
THREE-DIMENSIONAL HOT SPOT LOCALIZATION 

RELATED APPLICATIONS 

[0001] 	This application claims priority benefit from U.S. Provisional Application Serial 

Number 61/352,738, filed on June 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 localization of resistive heat sources (hot spots), 

buried inside of electronic devices. Using the described invention, the positions of hot spots can 

be located and pinpointed in all three dimensions by analyzing the thermal heat propagation 

through defect-covering layers utilizing lock in amplified thermal imaging. The invention in 

particular enables a non destructive 3D localization of thermal active structures or defects in a 

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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consuming and can come with a high risk of creating additional preparation-related defects 

reducing significantly the failure analysis success rate. 

[0004] 	Current localization techniques of thermal defects which can be electrically 

stimulated include the following: 

Lock In Thermography (LIT) 

[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 gm spatial resolution and ILLK 

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 layer 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 (gs) 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, e.g., Thermosensorik, of Germany). In comparison to LIT, 

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

[0009] 	The following summary of the disclosure is included in order to provide a basic 

understanding of some aspects and features of the invention. This summary is not an extensive 

overview of the invention and as such it is not intended to particularly identify key or critical 

elements of the invention or to delineate the scope of the invention. Its sole purpose is to present 

some concepts of the invention in a simplified form as a prelude to the more detailed description 

that is presented below. 

[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 
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that generate hot spots by electrical stimulation, such as batteries, solar cells, power devices, 

LED's, etc. Therefore, the term DUT may be applicable to these devices as well. 

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 at multiple different lock-in 

frequencies; 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; 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; 

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. According to embodiment of the invention, the method further 

comprises plotting the phase shift at various lock-in frequencies and analyzing the slope of the 

plotted phase vs. frequency curve in addition to the quantitative phase values to improve depth 

resolution and measurement reliability. The analysis may include 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. 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. 

4 



According to embodiment of the invention, the method further comprises plotting the phase shift 

at various lock-in frequencies and analyzing the slope of the plotted phase vs. frequency curve in 

addition to the quantitative phase values to improve depth resolution and measurement 

reliability. 

[0016] 	According to embodiments of the invention, a method for detecting the location 

of buried heat sources using lock-in-thermography (LIT) system is provided, comprising: placing 

a device under test (DUT) on a test system; applying an electrical signal of a variable lock-in 

frequency to the DUT while varying the lock-in frequency of the test signal over time; while the 

test signal is applied to the DUT, imaging the DUT using an infrared camera; using thermal 

imaging to detect time-resolved thermal waveforms at the variable lock-in frequency and 

displaying the time-resolved thermal waveform on a monitor; and, analyzing the time-resolved 

thermal waveform using a correlation function in order to determine the phase shift between the 

electrical signal and related thermal waveform. 

[0017] 	According to embodiments of the invention, a method is provided for detecting 

the location of electrical active heat source buried within a sample by using Lock-in 

Thermography, which applies a concept of windowing for faster signal acquisition, the method 

comprising: applying electrical excitation signal to the sample; while the test signal is applied to 

the sample, imaging the sample using an infrared camera; detecting lateral temperature 

distribution on a surface of the sample to thereby locating the heat-source laterally; reducing the 

operational area of the IR camera to only image the area where the heat-source was localized, an 

operation generally referred to as sub-array or windowing, so as to gain increased camera 

acquisition speed, referred to as frame-rate, wherein reducing the operational area of the IR 

camera may be done by reading data from only a subset of the pixels of the camera; subsequently 

applying electrical excitation at multiple different lock-in frequencies to the sample; while the 

test signals are applied to the sample, imaging the sample using the windowing IR camera; 

detecting lateral temperature distribution on a surface of the sample; 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 sample; and, analyzing the resulting phase 

shift to thereby obtain depth location of the electrical active heat source. 

[0018] 	According to embodiments of the invention, the method includes using one or 

multiple correlation functions to quantitatively analyze the shape of the time-resolved thermal 
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waveform, for example but not exclusively, by using auto-correlation or cross-correlation to 

predefined waveforms like sin, cos, square, shark-fin, exponential charging/discharging curve 

etc., and generating a matrix of resulting correlation factors vs. lock-in frequency. 

[0019] 	According to aspects of the invention, a method for localizing defects in device 

under test (DUT) is provided, comprising: placing the DUT on a test system; applying a test 

signal of a variable frequency ft  to the DUT while varying the frequency ft  of the test signal over 

time; while the test signal is applied to the DUT, imaging the DUT using an infrared camera; 

determining the phase shift of infrared image of the DUT from the test signal frequency f; and, 

correlating the phase shift to depth measurement inside the DUT. Imaging the DUT may be 

done by operating the infrared camera at frame rate fc  higher than the frequencyft. The 

frequency f , may be at least four times the frequencyft. The method may further comprise 

plotting time-resolved phase shift at various frequenciesft. 

[0020] 	According to further aspects of the invention, a method for localizing defects in 

encapsulated integrated circuit (IC) is provided, comprising: placing the encapsulated IC on a 

test system; applying a first test signal of a selected frequencyfi to the encapsulated IC; while 

the first test signal is applied to the IC, obtaining an IR image of the IC; from the IR image 

selecting an area of interest; reducing the field of view of the infrared camera; applying a set of 

test signals of variable frequency ft  to the encapsulated IC while varying the frequency ft  of the 

test signals over time; while the test signals 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. 
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[0023] 	Figure 2 is a plot of thermal diffusion length as a function of the applied lock-in 

frequency for the materials silicon and mould compound. 

[0024] 	Figure 3 is a plot of the resulting phase shift as a function of the applied lock-in 

frequency resulting from an assumed defect under a one millimeter material layer of silicon and 

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 Vlockin = 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 f, -.ockin = 1Hz, Vlockin = 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 flock,. = 1Hz, 

Viockm = 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 ATs,,, 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 

7 



cross-correlation. Shown are a sin- a exponential charging and discharging- and a square-

function, all resulting in different AT and cross-correlation values. 

DETAILED DESCRIPTION 

[0037] 	Three dimensional architectures of electronic devices e.g. system in packages 

(SiP) are composed of several integrated circuit dies, die attaches or interconnect redistribution 

layers stacked vertically and encapsulated together. Consequently, such encapsulated electronic 

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.e., 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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well-defined phase shift/time delay measurement with increased detection accuracy and still 

allows 3D localization with non-ideal hot spot activation, where a single phase measurement 

would deliver wrong results. Also, the time resolved thermal response measurements can 

substantially reduce the necessary acquisition time per analyzed frequency by more than ten 

times, and potentially by up to 100 times. Furthermore, the gained full waveform allows further 

improved depth measurement accuracy, based on the quantitative analysis of the thermal time 

delay and the waveform shape. These improvements are expected to be necessary to resolve 

single layers in current and future multi layer electronic devices, i.e. 3D system in package 

technologies. The quantitative analysis of the thermal heat propagation allows for (semi) 

automated 3D allocation of hot spots. 

[0041] 	The main advantage of LIT in contrast to steady-state Thermography is the much 

higher sensitivity down to a few [LW combined with higher spatial resolution down to a few lam. 

In order to achieve these parameters the device under test is periodically stimulated with a supply 

voltage by a chosen frequency (lock-in frequency). The resulting thermal response at the device 

surface is detected by an IR camera and split into an in-phase-part (S0°) and an out-of phase-part 

(S90°) related to the excitation signal by using two correlation functions. This process allows 

the calculation of amplitude and phase signal, which contain the necessary information for hot 

spot depth localization. 

Amplitude 	• Ali 	" 	\ 	'' 	' 	(1) 

scos 
Plune:arcuul 

	

	 (2) . 
S' 

[0042] 	For a better understanding of the relation ship between the basic signals (SO°, 

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 cp. 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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constant of the underlying thermal diffusion process determines the phase shift between 

excitation signal and thermal response. The main contributors to the thermal delay are the 

material layers with less heat conductivity like mould compound, die attach glues, polymer and 

Si oxide isolators, but not the Si dies or metal layers which have ha much higher heat 

conductivity. In simple terms, the longer the distance between hot spot and device surface, the 

higher the resulting phase shift. Reversely, knowing the thermal properties of the material above 

the hot spot, allows the determination of an unknown depth of hot spots by measuring the phase 

shift. 

[0044] 	The parameter which describes the influence of the thermal properties of a 

material layer is herein called thermal diffusion length (1A) which describes the damping of the 

thermal wave inside the bulk material. It is defined as the characteristic length where the 

amplitude of the thermal wave is dropped down toe1. It can be calculated, as shown in equation 

3, by the thermal parameters heat conductivity (X in W/m*K), specific heat capacity (cp in 

J/g*K), density (p in g/cm3) and the applied lock-in frequency (riock-in  in Hz). The thermal 

parameters can be summarized as the thermal diffusivity (a in mm2/s). 

2' A 	It 
p= 

\ 	
. 	, 	, 

• s-,J 	(.j ) 

[0045] 	The thermal diffusion length IA (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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[0047] 	The relationship between Phase ( and hot spot depth z is described as: 

(t) = '- 1 1m() I .7 
it 	 (4) 

whereby IA represents the thermal diffusion length. Figure 3 is a plot of the resulting phase shift 

as a function of the applied lock-in frequency for a hot spot buried under a one millimeter 

material layer. The solid line is a plot for the mould compound while the broken line is for the 

silicon. 

[0048] 	According to one embodiment, the detailed analysis of the internal heat 

propagation and the separation of different influences to the resulting phase shift is investigated 

using the method of finite element modelling. The modelling is used to simulate the lock-in 

process for a known device build up and defined hot spot positions. The heat transfer through a 

3D system-in-package device can be done using 2D/3-D thermal modelling. Assuming different 

heat sources at different lateral and vertical positions inside of the device and correlating the 

resulting phase shifts for various lock in frequencies to the experimental data enables an 

identification of internal hot spot positions. 

[0049] 	As a first step, the steady state solution that considers the transient response is 

calculated using 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 frequencyfi 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 frequencyfi. The frequencyfi 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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is to set the sync signal 435 at the same frequencyfO, although it may be a different frequency, so 

long as provisions are made to enable excitation source 405 to generate the excitation signal 430 

at frequencyfO. An IR camera 410 is used to snap IR images of selected area of the DUT 400. 

The frame rate of camera 410 is usually but not exclusively set to be higher than the frequencyfo. 

Here it is set to at least four times higher than frequencyfO. This operation can also be handled 

by an ATE, i.e., the ATE sends the drive signal to the DUT and at the same time sends a trigger 

signal to the controller and the camera. 

[0051] 	With the setup of Figure 4, unlike the prior art, the DUT 400 is repeatedly excited 

by excitation source 405, while the frequency JO of the excitation signal is varied according to the 

sync signal 435 provided by the frequency selector 420. This enables a better and more accurate 

identification of a hot spot's location, especially its depth (i.e. z direction) within the electronic 

device. Additionally, unlike the prior art, the setup of Figure 4 does not output a single phase 

data point, but rather enables plotting the entire response curve on monitor 425. Having the 

entire response curve enables further analysis, such as curve fitting to better understand the time-

resolved heat dissipation within the DUT. Notably, as can be appreciated, unlike standard debug 

methods, such as OBIC, LVP, TREM, etc., which require de-capsulation of the device and 

thinning the backside of the chip, with the setup of Figure 4, the test is done without having to 

de-capsulate the chip. These and other features can be understood from the following examples. 

Example I: HOT SPOT DEPTH DETERMINATION AT SINGLE CHIP DEVICES 

[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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shown in Figure 6. As a next step, the device was encapsulated with mould compound in order 

to create a material layer between the FIB made hot spots and the device surface. In this case the 

depth of the hot spots was known by the dimension of the device and the single chip and was 

determined at 950 um. 

[0053] 	Figure 7 shows a sketch of the investigated fully packaged test device. As shown 

in Figure 7, a dual ceramic in-line package (DCIP) houses the single chip with the created defect. 

Mould compound was filled over the chip, to thickness of 950µm over the top surface of the 

chip. 

[0054] 	Based on the theory explained in the previous section, the DUT was investigated 

by the apparatus of Figure 4 over a frequency range from 0.1 to 7 Hz and the resulting phase 

shift was measured. Figure 8 shows the investigated relationship between applied lock-in 

frequency and resulting phase shift. The measured data points are plotted over the theoretical 

curve. It can be seen clearly that the trends matches the theoretical data for a lock-in frequency 

range of 0.1 to 3 Hz. In case of 5 and 7 Hz, a slight mismatch was obtained which can be 

explained by the low signal to noise ratio due to the higher damping of the thermal wave. This 

influence can be removed by a longer measuring time due to the fact that the stochastic noise of 

the detector is reduced by the square root of the measurement time. 

[0055] 	The relationship between phase shift and lock-in frequency was determined 

experimentally for mold compound material with a good correlation to theoretical data. The 

obtained results are proving the potential of Lock-in Thermography investigations for 3D 

localization of thermal active structures or defects within fully package devices. 

[0056] 	Incidentally, in the prior art, since a single lock-in frequency was used, the test 

results were provided as a single data point, such as those shown in Figure 8. For example, if the 

lock-in frequency used was 2 Hz, then the output of the system would have been a single 

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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half of the assumed dissipation power in order to reach a stabile modulation within a few cycles. 

After reaching this "quasi — steady state," the sample is simulated with the pulsed excitation 

signal. Lock-in frequency, number of excitation periods and number of intermediate steps are 

chosen with reference to the real parameters. The thermal parameters of the encapsulated 

material (heat conductivity, heat capacity and density) are considered and 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. 

Example II: DEFECT DEPTH DETERMINATION AT STACKED DIE DEVICES 

[0058] 	For 3D hot spot localization inside of stacked die integrated devices, e.g., a 

system-in-package, a second factor of influence has to be regarded. Thermal waves generated at 

the hot spot position have to propagate through different material layers, e.g., silicon, mould 

compound, die attach tape, etc., each having different thicknesses. As a consequence, depending 

on the axial hot spot position at different dies of the defective device, not only the distance to the 

device surface but also the thermal diffusion length is changing. Therefore, thermal waves 

generated at hot spots at lower dies inside of the stack have to pass additional material layers 

compared to thermal waves generated at hot spots which are close to the device surface. Like in 

the previous section regarding single chip devices, this behavior can be used for the 

determination 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 ztotal of the hot spot is the summation of the thicknesses zn  of the 

single material layers. 
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[0059] This comparison shows for which assumed hot spot depth a match between

experimental and theoretical data is given, which identifies the defective die inside the stack.

This, however, does not take into account interference effects, non-linearity, etc. To investigate

this relationship on stacked die level, a test sample with a defined point heat source is necessary

where the phase shift change in relation to additional material layers can be investigated

stepwise. For this, stacked die test device was made, as shown in Figures 9A – 9D. Point heat

sources were generated again by FIB modification of single test chips with metal meander lines,

illustrated in Figure 9A. The resulting dissipation power was measured at 2.5 mW (0.5 V, 5mA).

[0060] For the finite element simulation of the heat transfer through a stacked die sample

the Lock-in process simulation is more complex using a 2D/3-D thermal model. The used stack

materials (silicon, stacked die glue, mould compound, copper) and their thermal parameters are

applied. Assuming different heat sources at different lateral and vertical positions inside of the

material stack and correlate the resulting theoretical phase shifts for various lock in frequencies

to the experimental data indentifies the defect position.

[0061] As a first step, the phase shift related to the applied lock-in frequency was

determined, which can be used as a reference of a defect located at the device surface. As a next

step, a bare silicon die with a thickness of 185 μm was attached at the surface of the prepared test 

chip using a die attach tape of 15 μm thickness, as shown in Figure 9B. As a first approximation 

the thermal properties of the die attach tape can be seen similar to mold compound. Therefore,

the additional die attached layer is responsible for a higher resulting phase shift. The bare silicon

chip should not contribute significantly to the change of the phase shift, because it is transparent

for IR light and the thermal conductivity is much higher. This procedure was applied two more

times, creating finally a stacked die device with three dies above the generated heat source

structure, as shown in Figures 9C and 9D.

[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



measuring 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 applied lock-in frequency, which is 

proclaimed by the theory. Therefore, the defect depth z is zero, which results in a phase shift of 

0° over all applied lock-in frequencies. In case of the attachment of a die above the defect area, 

the typical dependency of the phase shift to the lock-in frequency can be detected, as shown by 

the plotted rhombs. The further addition of dies (die 2 plotted as circles and die 3 plotted as 

triangle) leads to an ongoing increase of the resulting phase shift due to the additional material 

(both die and die attach tape) which has to be penetrated by the thermal wave. 

[0063] 	By comparing the resulting phase shifts for different die numbers at the same 

frequency it can be seen that an additional die layer of 185 [tm silicon and die attach tape of 15 

[tm leads to a phase shift increase between 40 — 60°. The experimental results of the phase shift 

under die 1+2 provide a good match with a theoretical phase shift for a frequency range of 0.1 to 

3. 

Example III: Time-resolved Thermal Response 

[0064] 	One disadvantage of traditional phase vs. frequency method is the long analysis 

time required. Measuring the phase across a full DUT with sufficient SNR may take several 

minutes (up to hours for high lock-in frequencies at thick, low-power samples). Figures 11A & 

11B show a typical lock-in results, measured atfiock-in = 1Hz and Vlock-in = 1.2V with time of 

acquisition = 15 minutes, with 11A being the amplitude result/image as an overlay on top of a 

topography image which is the basis for the localization of such a defect in x & y. Figure 11B is 

the phase results, representing the local thermal delay per pixel. Since the x,y localization of a 

heat-source can be obtained from 11A, the final 3D analysis is reduced to the determination of 

the z-depth of the heat-source which only requires the phase value, measured right on top of the 

targeted heat-source. Therefore, taking measurement of the entire field of view, as shown in 

Figure 11B for all required lock-in frequencies elongates the process and provides no additional 

benefit. Therefore, according to embodiments of the invention, the field of view of the camera is 

reduced, so that only a small area around the center of the hot spot is measured, as shown by the 

squares in Figure 11A and 11B. For example, according to one embodiment, the time-resolved 

thermal response analysis is based on measuring the necessary waveform by acquiring data in a 
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very small window (e.g. 16x16 pixels, as illustrated by the yellow box in Figure 11A, or even a 

single pixel) with much increased camera operation speed. During the data acquisition, the 

software can calculate the mean values across the small window or a subset (even smaller 

region) only covering the very center of the hot-spot at real time and averages the data, 

synchronized to the excitation (lock-in) frequency to generate the time-resolved thermal 

waveform (examples of such waveform are shown in figure 12 and 13). 

[0065] 	This process substantially increases the acquisition speed, since the SNR is based 

on the overall number of data points being averaged. By calculating the mean across the small 

window, the SNR per frame (captured image) can be increased by the number of pixels being 

included (e.g. 8x8 = 64). Additionally, the camera performs faster with reduced field of view 

(FOV), further increasing the acquisition by another 5 to 10 times (e.g. assuming 8). Compared 

to the pixel-wise lock-in where only one phase value per pixel is stored (averaged), the 

reconstruction of a time-resolved waveform requires to average the incoming data separately, 

regarding their time of acquisition with respect to the excitation (lock-in) period. Assuming a 

targeted time resolution of 1140th  of the utilized excitation (lock-in) period, this would reduce the 

SNR time-resolved data point by 40x, since the acquired data has to be split evenly across all 

time slots. With the used numbers, this would result in an overall speed increase of about 12.8. 

[0066] 	Figure 12 shows time-resolved waveform results at full frame mode (100Hz), all 

measured with Vlockin = 1.2V, time of acquisition = 40sec, for different lock-in frequencies, 

showing clearly differently shaped waveforms. Figure 13 shows time-resolved waveform results 

all measured with Viockin = 1.2V, time of acquisition = 40sec. These were measured by use of 

differently sized pixel arrays, allowing 2.61 times higher camera acquisition frame rate for the 

upper plot, showing much improved SNR. Setting a certain SNR target, this allows to clearly 

reduce the necessary acquisition time. Unlike the single data-point result of the prior art, using 

time-resolved waveform provides more information about the heat propagation within the 

device. That is, the time resolved waveform is obtained by plotting the thermal response of the 

device over time. This measurement is repeated for different lock-in frequencies. The shape of 

the time-resolved waveform obtained in different lock-in frequencies can be analyzed to 

determine the heat source's depth. For example, the waveform can be cross-correlated to various 

functions, such as sine function, saw-tooth function, shark-fine function, etc. The waveform can 
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also be correlated to a calibration data or to a library of waveforms. Cross-correlating the time-

resolved waveform provides further depth information in addition to the phase shift. 

[0067] 	According to one embodiment, the initial image is taken using all of the pixels of 

the camera, e.g., 640x512 pixels of the sensor, e.g., InSb detector, as shown in Figure 11A. The 

image is projected on the monitor (425 in Figure 4) and the user is provided with a cursor to 

designate the location of the hot spot in x and y. The user may optionally also be provided with 

the ability to designate the size of the reduced field of view, e.g., select 16x16 pixels FOV. 

When the user initiates the testing sequence, data is collected only from the designated field of 

view. For example, only the pixels corresponding to the 16x16 pixels are read at each cycle. 

That is, rather than reading all of the pixels, e.g., 640x512 = 327680 pixels, only 16x16 = 256 

pixels are read at each cycle. Since the amount of data collected from the camera is reduced by 

more than two orders of magnitude, the camera can be operated at a higher frame rate during the 

measurement process, thereby providing more data points for the averaging process. As another 

option, an IR sensor having a single pixel can be used. 

[0068] 	Another way to implement the reduced field of view imaging is by what's 

generally called on-chip binning When on-chip binning is activated, the data from neighboring 

pixels are collected into a single data point. For example, if a 2x2 binning is activated, then the 

values of four neighboring pixels are added to generate a single readout. In this way, the camera 

can be operated at faster readout speeds and improved signal to noise ratios, albeit at the expense 

of reduced spatial resolution. On the other hand, since the spatial location of the hotspot has 

already been determined, the reduced spatial resolution of 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 Acpsin  (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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[0070] 	Using multiple predefined functions for cross-correlation allows to analyze the 

shape of the thermal waveform in a quantified and reproducible way. The idea is illustrated in 

Figure 15, where a thermal waveform with non-sin like shape is shown in comparison to the 

lock-in voltage and three different correlation functions. All three correlation function will 

deliver different delay values whereby the sin (dashed green) and the exponential 

charging/discharging curve (exp; red solid line) will have a clearly higher cross-correlation value 

compared to the square wave. 	All these values (results) can be used to compare to theoretically 

or experimentally derived reference data to yield the defect depth localization with sufficient 

accuracy (e.g. determination of defective layer out of a die-stack in a package). 

[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-homogeneous 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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accordance with the teachings described herein. It may also prove advantageous to construct 

specialized apparatus to perform the method steps described herein. 

[0075] 	The present invention has been described in relation to particular examples, which 

are intended in all respects to be illustrative rather than restrictive. Those skilled in the art will 

appreciate that many different combinations of hardware, software, and firmware will be suitable 

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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CLAIMS 

1. A method 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 at multiple different lock-in frequencies; 

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; 

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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detected phase shift to indentify the depth of the heat source. 

6. The method of claim 1, further comprises limiting the field of view on the surface of the 

sample by reading data from only a subset of pixels from the infrared sensor. 

7. The method of claim 6, wherein limiting the field of view comprises adding values of 

neighboring pixels to generate summation data points, and reading only the summation data 

points. 

8. A method for detecting the location of buried heat sources using lock-in-thermography 

(LIT) system, 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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10. The method of claim 8, 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. 

11. The method of claim 8, 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. 

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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while the excitation signals are applied to the DUT, imaging the DUT using the reduced 

field of view; 

using thermal imaging to detect time-resolved thermal waveforms at the variable lock-in 

frequency and displaying the time-resolved thermal waveform on a monitor; and, 

analyzing the time-resolved thermal waveform to determine the phase shift between the 

electrical signal and related thermal waveform. 

16. The method of claim 15, wherein analyzing the time-resolved thermal waveform 

comprises using a correlation function. 

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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21. The method of claim 15, further comprising using at least one correlation function to 

quantitatively analyze the shape of the time-resolved thermal waveform and generating a matrix 

of resulting correlation factors vs. lock-in frequency. 

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 ft  and sending the sync signal to the 

excitation source; 

a frequency selector varying the frequency ft  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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