" LASER ASSI STED DEVI CE ALTERATI ON USI NG TWO- PHOTON ABSORPTI ON RELATED
APPLI CATI ON [0001] This Application clainms priority benefit fromU. S
Provi si onal Patent Application Nunber 61/381, 023, filed Septenber 8, 2010,
the disclosure of which is incorporated herein by reference inits
entirety. BACKGROUND 1. Field of the Application [0002] This invention is in
the field of |aser based defect |ocalization analysis of integrated
circuits, and, nore specifically, in the field of design debug and/or
failure analysis of LARRRASSETER PEVICE AISTHRATASEUSINCARWARHBRON,.

Rel ated Art [0003] Laser Assisted DeviABSORPEIANi on (LADA) is a technique
enpl oyed in the test and debug stage of chip design. It is specifically
used for REIOABEDPRUICATI@N performance limting nodes in conplex
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char act erAsfiictfod Nuhb& 6581, (R, RicdSchRMmbbF 2036, tHedi88bsure of whlch is
incorporated herein by reference in its entirety.
BACKGROUND
1. Field of the Application
[0002] This invention is in the field of laser based defect localization analysis of
integrated circuits, and, more specifically, in the field of design debug and/or failure
analysis of integrated circuits using laser illumination.
2. Related Art
[0003] Laser Assisted Device Alteration (LADA) is a technique employed in the
test and debug stage of chip design. It is specifically used for isolating critical
performance limiting nodes in complex, defect-free integrated circuits. It has also found
wide use in localizing process defects as the LADA effect easily modulates transistor
characteristics in the same path as the process defect.
[0004] The LADA technique is based on the ability of a continuous wave (CW)
laser to generate localized photocurrents in an integrated circuit’s backside, and thus
change the pass/fail outcome of a test stimulus on a “sensitive” transistor and identify the
location of faults. The laser is typically of a short wavelength variety on the order of
1064 nm, so that the photon energy is above the silicon indirect band gap (about
1107nm). This photon energy is required in order to initiate the single photon effect that
is used to change the transistor’s behavior. Due to the limitation on selection of
wavelength of the laser, the current spatial resolution of the localized fault is about 240
nm.
[0005] Figure 1 illustrates a conventional LADA system, which uses a
continuous wave laser to induce single-photon electron-hole pairs in the device under test
(DUT) from the backside of the chip. A DUT 110 is coupled to a tester 115, e.g., a
conventional Automated Testing Equipment (ATE), which is connected to computer 150.

The ATE is used in a conventional manner to stimulate the DUT with test vectors and



~ [ 0004] The LADA technique is based on the ability of a continuous wave (CW
| aser to generate | ocalized photocurrents in an integrated circuit's
backsi de, and thus change the pass/fail outconme of a test stimulus on a
"sensitive" transistor and identify the location of faults. The laser is
typically of a short wavelength variety on the order of 1064 nm so that
the photon energy is above the silicon indirect band gap (about 1107nm.
This photon energy is required in order to initiate the single photon
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current in en neasured using | ow noi se, high-gain
vol t age ¢0008] Optical beam induced current (OBIC) is another test and debug analysis in

which laser beam is illuminating the DUT. However, unlike LADA, OBIC is a static
test, meaning no stimulus signal is applied to the DUT. Instead, the laser beam is used to

induce current in the DUT, which is then measured using low-noise, high-gain voltage or



" current anplifiers. OBIC has been used in a single-photon node and in a

t wo- phot on absorption node, sonetines referred to as TOBIC or 2P-0BIC

(two- photon optical beaminduced current). [0009] Two- photon absorption
(TPA) is the sinultaneous absorption of two photons of identical or
different frequencies in order to excite a nolecule fromone state (usually
the ground state) to a higher energy electronic state. The wavel ength is
chosen such that the sum of the photon energy of two photons arriving at
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order process, it enables a 1.4 (2) times higher resolution than single-photon absorption.

However, it requires a higher peak power, pulsed beam, so that the probability of two

photons arriving at exactly the same time is drastically increased. Therefore,

femtosecond laser pulses, with pulse width of about 100 fs, have been used in the art to

generate two-photon absorption.

SUMMARY

[0011] 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.

[0012] Embodiments of the invention enable higher resolution of fault
localization by exploiting the non-linear two-photon absorption mechanism to induce
LADA effects. This technique is referred to herein as Two-Photon Laser Assisted Device

Alteration technique.



| ocalization by exploiting the non-linear two-photon absorption nechani sm
to induce LADA effects. This technique is referred to herein as Two- Photon
Laser Assisted Device Alteration technique. [0013] Enbodi nents of the

i nventi on enabl e higher resolution of fault |ocalization by using test
vectors stinulating a DUT and at the sane tinme use a fentosecond pul sed

| aser to scan an area of interest in the DUT and exam ne the response of
the DUT to the test vectors during the scan. The | aser source is chosen
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- with reference to the follow ng draw ng [t should he appreciated that the
et ai 1 od CHBSIIY b L B ot BectaTs R A Geino, iSSR0 L Eieng
exanpl es ofvelagth Prsvi H_S't‘oﬂ'%ﬂér?y BélotviiBe banaesap o Silicharnt provides puisst by the
appended cl ai ng. [ 0015]Fi gure is a schemati ¢ of a LADA system accordi ng
to the proféemtasacond pdsGyEityure 2 us a schematic of a systeminplenenting a
Two- Phot on Laser Assisted Device Alteration technique according to an
enbodi nent of the invention. [0017]Figure 3 illustrates a conparison of a
si ngl e- p/BRIER DHESCRIPTION GMTHEDRAMINGSd t wo- phot on absorption on the
right.
'ght [0014] 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 appreciated that the detailed description and the drawings provides various non-
limiting examples of various embodiments of the invention, which is defined by the
appended claims.
[0015] Figure 1 is a schematic of a LADA system according to the prior art.
[0016] Figure 2 us a schematic of a system implementing a Two-Photon Laser
Assisted Device Alteration technique according to an embodiment of the invention.
[0017] Figure 3 illustrates a comparison of a single-photon absorption on the left

and two-photon absorption on the right.

DETAILED DESCRIPTION

[0018] Embodiments of the invention apply two-photon absorption (TPA) to
precisely inject carriers into an IC for the purposes of fault localization using the LADA
technique. To generate TPA, embodiments of the invention use a femtosecond pulsed
laser with proper energy. The technique is based on two photons arriving simultaneously
at a focal point in the transistor, so that the total photon energy is greater than what is
needed for electron hole pair creation. Two-photon stimulation requires excitation with
femtosecond laser pulses having photon energy less than the bandgap of the
semiconductor under test. More specifically, the incident laser photon energy is set to
exactly equal or be greater than half the material bandgap. Since two-photon absorption

scales quadratically with peak intensity, the signal is strongly localized to the focal spot



DETAI LED DESCRI PTI ON [ 0018] Enbodi nents of the invention apply two-photon
absorption (TPA) to precisely inject carriers into an I C for the purposes
of fault |ocalization using the LADA technique. To generate TPA,

enbodi ments of the invention use a fem osecond pul sed | aser with proper
energy. The technique is based on two photons arriving sinultaneously at a
focal point in the transistor, so that the total photon energy is greater
than what is needed for electron hole pair creation. Two-photon stinulation
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| onger than 1107nm In one enbodi nent wavel ength of 1550 nmis used, while
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t he obj eQhe %Rel ofce Pprovadegartaget beam of wavelength that is longer than the silicon

bandgap, i.e., longer than 1107nm. In one embodiment wavelength of 1550 nm is used,

while in another 1340nm or 1250nm are used. In this embodiment, the tiltable mirrors

230 and 235 are implemented as a laser scanning microscope (LSM). Also, in some

embodiments a solid immersion lens (SIL) is used as part of the objective lens

arrangement.

[0022] In conventional LADA systems the laser is always on; however, according

to embodiments of the invention very short pulses are used. Therefore, it is important

that the device transition occurs when the laser pulse arrives at the device. To achieve



[0022] I n conventional LADA systens the |l aser is always on; however,
according to enbodi nents of the invention very short pul ses are used.
Therefore, it is inmportant that the device transition occurs when the | aser
pul se arrives at the device. To achieve that, a trigger signal 245 is
obtained fromthe ATE and input to timng electronics 260, which control
the pul sed | aser 225 to synchroni ze the | aser pulses with the test signals
of the ATE. [0023]Using the systemshown in Figure 2, first the tester
(ATE) 215hitsa tisgentigntl 245 smblajned fenm thetATleand inpettte fimingeledronicsi2A@ t he

mar gi nal i f ' y of the
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to fail, the AM&s just failed the test. This is the DUT's pass/fail boundary.
The vol t d frequen setti,ngs .are th used to rate a repetitive
test si gﬁgﬁzsﬂ rep %ﬁ%%ﬁ%ﬁh‘&@@@%@?ﬁf tttﬁﬁege_b&g@?e)fgislls st ary.

[ 0024] As ihhBpiPdEet of 1k VERIbA t@et@nindBe RRMARAA Y GENGH the DUT 210SYThat is) gnal 245
is sent fromthe tester 215 to the timng electronics 260. The tim ng

el ect r onithe vole@e auhfre@iency pithe tesevectpsigre sarrgodgteppingithe poiisyhepthg es  of
fent osec e W . . - i t > Sdakd gap. In
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about 100ft&. volhge dndSaquencysetsings @e feansatto@erera@m rapetisivetest sigral @st i n t he
DUT 240 to thereby incre or. decr e the DUT's switching tinme and push
t he DUT HSWF?EEX é“‘ﬁ%?ﬁﬂlfﬁ@?aﬁ'ﬁ%?as?/ ?]Sl?ofu“iiq%‘ vol tage/ frequency of the test

vector aro2ff SUChRthabUTNG sfifllated at theboamiae cdrditionl & syrcRenkBESris pul ses
are tinmed to cause the DUT to fail. Conversel if the voltage/frequency of

the test seaicram thertesterddlS sothie tinping clepteonisgP60s Thagmingelestingics2R® | aser pul ses
are tine { s i IS wkd out put of
the pur 1csh ol St Bl s 0 oBRRFI L BER M EL AR PILE widdland BF O P re
nmonent i nvdvieleagthvhdgher thae sidicopbandsiagn &l gdnemal) thdreaBilBngtndiabautd350nnh & | ur e
(where wi thout t | aser .heam t he | d S the | pcation of .the beam
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transi st QhtefBURIRIDUTE40ab tHétddy iAREN4E bE@cYoas@ihe DT FBWREKIng fimkiai®@ Where the
out put signal fromthe DUT indicates a pass (where without the | aser beam

the DUT vsh therRIT peyondéha bruadargn That isHethp aakas(feaquenty obde te€ Ve&Per ni ned,
9, her et AR LGA g P gheL R0 Bt K101 iy i el ng
si gnal i goddil aCaneersélypifithehelthgsfrequency of the test vector are set such that the DUT

is just failing, the laser pulses are timed to cause the DUT to pass the test. During this

time the output of the DUT is monitored to determine location of the failure. That is, at

the moment in time where the output signal from the DUT indicates a failure (where

without the laser beam the DUT would pass), the location of the beam over the DUT is

determined, to thereby determine the location of the transistor causing the failure.

Conversely, at the moment in time where the output signal from the DUT indicates a pass

(where without the laser beam the DUT would fail), the location of the beam over the

DUT is determined, to thereby determine the location of the transistor previously causing

the failure and now passing.

[0025] It should be appreciated that since a sync signal is obtained from the tester,

the timing of the laser pulses can be varied so as to vary the amount of the two-photon

effect on the transistor. That is, the timing of the laser pulses can be varied so as to



the timng of the |laser pulses can be varied so as to vary the anmount of
the two-photon effect on the transistor. That is, the timng of the | aser
pul ses can be varied so as to increase or decrease the anmount of increase
or decrease the DUT's switching tine. This ability can assist in

determ ning the severity of the fault, in addition to its |ocation.
[0026] It shoul d be understood that processes and techni ques descri bed
herein are not inherently related to any particul ar apparatus and nmay be
i mpl enentiseretsg oxdocrease theimouabadbingteaserr dspreassthoREY sswitdhingine. Thisi ous
types of GARGLAl LRI RABEARNLES RYNRG HER! it JBEE0R HARCBCaMoh t he

t eachi ngs de & bed herein. may al’so prove a&vantageous to construct
speci al i 4602@6ppar atlushotild beamflenstood kimt petésses sitlaghnidescddstréutd herein are

0027] Th o ti. h d i bed i | at i t ticul
exanp] s, MBHTETALY R RS FPReGR A DR PYE  at her ¢ han

restrictigiRabld b&EBinatdnl dfREmipBndnBe RikthenWhrioud Ryiies 6f gdrrdl Badposerdeyicds f f er ent
conbi nati ons of hardware, software, and firmvare wll be suitable for

practi ci g breussdl ésasserdppapanith i teaghingbdaseribegiheeain. irgiayalsatPa?icons of the
e, Shdhithecdf BRBAAI dealifIRBp At 1 flrbdim R mBhod HepURAARAITEr 2 on

of the speci at1on an actice vention discloSed herein. It is
i nt ended Hekt. t he specificati on and exanpl es be consi dered as exenpl ary

only, wt rue scope and Spi.ri f the i.nvention being.indicated by the
fol i ow ngfagégt ns. Sl%ﬁ%ﬁ@%‘q "l‘fe[’a‘ii\o% %gﬁ’i‘ ‘E?F”g i LA tofpﬁﬂlcf’gf ocal i zation in
devi ce ung@mplesShhiCHAI intedR@ i il rdsptd W beliBuskrbiiviratiethah Yes@tictiest er ,
conpri si ng: a | aser source prOVIng% | aser beam pul ses of femt osecond

pul sewi dt oghekilled/ia |tl@g~,qj§ wilkanpueciale thatgan ﬁ@@gb@ombinaﬁons 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.



optical elenments receiving the | aser beam pul ses and directing the | aser

beam pul ses onto an area of interest in the DUT, timng el ectronics
receiving a sync signal fromthe tester and controlling the timng of the
| aser source according to the sync signal; wherein the pul sewi dth and

wavel ength of the | aser beam pul ses are selected so as to cause two-photon
absorption in the DUT. 2. The systemof claim1l, wherein the | aser source
provi des | aser beam pul ses of wavel ength between 1250nmto 1550nm 3. The
syst em ofCIABM® 2, wherein the | aser source provides |aser beam pul ses of
about 100 fentosecond pulse wwdth. 4. The systemof claim2, wherein the
optical elenents conprise a |aser scanning mcroscope (LSM. 5. The system
of clai m14 whesgiem fo perdpiniingfauklleuatipdtionfin déies urdentesti (D& 19, windreid | nmer si on
| ens. hq PEnslastem aof claim1l, whetein the timng electronics control the

tining oft sipuigled by & teteraOMRYISigcr ease or decrease the DUT switching

time. 7. A ”PatleQF's&Qée iRl Neket BRmSHMILS R ROntbédtBndPpul®viGiniang under test,
t he device belgtg stinulated by test vectors froma tester, conprising:

gener at i vpvelength abeawilinendandgsp; f ent osecond pul sewi dt h and wavel engt h above
silicon b andg%%tlcal elements receiving the laser beam pulses and directing the laser beam

pulses onto an area of interest in the DUT;

timing electronics receiving a sync signal from the tester and controlling the
timing of the laser source according to the sync signal;

wherein the pulsewidth and wavelength of the laser beam pulses are selected so as

to cause two-photon absorption in the DUT.

2. The system of claim 1, wherein the laser source provides laser beam pulses of

wavelength between 1250nm to 1550nm.

3. The system of claim 2, wherein the laser source provides laser beam pulses of

about 100 femtosecond pulse width.

4. The system of claim 2, wherein the optical elements comprise a laser scanning
microscope (LSM).
S. The system of claim 4, wherein the optical elements further comprise a solid

immersion lens.

6. The system of claim 1, wherein the timing electronics control the timing of the

laser pulses so as to increase or decrease the DUT switching time.

7. A method for altering the switching time of a device under test, the device being

stimulated by test vectors from a tester, comprising:



directing the | aser beam pul ses onto an area of interest in the DUT
controlling the timng of the |aser source according to sync signal from
the tester; wherein the pul sewi dth and wavel ength of the | aser beam pul ses
are selected so as to cause two-photon absorption in the DUT. 8. The net hod
of claim7, wherein the | aser beam pul ses are of wavel ength between 1250nm
to 1550nm 9. The nmethod of claim7, wherein the | aser beam pul ses are of
about 100 fentosecond pul se width. 10. The nmethod of claim7, wherein
control |ing t rgsneratinglgsas bepm ipvlses afdemiosedond gulseiwidh andrwpvelength@bdesser pul ses
SO as togﬂ?%g%%a§aﬁr decrease the DOT switching tinme. 11. A nethod for
testing a device der test (DOT), the DUT being stimulated by a tester,
conprising:  directirgthé Yaséxdbeamfpulses oite tan @featof &itterestdé theDWT,om t he tester to
the DUT to determne the marginal settings of, the DUT, setting

vol tage and 1 <oBtRIHEg Sinne BE A lesSeoutse Hesling A pBp sienp! fae thedeser

accordi ng to LRrdRiH fidewifh bhd@avelingther (R bserRRAPUREH e 8RB §tbast he
second set of test vectors fromthe tester to the ; obtaining a sync

si gnal f rtegpushéwe-pheten absorption inghsiBWhg t he sync signal to a | aser source to
obtain | aser pul ses of fentosecond pul se width and wavel ength hi gher than
silicon band gap; applying the laser pulses to an area of interest in
t he DOT t& t hdhemyethotdoofeddsm 7 wheear tha tsert feemuilses aietof Iwanelengtirbetween

1250nm to 1550nm.

9. The method of claim 7, wherein the laser beam pulses are of about 100

femtosecond pulse width.

10.  The method of claim 7, wherein controlling the timing comprises controlling the

timing of the laser pulses so as to increase or decrease the DUT switching time.

11. A method for testing a device under test (DUT), the DUT being stimulated by a
tester, comprising:

applying a first set of test vectors from the tester to the DUT to determine the
marginal settings of the DUT;

setting voltage and frequency of a second set of test vectors of the tester according
to the marginal settings of the DUT;

repeatedly applying the second set of test vectors from the tester to the DUT;

obtaining a sync signal from the tester;

applying the sync signal to a laser source to obtain laser pulses of femtosecond
pulse width and wavelength higher than silicon band gap;

applying the laser pulses to an area of interest in the DUT to thereby increase or
decrease the DUT switching time;

monitoring the DUT output to determine location of failure.



nonitoring the DOT output to determ ne |ocation of failure. 12. The

met hod of claim 11, wherein nonitoring the DUT output conprises at each
point in tinme nonitoring a pass-fail of the DUT and correlating the
pass-fail result to the location the |laser pulses illumnate at that point
intinme. 13. The nethod of claim1l, wherein determ ne the nmarginal
settings conprises determ ning the voltage and frequency of a test vector

such that the DUT is just about to fail the test, or has just failed the
t est. 12.  The method of claim 11, wherein monitoring the DUT output comprises at each

point in time monitoring a pass-fail of the DUT and correlating the pass-fail result to the

location the laser pulses illuminate at that point in time.

13.  The method of claim 11, wherein determine the marginal settings comprises

determining the voltage and frequency of a test vector such that the DUT is just about to

fail the test, or has just failed the test.
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