “appar arus a nte any suita on of
conponrembs opdratetl Iaefasteveeradmuss éqdp aﬁd ahproeaesighal poInies mtid € \al lextsat eyexipendgs ed
in WO 01 /1 6527PCT/U82011/039679 accordance w the teachi ngs descri bed
her ei r? spafiplygshuipre Qythsmtbegds St%eéﬁr@@wgw@a@@?% q@@@oalbaaar at us

to per i@édy Bdag deRbhRdd Shé %ugﬁﬁébrailg%gsohﬁfo‘?ﬂ dF-the binning process is irrelevant as the

measurement is used only to determine the depth, not the spatial location.

[0069] Figure 14 shows another time-resolved thermal response measurement, also
showing the used lock-in voltage and a sin function, plotted for the delay yielding highest cross-
correlation between the sin function and the thermal waveform. The cross-correlation allows to

measure the thermal time delay Aggj (measured between the rising edge of the lock-in voltage

and the zero-point of the sin function) with higher accuracy compared to measuring at 50% of
the temperature signal swing. Furthermore, the cross-correlation value (number between 0 and 1,
indicating how similar the two correlated functions/curves are; 0 = uncorrelated, 1 = identical)
can be used as a second result, increasing the accuracy and reliability of the defect depth

measurement.
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[ 0075] The present invention has been described in relation to particular

exanpl es, which are intended in all respects to be illustrative rather than

restrictiwe.2ofiGs®7skilled in the art will appreciate trat/usasy/osdsd er ent

conbi nati ons of hardware, software, and firmvare will be suitable for

practicing the present invention. Mreover, other inplenentations of the

i nvention will be apparent to those skilled in the art from consideration
of the_.invention disclosed herein. S

of th cification and practic It
" end@BFEhar ¢ ReShuaRpIERESHod dhedbtp S b0 ORI NN ar y
onl y, Jhdbrand UenACORERAy SRALAIAGTarkDEbBXERL 40D, PRI RG. inHLgAkELnbY ¢ he
followng clains. WO 2011/ 156527PCT/ US2011/ 039679 " CLAIMS 1. A nethod for

det ecthigige il hevhare athamabiatederm withmoesimblikd shdpemstshpwn an sampirisobio thsi ng

Lock-in,Th h i sing; .placing th | : t t
appl yilfi-peeteey Ghthiee B ol B A oy R rutid foiiom ©
f r equeleGi@iffwbhd ®ldyhalies Sthefdbgniad Sin adBheP@lebBthnti@hd Hgosiaitpl e, i maging the

sanpl e usi n9 an infrared sensor; detecting fromthe inmaging |ateral
t enperchtiging/dscherdinieyrsn(an; wdsohd Hee wil hakie a skeaply dighgeeress-¢aitplation value

B e
pr opa@atkmindntdliyndetibed sdefphe; dadnidl weld ig: ddiect ldaptenadalibeigneria sufficient
distr ialgg&rilc%ln(ng(.) détgrenrli?lgt)l(onogf[ (Peife%tilvg %aglre? éutlo(%g%tiei-gtgckoifn at pha%ka?geei)a.t
[0071] As can be understood from the above, embodiments of this invention enable the
use of Lock-in Thermography for quantitative and non destructive 3D localization of hot spots
i.e. generated by electrical structures or defects inside of electronic devices. The relationship
between the applied lock-in frequency and the phase shift was determined based on the physical
principles of thermal waves. This was done for the case where a hot spot is buried under a single
material layer of unknown thickness and for the case of a hot spot buried under an unknown
number of dies inside of a stacked die device. It was shown that buried hot spots even under a
thick layer of mould compound can be localized in all three dimensions.
[0072] Furthermore, different die layers of system in package architectures could be
measured showing significant phase shift differences, allowing the exact determination of the
defective die through the package. Due to the non-homogenecous material stack of stacked dies
with complex thermal properties it becomes necessary to acquire multiple LIT results at different
lock-in frequencies. The method of acquiring and analyzing these results for hot spot depth
calculation is enabled by embodiments of the invention.
[0073] Embodiments of the invention also enable the use of the time-resolved thermal
response for more precise hot spot depth analysis, based on a point measurement. This allows
decreasing the necessary measurement time substantially. Furthermore, it enables a more
detailed data analysis of the shape of the acquired thermal waveform in addition to the thermal
time delay.
[0074] It should be understood that processes and techniques described herein are not

inherently related to any particular apparatus and may be implemented by any suitable

combination of components. Further, various types of general purpose devices may be used in
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sources; and, anal yzi ng the phase shift at each heat source position
to thereby determne its depth location within the sanple. 2. The nethod
of cl ai mwofoartttses27conpri sing plotting the phase shift &CTuseéio03967Dck-i n
frequencies, to thereby obtain phase vs. frequency curve. 3. The nethod of
claim?2, further conprising analyzing the slope of the phase vs. frequency
curve to inprove the depth location. 4. The nethod of claim1, further

conprising cal cul ating depth rel ated phase shift to frequency behavjor by
el y ERarg ith B K PR R otay B TR SBOY SRV ( COMUGE ol at | ng
the caheidipbgdpsientiid frRAdhPRRER SIS Hedebéd RGURNCY behavior to the

det ected phase shift to indentify the depth of the heat source. 5. The

met hod0@TSk| ai mThe pirescntieyvensionprs b¢angtescribed in peddtioml ta pariigulde prampled, sithech
phase shift to.frequency behavior by .finite el.ement.,nodel.in f ther

Pave. sTopipdey b TSR e BTN Al it Mab S BRn T aPeul e R (o
f r equepgyclaehav minyt AffeRat coMdidftibobs b RadwReT 5846244 1LndIRMiRirelaileBE adtaBhtase

shift to indentify the depth of the heat source. ' ' '
for practicing the present invention. Moreover, other implementations of the invention will be

apparent to those skilled in the art from consideration of the specification and practice of the
invention disclosed herein. It is intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention being indicated by the following

claims.
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6. The nmethod of claim11, further conprises limting the field of view on
the surface of the sanple by reading data fromonly a subset of pixels from
t he i nfravedoserss2r. 7. The nethod of claim6, whereinPCirniseémng3dshe fiel d
of view conprises addi ng val ues of neighboring pixels to generate summati on
data points, and reading only the sunmation data points. 8. A nethod for
detecting the location of buried heat sources using | ock-in-thernography

(LIT) sy conprising: placing a device under test (DUT) on a test
systerﬁifi]ég@yi ng test signal to the DUT; while the test signal is
applied to the DUT, imaging the DUT using an infrared (I R) canera;
detecting lateral tenperature distribution on a surface of the sanple to

t her eBy | odamethoddohdaiectingtiraclocdtmmentichtysources bethdoilyn sempledivatsingnal  ar ea
of th Ig.ci.gera to,obtain.a reduced field of view subsequently applying
el ect ri%¢a1™ eXEMA 10N P at nultiple different Iock-in frequencies to

t he DUT; V\ma{cﬁlgtﬂﬂssg@?reoﬁiage@@st@ﬁp applied to the DUT, imaging the DUT
using the reduced field of view, detecting |ateral tenperature distribution
on a surfaceplyingtae spugts to the samgla 2 epyliiple defferamtdosoindfscaacr@eanl t i ng phase

st e e g S )1 B S 08 g s
Sensor;
detecting from the imaging lateral temperature distribution on a surface of the sample;
detecting and analyzing a resulting phase shift between the test signals and a thermal
response obtained from the imaging in correlation to thermal heat propagation within the sample;
analyzing the lateral temperature distribution to thereby obtain lateral location of the heat
sources; and,
analyzing the phase shift at each heat source position to thereby determine its depth

location within the sample.

2. The method of claim 1 further comprising plotting the phase shift at various lock-in

frequencies, to thereby obtain phase vs. frequency curve.

3. The method of claim 2, further comprising analyzing the slope of the phase vs. frequency

curve to improve the depth location.

4. The method of claim 1, further comprising calculating depth related phase shift to
frequency behavior by analytical solution of the thermal wave propagation; and,

correlating the calculated depth related phase shift to frequency behavior to the detected
phase shift to indentify the depth of the heat source.

5. The method of claim 1, further comprising:
calculating depth-related phase shift to frequency behavior by finite element modeling of
thermal wave propagation;

correlating the calculated depth-related phase shift to frequency behavior to the
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anal yzing the resulting phase shift to thereby obtain depth | ocation of the
el ectrical active heat source. 9. The nethod of claim8, further
conpri si yopbat1s632g t he phase shift at various | ock-in Pcegsenaioas7and

anal yzing the slope of this phase vs. frequency curve in addition to the
gquantitative phase values to inprove z-resolution and neasurenent
reliability. WO 2011/156527PCT/U82011/039679 10. The met hod of cl aim 8,

calculatin ept h. eIa as hi o frequency behavi or by anal yti cal
solutpﬁﬁcﬁgpgﬁgfgﬁg gl 8%5&&%?% 7L SOHEE- correlating the
cal cul ated depth related phase shift frequency behavi or to the neasured
phase shift to indentify the depth of the heat source. 11. The nethod of
fcI ai még, f Jdlﬁhmth@bmﬁniilm hgfultﬂaﬂr@um@tlimdgmi@pg mqfsdl?ﬁéwewmsl the suiffoe of dlet _
reque ehav in ng . ing o rmal wave propagation;
cor reRRr Pl RLih ol oL ST BF RS Fishb e ST “Ftiguency behavi of to
t he nmeasured phase shifts to indentify the depth of the heat source. 12.
The met hod of claim@8, wherein redu0|n&@the operational area of the IR

caner &- conpicgeshedief aym/aheseinfimang s dicidef Bex ePepHigssgddae zplics gfmat i on
dat am%glg'ﬂ mﬁrm@i@&elr ?@g&{%gaté’gd EJ‘& &aH! so&ldjr%aé’ing%lé]i’};tiﬁ% %urgnﬁan TI{‘& tret hod of

cl ai onbrlses 0 si gnal
from goirext er nal source and synchron|2|ng the IR canera to the S|gnal from
the external source. 14. The nethod of claim8, wherein reducing the
operational area of the IR camera conprises using a single pixel IR sensor.

15. Agret hqgnf‘eﬂ{odt ﬁ@et@ﬁg!tweel@fé@aadﬂbaﬁ%a B84t QburP rdsf'&l 1@@% -HRHEHEpHyNS! de 2

devi ce under test usi ng k-1 n-ther nogr aphy system
conpr i(BI'Hgystem, comprising:

placing a device under test (DUT) on a test system;

applying test signal to the DUT;

while the test signal is applied to the DUT, imaging the DUT using an infrared (IR)
camera;

detecting lateral temperature distribution on a surface of the sample to thereby locate the
heat-source laterally;

reducing the operational area of the IR camera to obtain a reduced field of view;

subsequently applying electrical excitation signals at multiple different lock-in
frequencies to the DUT;

while the test signals are applied to the DUT, imaging the DUT using the reduced field of
view;

detecting lateral temperature distribution on a surface of the DUT;

detecting and analyzing a resulting phase shift between the electrical excitation signal and
the thermal response in correlation to the thermal heat propagation within the DUT; and,

analyzing the resulting phase shift to thereby obtain depth location of the electrical active

heat source.
9. The method of claim 8, further comprising plotting the phase shift at various lock-in

frequencies and analyzing the slope of this phase vs. frequency curve in addition to the

quantitative phase values to improve z-resolution and measurement reliability.
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applying test signal to the DUT, while the test signal is applied to the
DUT, inmaging the DUT using an infrared canera; detecting |ateral

t enper at We 2diistssi2but i on on a surface of the sanple to Prhenshyiiloswat e t he
heat - source | aterally; reduci ng the operational area of the IR canera to
obtain a reduced field of view subsequently applying electrical excitation
signals at nultiple different lock-in frequencies to the DUT, WO

2011/ 156527PCT/ US2011/ 039679 while the excitation signals are applied
to the DUT, imging the DUT using the reduced field of view usi ng

ther maly | magicRgth&Y SeUSRT S tchl&ﬁtaﬁﬁ? abMR delhiRg pHRe MAVRIRIGIBn&tbchMEoVRy | abl e
| ock-in frequency and displaying the tinme-resolved thernal waveform on a

nDnlt@nﬂyaﬁdSomhon0féméh¥zwh@aWhmﬂp%ﬁmonemdlved thermal waveformto

d h | | d rel ated {hermal
vaver orm cogePHRE et sulr oo R e R SR s P ng TR i of ved

thernqma%ﬁm@ﬁﬂwmnﬁﬁﬂpﬂm&ﬁ@ﬂuﬁnngh@n@@ﬁ&@latlon function. 17. The nethod of
claim15, wherein limting the field of view conprises addi ng val ues of

nei ghboring pixels to generate summation data points, and reading only the

Surrma‘tlI on %%%&ﬁ&f&sclalmjfhfm:[ﬁ'& ﬁ%%)hgq %hcﬁlaﬁh%@%h-rél&%{i Egse%ﬁiﬁ)tro' sing

usi ng auto corre unc equency as t he

| ock- ifreqheregibenayioit ity fikiesdlecitheodetiag of sibirhdl vafvetphepaighticer; r esol ved wavef orm
19. The nethod of claim 15, further conpri si
correlating the calculated depth- re?ated phase shift f?equency behavior to the

measured phase shifts to indentify the depth of the heat source.

12.  The method of claim 8, wherein reducing the operational area of the IR camera comprises
adding values of neighboring pixels to generate summation data points, and reading only the

summation data points.

13.  The method of claim 8, wherein applying test signal comprises obtaining the test signal

from an external source and synchronizing the IR camera to the signal from the external source.

14.  The method of claim 8, wherein reducing the operational area of the IR camera comprises

using a single pixel IR sensor.

15. A method for time-resolved localization of buried heat sources inside a device under test
(DUT) using lock-in-thermography (LIT) system, comprising:
applying test signal to the DUT;
while the test signal is applied to the DUT, imaging the DUT using an infrared camera;
detecting lateral temperature distribution on a surface of the sample to thereby locate the
heat-source laterally;
reducing the operational area of the IR camera to obtain a reduced field of view;
subsequently applying electrical excitation signals at multiple different lock-in

frequencies to the DUT;
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cal cul ating depth rel ated phase shift to frequency behavi or by anal yti cal
solution of the thermal wave propagation; and, correlating the

cal cul at edodent13632¢| at ed phase shift frequency behavi or PCo/uSh@ 1em3ur ed
phase shift to indentify the depth of the heat source. 20. The nethod of
claim15, further conpri sing: cal cul ating depth-rel ated phase shift
to frequency behavior by finite el enent nodeling of thernmal wave
propagation;, . correl.ating the.cal cul .dept h-r ed. phase .shi ft

P coaancy  Biilsuheraraionycirngsroaahiadte BLiF seRBRlndutt RRyRRaSaimh o
the hepiq soHEwe. WO 2011/156527PCT/ US2011/ 039679 21. The nmethod of claim
15, further conprising using at | east one correlation function to

quant i t at i weing theralal neagitgetogletaottiok-redodvadi thermabweveferns ddheradriaptpiletlom and
generating a matrix of resulting correlation.factors vs. |aock-in frequency.
5. ThEHER s sl RiehS tmeruuhtZayrest o B e Bkl ati on functi on
conpri ses WahiRgindthd @askcsORRA BherRll @a€dbineloAddt@miRy the PRSR-sGIFT b&hvadd @B t o
predefi ned waveforns conprising at | east one of sine, cosine, square,

shar k-tqcHicabsigerd and rdated Hergpligp@f@ehar gi ng curve. 23. The nethod of claim
22, further conprising calculating theoretical correlation factors based on
depth-rel at ed phase shift to frequency behavior by finite el enent nodeling
of thdemal Thewnecthsd@bddin 8) wherein anatptifigthattinngresblecd tlcatidlatadfaeor r el at i on
factors to the, rreasu[r%ciag correlation factors to indentify the depth of the

heat <$BUWPESSS USPlp a R 81PN ocal i zing a defect within an encapsul at ed
devi ce under test (DUT), conprising:

17.  The method of claim 15, wherein limiting the field of view comprises adding values of
neighboring pixels to generate summation data points, and reading only the summation data

points.

18.  The method of claim 15, further comprising using auto-correlation with a sin-function of
the same frequency as the lock-in frequency to measure the phase shift of the time-resolved

waveform.

19.  The method of claim 15, further comprising:

calculating depth related phase shift to frequency behavior by analytical solution of the
thermal wave propagation; and,

correlating the calculated depth related phase shift frequency behavior to the measured

phase shift to indentify the depth of the heat source.

20. The method of claim 15, further comprising:

calculating depth-related phase shift to frequency behavior by finite element modeling of
thermal wave propagation;

correlating the calculated depth-related phase shift frequency behavior to the
measured phase shifts to indentify the depth of the heat source.
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a bench for nounting the encapsul ated DUT and connecting the DUT to receive
excitation signals froman excitation source; an infrared canmera positioned

t o obt ai wORoiv&ge3 of t he DUT; a processor gener &CITAS2@&1999%¢9 Si gnal
at frequency ft and sending the sync signal to the excitation source; a
frequency sel ector varying the frequencyft over tine; wherein the

processor reads data fromthe infrared canera and uses thernmal inmagi ng of

the i frar rate time-r.esol.ved thermal ns.at the
varia R e T Ra bR 8 Rt Pt e rob s R gy of or m
on a 'ﬁ%@ﬁtﬁt@ﬁvel@%alﬁ%&h@%&a@ﬁf&fe tihtddIodd thehBLIel Retdim dNdVeRSralhg § Watrner
conprises a view selector, limting the field of view of t he

i nf ramédesohnﬂgrcal.‘rela%n faChoas S@té@@iﬁm(ffeqobmym 24, wherein the processor further
conprises a field of view selector, enabling read out fromonly a subset of
the pixels of the infrared camera.

22.  The method of claim 21, wherein using at least one correlation function comprises using
at least one of auto-correlation or cross-correlation to predefined waveforms comprising at least

one of sine, cosine, square, shark-fin, exponential charging/discharging curve.

23.  The method of claim 22, further comprising calculating theoretical correlation factors
based on depth-related phase shift to frequency behavior by finite element modeling of thermal
wave propagation;

correlating the calculated correlation factors to the measured correlation factors to

indentify the depth of the heat source.

24. A system for localizing a defect within an encapsulated device under test (DUT),
comprising:

a bench for mounting the encapsulated DUT and connecting the DUT to receive
excitation signals from an excitation source;

an infrared camera positioned to obtain IR images of the DUT;

a processor generating a sync signal at frequency f; and sending the sync signal to the
excitation source;

a frequency selector varying the frequency f; over time;

wherein the processor reads data from the infrared camera and uses thermal imaging of
the infrared camera to generate time-resolved thermal waveforms at the variable lock-in

frequency and display the time-resolved thermal waveform on a monitor

25.  The system of claim 24, wherein the processor further comprises a field of view selector,

limiting the field of view of the infrared camera.

26.  The system of claim 24, wherein the processor further comprises a field of view selector,

enabling read out from only a subset of the pixels of the infrared camera.
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