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ABSTRACT degradation [15-17], and defect-free structures in
"normal" operation, including dielectric f'flms [18], MOS

The use of photon emission for analyzing failure transistors [13,14,19]0and ICs [15,17].
mechanisms and defects in CMOS ICs is presented.
Techniques are given for accurate identification and Photoemission microscopy for IC analysis has commonly
spatial localization of failuremechanisms and physical been performedusing conventional mifrosc,ope optics in
defects, including defects such as short andopen circuits a low ambient fight environmentwith relatively
which do not themselves emit photons, unsophisticatedelectrical stimulus. Some companies

have developedcustom photoemission systems with
image intensifiers andspecially-adapted optics and

L IN'IRODUCTION electronics. Fortunately,for those unable to develop this
theanselves,commercialphotoemissionmicroscopes have

The acctu_ diagnosis and precise locationof failure become availableduring the past several years which
mechanisms and defects in CMOS ICs are often difficult combine night vision technology withcomputer image
tasks. Many,techniquesare available, butsuccessful processing to achieve submicrometerspatial resolution..
failure analysis requires careful selection of these As a m_lt!2,photoemission microscopyis now a widely
techniques and the sequencingof their use. recognized teel formainstreamlC"failureanalysis.
Nondestructive techniquesare usually preferredif they
are easy to implement and have a high probabilityof Commercial manufacawersof photoemission
success. One such techniqueis photoemission microscopesare beginning to provideoptional
microscopy, which utilizes the photons emitted by the equipment,such as notchfilters, which may be used to
defects themselves or by transistorswhich are_g help identify physical medumisms by their spectral
abnormally due to the presence of the defects. Its c_ [20_I]. The spectra published by
att_utes include high fpatial resolution, simple sample Chynowethand McKay for Si junctions are widely
preparation and installation,and absence of sp¢_l ref_ [22]. Other papersprovide _t spectral
environmental requirements, data fordielectric films [21], gate oxide shorts [21], p-n

junctions [11.21], latch-up [11], ESD damage [21], and
Photoemission microscopyhas been used for manyyears hotcarriersin MOSFETs[16,21,23,24]. The motivation
for specific analytical purposes and is being increasingly for these efforts centerson understa,,udingthe
used as a general purpose teel for IC failureanalysis, mechanism(s) for fight emission generation. An
The first reportof fightemission from reverse-biasedSi additional incentive is the po_ible riseof fight emission
junctions has been attributedto Newman's paperin 1955 spectraas a signature for distinguishingbetween different
[1,2]. The correlationof nonuniformphotoemission with types of fight emitting sources. The use of spectral
silicon dislocations was shown by Chynowethand signaturesImsincreasingutility as mtfltilevel, submicron
Pearson in 1958 [3], who observed thatonly a small struetme.smake optical imaging of defects more ditficult.
fraction of the dislocation sites emitted fight. Other early
papers reported the observation of uniform light from Properuse of pho_ission microscopy as a failure
defect-free junctions [4] and investigatedlight emission analysis teel requiresconsiderationof the lC design and
frommieroplasma sites [5]. More recently, photon how the transistors in the ICareelectrically driven
emissionhasbeenusedto investigate silicon integrated (stimulated). Both of these factorshave a great influence
circuit defects such as gate oxide shorts [6-8] and onphoton emission from defects and defect-free
electrostatic discharge damage [8,9]. In addition,photon structureswithin thelC. For example, it has been shown
emission has been used to analyze IC failuremechanisms that some types of gateoxide shorts emit light only under
including latch-up [10,11], snapback [12-14], hot-carrier certain bias conditions [25,26]. And it has been observed
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that certain defects, suchas interconnection shorts which n-channel transistors had lightly doped drain (LDD)
do not emit light themselves, may cause emission of structures and the other transistors had conventional
transistors connected to the shorted node, leading to the source/drain structures.
possibility of misdiagnosing the failure as a transistor

defect instead of a bridging short. Two ring oscillators, each having 49 inverters, were
evaluated. The n-channel and p-channel transistor

This paper reviews the use of photon emission for width/length dimensions were 5/1.25 aria 5/1.5 Ixm for
analyzing failure mechanisms and defects in CMOS ICs. the first oscillator and 20/1.5 and 28/1.75 lain for the
Data are presented for pn jtu,o.tions, test transistors, test second oscillator;, the n-channel transistors had LDD and
circuits, and CMOS ICs. TechniqueS are given for the p-channels were non-LDD structures. These

accurate identification and spatial localization of failme oscillators were tested at VDD = 5 V and at this voltage
mechanisms and physical defects, including defects such the self-oscillation frequencies ranged from about 25 to
as short and open circuits which do not themselves emit 35 MHz.
photons.

Photoemission microscopy has been routinely nsed at
Sandia during the past 10 years for failure analysis of

II. METHODOLOGY CMOS ICs made by Sandia and by commercial IC
vendors. This work has resulted in numerous c_ses of

Several electronic structures were investigated for light successful usage of light emission to lecalize the root

emission properties and the relationship of these cause of failure. For this paper, four CMOS IC examples
properties to their associated currents and bias conditions, are given.
These _ructures include: (1) diodes, (2) n- and p-channel

test transis_rs, (3) a 49-stage ring oscillator,,and (4) four ,, For ali structures except the CMOS ICs, bias voltages
Its that had different types of defects which were were applied and I-V measurements were made using an
localized using photoemission microscopy. The diodes Hewlett-Packard HP4145B Semiconductor Parameter

and transistors provided base knowledge of device Analyzer. Various conditions of drain and gate biasing
behavior and the circuits provided a verification of these were used, with drain voltages ranging from 0 to 10 V
properties at higher integration levels. Ali measu_ments and gate voltages typically ranging from 0 to 1 V greater
were performed at room teanpemture, than the drain voltage. Stimuli were applied to the

CMOS ICs with either the HP4145B interfaced through

_ll_ediodes were square n+regions with 1000 Pm sides in manual switches to the inputs or with production digital
p-wells. The diodes were evaluated to provide a test equipment such as the Advante_"1"3342.
reference for the analysis of the transistors. The Photoemission from the device under test (DUT) was
characteristics of the individual n-channel and p-_hannel simultaneously measured using an _ (Emission
test transistors are shown in Table 1 below. Ali of these Microscope for Multilayer In._on) model 1600W
transistors had polysilieon gateswith no metallization manufactmed by KLA htsmmtents Corp. This system
over the gate region. The 1.2.5 and 1.75 _ transistors captures the image from an optical mieroscolm and
werefabricatedwitha twin-tubprocessandallothers tra_formsitviatheimageintensifierandTV camera
were made with a p-well process. The 1.25 lain video into a digital format (Fig. la).

Table 1. Test Transistor Parameters ".

ct_mnel length channel width drain gate oxide
(drawn,tan) (drawn,tim) structure thickness(k)

.... . ,,

n-channel 1.2.5 30 LDD 180

2, 3, and 4 16 non-LDD ii50 "

p-channel 1.75 30 non-LDD 180
,, ,, ,, .___

2, 3, and 4 16 non-LDD 450
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Fig. t (a) KLA EMMI photoemissionsystem. Fig. 1 (la)Sandia image processing system.

Softwarealgorithmsperformimage _& on the photocathoderesponse, which variedby a factor of 2 in
digitized data to enhance the detectionof theDUT the wavelength range from400 to 800 nm anddecreased
photons. The detection sensitivity can be controlledby by a factorof 50 at 1000 nm.
varyingthe analog integration (AI) time,of the
measmement and the numberof signalaverages (SA).

IlL RESULTS
The relative photoemission intensity was measuredusing
a custom image processing system (Fig. lb). The custom Diodes
image acxluisifion/pnr.essing systemis based on a DEC
PDP 11/73 minicomputerusing an ImagingTechnologies The diodes were analyzed in the reversebias condition.
FG-100 frame grabberfunagestore. The compo_te video Lightemission was observed in real'time (without signal
(RS 170) outputof the KLA F24MIsystemwas digitized integration)as the magnitude of the reverse bias voltage
and stored to perform quantitativeanalysis, image was increased from0 to 20 V. Avalanche breakdownof
comparison/enhancement,andhard copy production, thediode occurred at about 19 V and light was not

observed until the bias reachedthis magnitude. Initially,
The mtxinlation transfer function (MTF) for the whole light spots fomled at the corners of the diode structure;
photoemission system is a functionof manyfactors, this locationof emission is cons_teat with the higher
including the spectraemission from theIC, the material electric fields thatoccur at the comets. Faint light
which the photons must pass throughor be reflected emis_on with no signal integration was observed at one
aroundin the surface layers of the IC, the optical lens junctioncomer with diode currentas low as 25 _ As
characteristicsof the microscope, the notchfilter thereversebias voltage was increased, a continuousring
bandwidth, the photocathode respond, etc. The _ for of light formedat the edges aroundthe structure.
the system shown is largely determinedby the S-?,5 Althoughthese diodes had no evidence of point dcfe_ts,
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iris common to observe light emission fromrandom lo if,wlocationsaround the junction periphery which
corresponds to the pre-avalancheleakage current (mA) (nA)
characteristicof "soft",defective pn junctions. _, .... -6o0

! J

4. S z vFran lstor DnJunctions
.2 513

Light emission of the reverse biased drain top-well Ian Idly
junction of an n-channel test transistor (3 pm channel
length) was also observed in real time as the reverse bias
voltage was swept beyond the junction breakdown
voltage. Ini 'tially light spots appearedat the outer comers

of the drainjuncti0n boundary and then emission --_1 _'_ I I I I _ o
incre,aseA to a continuous line of light along the drain as 0 vo_ .6 Idh¢ fV) ethe bias was increased.

n-ChannelTransistors

Fig. 2. Io and lpw as functions of VGs (Vt3s =5 V) for
The light emitting properties of the four diltefent types of an n-channel trmisistor with a channeHength of 2 tlm.
n-channel test transistors were measured. The light
emission amplitude and associated drain andIt=well , ...................................
currents were observed as a function of gate-sourceand,
drain-source bias voltages. Identicalbias voltages,
currentmeasurements,andlightemissionamplitude _ ]
measurementtechniqueswereusedforallfourtypesof

]

n-channeltransistors.Thediffea-ingtransistorgoometri_
werechosentoobservethelightemissionpmpecti_as _ .
thechannel electric field strengthwas increasedwith _ ""
decreasing channel length and constant Vus. _ rI_ _" I

Thev as measuredmagnitudeandof thewaslightfoundemissionto correlatefor aw4.._giventhetransistor H
.magnitud_ofitsp,.wedlcurrent(Ipw), an ob$ctvatt_

attributedfirsttoChildsetal.[2711_d Imb_lueatly c HANN "

reported by others [14,16.23,28]. llte drain current (Ii3) _ I
and Ipw magnitudesaregiven in Fig. 2 for the 2 I_n ' Ichannel length transistorw!_hVDS= 5 V as V_ was
swept fi'om0-6V. Fig. 2 shows that the peakof--lpw Fig. 3. 3-D plot of the EMMI light _on data
occurs at approximatelyVDS/2 while IQcontinuesto observed from the drain/p-wellregion of rite2 tun
increase as V_q increases. Light emisston was observed n-channeltransistor.
forID values as low as 500 nA.

Fig. 3 shows a 3-dimensional (3-D) plot of the EMMI Fig. 4 shows a normalized plot of light emission intensity
light emission dataobserved from the drain/p-well region data (Fig. 3) as a function of VGS (VDs = 5 V). The
of the same 2 tun channel length n-channeltransistor, shape of this curve is similar to thatseen in Fig. 2 for "
"rids i_age was collected with Vt3S = 2.5 V (VO# = 5 V) Ipw, which is nonnafized and replotted in Fig. 4. The
using a.lO0 video frameintegration(AI) time. Light approximate correlalien between light enfission
emission intensity was measuredby integrating this ampfitudeand I_V can be seen in the two curves. An
signal (pixel intensity) over the image, importantobservation is that sig1_ificantlight emission is

foundonly in a restrictedregion of the saturated state of
the transistor. Normal logic states (and some logic

voltages producedby defects) cause transistors to be in a
non-saturated bias condition and therefore to emit
relatively low intensity light.
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p-ChannelTransistors

12 'l Currentsandvoltages (1D, lsu B, VQs, Vo,s) of tho2, 3,
1.o and4 Ianchannel lengtli p-channol testtrmmistorswere

t measuredin a manner similarto that of the n,chann¢l
o.a transistors.Light emission was not observable in any of

thep-channel transistorsat VDS= -5 V with VG,s--2.5
o.s V using the EMMI maximumintegrationtime or:2Dt_

frames. VoS was then increasexito a maximum of- 10 V
0.4 for file sub,,:,tratecurrentand fight emission measurements

_, Light lmens:ty_ of the2, 3, and4 I.unchannellengthtransistors.The

o.2 substratecurrentwasmeasuredatVD_ = - 5 V for rho

o.o _ 1.75Pmtransistor.Themuchlowerfightemission• ass0ciatexlwith p-channeldevices made higher drain
1 2 3 4 + s voltage biasing necessary. Fig. 6 shows IS0o and Io as

Gate Voltage (VGs) functionsofVG,Sfora21_ transistorwith
VDs = - IOV.

Fig. 4. Normalized plots of Ipw and lhc emission
intensity foran n-channeltranstst_ of _;tunchannel
lengthasa functionof VGS(VDS= 5 V). ID IsuB

(rnA) (r_
1

-2..5 - --_ 20
!

in Fig. 5, thelightmission amplitudefor threedifferent
channel length transistorsis plottedas a functionof VGS + to -- 2.25 -
(VDs = 5 V) andtransistorchannel length with the light Idly - Idly
em_sston normalizedto tt_ of the 2 Ian transistor.The
lm'geincrease in light emission observed fordecreasing _
channel length (and hence increasingchannelelectric
field strength)is apparent.

INTENSITY ° o
1000 O VO_s 1.1Idly (V) -11

800.

Fig,6. ISUB andID asfunctionsof VGS(VDs = - 10V)
6oo fora p-channel transistorwith a 2 IxmChannel length.

4oo

ForcomparisonFig. 7 shows Ipw and Io for a 2 llm
2o0 n-channeltransistoras a function grOG,s at VUS = 1[0V.

Figs. 6 and 7 show approximatelysimilarp- and
o + , n-channeltransistorscharacteristicsfor their respective.

2 3 4, 5 subsUateand p-well ph0ton-inducedcurrents. The

Gate Voltage (VGs) u-channelpeakcurrentwas Ipw= 246_ and the
p-channelpeakCmXentwas Isu B= 14.3 nA. The ratiois
about 17,000 and is an approximation of their._tive

Fig. 5. Light emission amplitudeas a function of VGS fightemission intensities underthe same biasing
(VDs = 5 V) and transistorchannellength forn-channel conditions. Direct comparisonof the photoemission
test transistorsof 2, 3, and 4 lun channel length, amplitudeover a 17,000X rangeis beyond the dynamic

rangecapability(2000X) of the EMMI, so only a
comparisonof Isu B and Ipw is po_ble.
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!o iFw _CrateOxide Ruptureof ann-Channel Transistor

(mA) (u'eO Several nondefective n-channeltransistorswere biased
e -_;O with a rampvoltage on thegate to p-well regions. At

approximately55 V, _e transistorgate.oxklo ruptmed.
This formation of a gate oxide shortwas observed as a

/_h, 25 bright flash of light. The flash event was captured by
Idly videotaping the outputof the EMMIduringgate oxide

rupture and then digitizing the video framo-byfframe
(Fig. 9). This flash was interpretedas possible
photoemission by enezgetic surfacecarriersdue to current
crowding (skin eff_O on the surfaceof'the conductor
[29]. This current crowding may be due to high

0 instantaneous currentof capacitive discltarge during the
o v es 1.1/oht fv) 11 ruptureevent [30].' The duration of the light flash was

probably much loss than the video frame time (33 ms),
but thesaturation and slow response dme of tlm

Fig. 7. ID and Ipw as fun_. _sof Vo_q (VI_ = 10 30 fm" photoemission system facilitated itsolmexvafion.Noto
an n-chafineltransistorw_l,,a channellength of 2 sun. thatthe light flash bendstowards the innercortmrof the

metallization where the electricfield is concentrated and
ends at a point on the transistorgate. This "end"point is

The magnitude of the light emission for the 2 tun channel, the physical location of the gate oxideshort. ]'his
length p-channel transistoragain approximately phenomena was _ on severalothergate oxide
correlatedwith the magnitudeof the substratecurrenL rupture_ents, including p-channel_mmistors.

,Fig. 6 shows that the peak of IS0Boccalrsat
approximatelyVDS_ while Io continued to increaseas
VOB_. Fig. 8 shows the n_li,__ _tnparison
of-the integtatzd light emission signal and thz notmaliz_
substratecurrent. As with the n.channel com_, an
approximatecorrelation is observed.

12

0.8, SubsVate

0.6

0.4
,,,e'q,

o_ 1 Fig. 9. _ gate oxide ruptureflash.

- 9 - 8 - 7 - 6 - 5 - 4 , - 3 - 2 Ring Oscillators

Gate Voltage (VGs) Ringoscillatorswereusedtodeanonstratethatlight
Fig. 8. Normalizedplot of L_uBand the emission emission could be observed for transientswit_g
intensity for the 2 tun channel leogth I_channel transistor situations. Each transistorin the ringomits light when it
as a function of VOS. , is saturatedduring the logic transition. The ring

oscillator was allowed to operate while the EMMI
performed a 300 frame integration of the light emission
from the surface of the circuit. The oscillator frequency
was about 30 MHz forVOD = 5 V.



Inter.SyrupforTestingrntdFailureAnalysis(ISTFA).Oct.29-Nov.2,1990.
Page7of13

Fig. 10shows the light emission from n-ehamml VD D '
transistorsofthe ring o_ciUator. The light emissionthat
occurs during the transition is individually too weak to

detect for a single cycle, but over the course of many i-_ Tpmillions of cycles, light is detected in tlm 1.25lira

n-channel transistors of this circuit, lt was not possible to . Vc --_ ---- Voorobserve emission from the 1.5 p.mp-channel transistors _ TN
of this circuit, which is consistent with the individual
transistor emission characWxLsticsdescribedpreviously. , r
This capability of photoemission microscopy to detect
transient light events that would not yield sufficient
emission in the smile bias condition is useful for many Fig. 11. Schematic for a CMOS inverter.
CMOS circuits and for dynamic MOS circuits.

Ii:_ • VCXJT

Idh¢ - -- /de

I I o
o v G .s lair O0 6

Fig. 12. IDDand VOUTas.a function of Vc_.foran
Fig. 10. Emission of fight by the n-channel _rs in invea/_rshdwing the maxtmumemission mlpoas for the n
anoperatingringoscillator: and p-channel transistors.

Fig.IIshowsatransistorschematicforaconveational, Isrm IF,,q
staticCMOS inverter.Fig.12showsthelogictransfer (pA) (nA)

andmeasuredIoocharacwaisticsforthistypeofinverter. 1000
This inverterwas made from one of each of the 2 ttm _Voor _
channel length (16 l_mchannel width)n andp-channel

transistors. For these measurements inverterinput Vo _ IPw "-, _
varied from 0 to 5 V with VDD= 5 V. The poillts where loo / // 20
VGS is approximately VDS/2for the n_d p-channel la'le - - Idly
transistors are shown on this figure as N-CH" and
"P-CW,respectively.ThesevaluesarenearV_ = 1.9V

f°r the n'ehannel transist°r and Vos =" 2'4 V f°r the ___p-channel transistor(VG= 1.9 and2.6 volts respectively).
-I I- o

Fig 13showsthen.channelp-well(IW)andp-channel• , P 0 Ve .61dlv fV) • 6
substrate (ISUB) currents for th_ same inverter of Fig. 12,
Note that the peaks of I 'Wand Isu arewithin aboutP El
0.4 V of the VGs = VDS/2 points and that the peak of
Isu 8 occurs at nearly the same value of VGas the peak Fig. 13. Ipw and Isu 8 as a function of VG for the
of IDD. inverter of Fig. 11 (with Vou Tfrom Fig. 12).
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The photon emission for the n-channeltransistorTNwill equipment for the ICstimulusin orderto successfully
follow the Ipw curve andwill occur over an approximat_ achieve photoemission fordefect identification. This
rangeof 1.0 V < VG< 2.0 V. withpeak intensity at about fortuitousocctmrenceof photoemission without the
VG= 1.6 V. it is significant for failure analysis to note application of complex lC stimuli has often happened
thatthere is a region froni 2.0 < VG< 3.6 V _ig. 12, 13) duringfailure analysisat Sandia,justifying the use of
in which elevated draincurrentexists, but Ipw and simple power-upand initialization/clockingtechniques
photon emission arc absent. The p-channel does notemit priorto the use of mow complicatedstimulus conditions.
significantly duringthe invertertransitionas evidenced For these situations, itappearsthatdefects can
by the very small Iso Bpeak of about 200 pA. preferentiallyinfluence the power-up conditions so as to

result in the most favorable logic (bias) condition for
CMOS IntocratedCircuits !_ghtemission. In some cases, however, it has been

- found to be necessary Ioutilize large digital test

Fourcases are given from failureanalysis performedat equipment to provideover 10,000test vectors to the IC to
Sandia. These examples were chosen to illustratethe use produce the light emittingcondition.
of photoemission analysis to identify and localize
physicaldefects in CMOS ICs. '' A different fabricationversim Ofthis IC hada parasitic

n-channel transistor pmblean. Although these parasitic +

Case h This lC was designed andmanufacturedby an transistors.wereoperatingin a saturatedbias condition
ASIC vendorusing a gate arraytechnology with 1.5 Sun (VG = VD = VDD =10 V), no light emission was
transistorchannellet_gths(drawn). The ICperformsa observable with the KLA EMMIsystem. This occurred
custom lcgic function withabout 8100 logic gates. The because the effective channellength for the parasitic
photoemission analysis located multiple gate oxide _ trans.'tots was veryhigh (about30 sun) producinga very
(Fig. 14). low drain/p-wellelectric field. (IDfor each parasitic

transistor was about 20 ttA).

_lfl.2<: A 16/32-bit_ equivalent to the

National 32C016 (about..6..SJ)O0_; 1.2.5IJUna
technology) had gate oxide simmsthat could not be
determined from randompower.up logic conditions. A
15K test vector _t was thencycled repeatedly through
the lC while the EMMIwas pet in the integration mode.
FouruansistmshavingSWoxideshortswc_sdea_
(Fig. 15). This case ill_ thatthe in_ mode
of the EMMI can be wed to find defects, again without.,
identification of the gzziflc test vectors _le fc_
producinglight

Fig. 14.BoutfightemittingI_,_ _hortsvisible atIC
power-up.

These light emitting gate t'hc_rtswere observablesimply
by repeatedly applying power to the IC andobseaving the
,"random"power-uplogicsta_ (noinputstimulus
changeswereappliedafterpower-up), lt was possible to
change the power-up logic sl_lte(and therefore the gate
oxide short bias_hotoemisslon) by changing the
microscope backgroundillmnination intensity duringthe
power-up. The changes in the illumination produced
variation in the power-up logic state due to the injected
photocurrent effect on logic gate stabilization. Forthis Fig. 15. Light emission visible from four gate shorts
case it was not necessary to utill , complex digital test during repeated ,'.vclingof a 15K vector set.
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_: A fun0tionally-failing 2-channel scalerlC of Spectral Analysis
about 2000 transistors did not producelight emission for
a normal application of vectors. However, it was noticed Spectral measuremenk_ wore madefora gate short, a
thatthe quiescent power supplycurrent(Iot_ spiked for reverse.biased diode, and an n-chamtoltransistorin
about 0.25 seconds during power-up. The EMMI was put saturation. Notch filtersweae usedon the FaMMIsystem
in riteintegration mode and the IC was repeatedly by placing them over the DOT. The results of this
powered up. Several n-channel transistorsshowed light technique on three samples are seen in Fig. 17. The light
emission in a row of flip-flops (Fig,,16). Upon further intensity has been normalized andcorrected for the
inspection, these transistors were found to not be detector's wavelength sensitivity and the signal
defective, but were being driven by a clock line that had integration time. The monotonically increasing intensity
a metallization open circuiL The clock line provided the with wavelength tm been observed previously
clock signal input to the flip-flops. The light emitting [21,23,31]. The decrease in intensityat 800 nm for the
n-channel transistors were in the inverterswhiohwere the gate short and diode is contrary toprevious results. Wc
first gates connected to the clock input inside the ctmenfly are investigating other methods forspectral
flip-flops. This ease illustratesanother type of failure measurement to detea'minothe source of discrepancy
analysis situation in which the light omitting devices may between our measurements and those,of others.
not be defective, but their emission is a result of a defect
or failure mechanism in the electrical (nodal) vicinity. INTENSITY

1.2_

1.0

'

Gate

_/'Dkx_ e/ translsto_

0.8

0.6

0.4

0.2

0,0 • . , • , . , "
400 500 600 700 800 900

WAVELENGTH (nra)

Fig. 17. Measured spectrafor threediffeaent light
emitting features.

Fig. 16. Transient n-channel emission resulting from an
open clock line.

Clearly morewo_ is necessary tOdetermine if spectral
analysisof light emission is practicalfor source
identification in integrated circuits.,w.

_: This IC is a custom interfacecontroUerwith .-.
about 8000 transistors(2000 logic gates) and was
manufactured using the same teclmology as the IC of IV. DISCUSSION
Case 3 (Sandia's 4/3 technology: 4 Imaminimum width
metal and 3 I.unminimum width polysilieon [6]). This IC Photoemission microscopy is a _..... _ teel for CMOS
failed due to a photoresist defect which produeoda failure analysis. In _ cases, small submicron
metallization patterning exrorthatshorted the output of a defects or failure mechanisms can be identified within
2-NAND to VDD. Photoemission was observed in one of minutes of equipment setupwith'this nondest/tlctive
the n-channel transistors of this logic gat_ (IDs forboth analysis technique. This technique is particularlyuseful
2-NAND n-channel transistorsin series was about 4 mA in quickly locating certaindefects, such as "soft"pn
at VDD=5 V). The reason for light emission from only junctions and gate oxide shorts. The electrical stimuli

-- one of the two n-channel transistorswill be discussed in (test vectors) required to expose these particular defects
fl_ next section, can often be the random states associated with power-up

of rite lC. For very low level defect light emission,
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continuous cycling of the lC over many millions of mst
vectors can id_4tify the defect using the photoemission
microscope integration mode. The location of VDD VDD
non-light-emitting defects by identificationof hot T
electron photoemission in transistorsdrivingthe defect is
less straightforwardbut can als,) be veryeffective, q_ " ICl k Fr, R DEF

datapresented hero and by others show that light %

emission will not occur unless the drive transistorhas A - B
terminal voltages that piace it into a saturated bias state. _'- TN
The saturated bias state is defined as th0 region I--

where VDS> VO$ - VT and VGs > VT (VT= threshold
voltage). A high electric field in the channel is a " "
necessary requirement for transistor photoemission. The
magnitude of the drain current is not directly correlated

with this photoemission. Fig. 18(a). Bridge defect on an inverter output,

Several factors may increase the hotcarrierlight
emission for a particular transistor:. (1) enhanced AC
biasing effects, (2) cimuit design, and (3) statistical
variationdue to fabrication, lt has been observed that,

.,r ,oo!ftAC operation may be inc_ over DC biasing

with incw.asing clock frequency and can occur in transfer "¢1 R DEF
gates in stade RAM cells [34]. Although some of tlm

enhancementofenhancedmaybe due m experimen_ setup [35], the l I t _ C
possibility degradationwas notoonoh_ively A [_Teliminate& In fact, in aCMOS staticRAM, tlm_ -- , , NA
transistordegradation was foundto be the limiting hot t_J
carrierconcern for the IC [17]. These access transistors B I
were found to emit more light than surrounding
transistors.

,Certainareasof a circuit may be more nusceptible to hot
carrier stressthanothers, alto transfergate mentioned Fig. 18 Co).Bridgedefect ona 2-NAND output,
above is one example. It is also possible that certain
transistorsmay be weakex duo to statisticalfabrication ,
variationsWithin the transistors[36]. These transistors

maysee the same bias stressas other transistmsbut its greatlyreduced light emission would probablynot
degrade more (and emit more photons)due to normal produceobservablephotons.
pr(x_essingvariations in such physical lmtmnetersas gate

oxide thickness and effective channel length. Fig. 18 Co)shows a Voc-bridged defect on the outputof a
2-NAND gate. When VA = VB= 5 'V, a relatively large

Two photoemission situationsareshown in Fig. 18 (a,b), draincurrentexists in TNAandTNB. In IC Case 4, this
illustcating how high channel CmTentcan exist but light currentwas about4 mA for a meaailization short to V60
emission may or may not be observable. The "worst (RoEF= 0 ohms). For this ease, Vc = 5 V, Vr_r_= 4 V
ease" defect (but "best ease" for light ombsion) in Fig. 18 forTNAand Vos = 1 V forTNB"which r_aul_in light
(a,b) is a zero ohm bridge (RoEFffi0 olmls) between tim _missi0n forTNA(satmation b'L_)and no light omission
gate output and VDO. In Fig. i8 (a)tbe terminal bias forTNB(nonsafamtion bias). ' ,
voltagesforTN areVGS = VOS = 5 V,thcxefomTN isin
weak saturation. Light will be observed in the _/henRUEF is not 0 ohms, then the VDSvalues across
drain/channel region of TNalthough it is not the optimal the affec_dtransistors will depend upon the value of
emission condition. Light would probablynot be ROEP In Fig. 18 (a), VDS on TNwill dropas ROEF
observedinTp ifthedefectwasazeroohm connection increases.When VGS > VDS + VT occurs,TN goesinto
tothegroundbus.Tp Wouldbeinweaksaturation,but thenonsaturatedstateandchannellightemissionceascs.
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specific logic states required forphotoemission detection.
VDD VDD VDD The success of the photoemission integrationtechnique

<_lwTNi 'Tp1 RDEF L_r'd TI,2, photoemittingsite is biased into its emitting stateby the

A -1 ,, _ .... c
B TN2 lt has also been foundat Sandia that photoemission

microscopy, combined with IDt3otesting [37,38], is a
very useful technique for IC desigv characterizationand

, r validation. For exantple, photoemission fromn-clumnel

G1 G2 transistorsin an in_ memory arrayof acustom IC
was used to determine that high IDDo afterpower-up was
due to bit lines not initialized or la_fied properly.

Fig. 19. Bridgedefect in an inverterpair. Photoemission has also been used in dynamic CMOS
circuitry to determinewhich preehargedbit lines in
memory arrays discharge first.

Therefore, the existence of fight emission in a transistor
driving a resistive defect load fRDEF > 0) is determined
by individual &feet resistance values. V. CONCLUSIONS

Defects that are bridged to power supplyvoltages can This paperhas presenteddatashowing the strengthsand
also affect downstream(or driven) logic gates. Fig, 19 weaknesses in using the photoemission microscopy
shows an inverterpair in which a resistivedefect is techniqueforCMOS ICs. Photoemission microscopy is a
connectedbetween node B and the VDDsupply. If powerful failureanalysis teel often leading to rapid
VA= 5 V, then VB may not be pulled down ali the way to non_otive identificationof defects, particularlyfor
groundvoltage. If VBis pulled down to 1 V < VB< 4V gate oxide shorts, soft pnjunctions, and certainsituations
(for VT = 1 V), then I_othtnmsistors of G2 areon and in which non-fight emitting defects can cause adjoining
elevated drainctwrentexists in TN2and Tp2. The best driver or load transistorsto eondubtand emitphotons. In
case for G2 light emission occurs nearVB=0.5 VO, particular,the use of the integration mode of the
which depends upon thevalue of RDSF. If I_E Fis large instnunent was shown to providesimple failure analysis
(>10 Kohms for typical technologies), thenTruwill ptfll of ICs thatwould have otherwise been difficult. Light
down into non-saVmitionproducinga weak ki_ zero on emission hum conducting transistorshas been shown to
node B. This would deewats¢the fikelilmodof be highly dependent upon the bias state of the driving and
photodetection. This illustrates thatphotodetecflonin G2 load transistors. In addition,light observationis highly
may or may not occurdepending uponthe value of dependentupon the opacity of overlying Myersin an IC.
RDEF.

Futuredevelopments, such asquick spectralanalysis of
• The conclusion for photodetection in drivingload light emitting sources and application of gated

transistorsis that the bias state andterminalvoltage photocathodes for stroboscopic acquisition, will enhance
magnitudes areclearly the dominantfactorsthat this alreadypowerful technique.
determinephoton emission and not the magnitudeof the
draincurrent(orIDDfor the IC). ..
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