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1. Introduction. For many years on memory devices built with
conventional planar MOSFET transistor technologydhthe considerable
market share in embedded semiconductor industryN&yertheless growing
short-channel and current leakage problems oftiipie of transistors make it
almost impossible to continue further scaling dotha feature sizes without
negative consequences [2, 3]. This means thatlémaptechnology gets closer
to its limit and in order to keep up with the Mosréaw, there is a need to use
the third dimension for constructing the transistfmr future System-on-Chips
(SoC) [1, 2]. Thereby several approaches have pegpmosed recently among
which FInFET technology is considered as havingtlal necessary preco-
nditions to become the long-term MOSFET succeskdi.[ Unique structure of
FinFET transistors among the other useful featallesvs significantly reducing
short-channel effects making them highly demanded the modern
semiconductor industry [2, 3].

Fig. 1 shows the three dimensional structure ofEih according to its
definition in literature and displays several ok tmost important FinFET
parameters: height of the Fin (HFin), its widthbmdy thickness (TFin), and
FinFET channel length (Lg) [1-4]. Due to its sturet FiNFET have several
more advantages over MOSFET including controlleddody thickness, low
threshold-voltage variation and lower operatingagé [2, 3]. Nevertheless it is
important to mention that despite the significamwpr and performance
benefits, FINFET design and manufacturing doesorhe at the same cost as
MOSFET and is still a challenging task [5].

Despite the importance of the problem of develomngbedded test so-
lutions for FiNFET-based memory devices, relativatyall number of research
activities has been done in this area so far. Istnod the related works the
focus was set on separate aspects of FinFET tesimaly suggesting local
solution for each individual situation.
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Fig. 1. FinFET structure.

For instance, in [6] and [7], several types of omew short defects in
FIiNFET logic circuits have been investigated arulistd that an open defect on
the back gate causes delay and leakage problempseutt FiNFETS.

In [8] stuck-open faults (SOF) for FinFET-based roeymdevices were
examined and two new vector strategies were prapdse increasing the
possibility of SOF defects detection.

Finally in [9], stuck-open, stuck-on and gate oxalert defects on dif-
ferent number of Fins within one FINFET transist@ve been investigated.
According to the results if this number is largeowgh, the defect can be
modeled with stuck-open or delay faults.

Taking into account the novel structure of FinFEEB&d memory devices,
the traditional test development flow [10], which tiypically used for planar
memory devices, cannot be applied to FINFETs ipritwary form. This paper
describes the way how each of the steps of the flegds to be tuned in order
to take into consideration all the specifics of FETs.

2. Test development flow. The requirements for different aspects of embed-
ded memories testing change with the shrinkingasfdistor technology, which
is used in memory devices. It is a natural pros#sse each generation of the
transistors can have structural and behaviorakiffces compared to the pre-
vious one. Thughe test development flow can differ among differeeansistor
technology generations. During the recent years pihocess was mainly sta-
bilized since the usage of MOSFET transistor tetdgyin the embedded me-
mory devices became prevailing. The scalability MOSFET technology
allowed constantly shrinking the technology witheatious impact on memory
Built-in Self-Test (BIST) solution used. The typi¢ast development flow [10]
looks like pictured in Fig. 2. With each technologhyange the following major
steps should be completed to obtain the upgrad&d Bblution for embedded
memories:

1. Technology Node Sdlection: Each time new technological node is avai-
lable it needs to be investigated in order to goicsthe accurate embedded test
and repair solution for it.

2. Defect Injection: The characteristics of the arriving technologg@are
analyzed and based on the results new defect &ypadentified specific for the
technology. These defects are then injected intmaong in order to investigate
their behavior.



3. Fault Extraction: As the next step, for the set of injected deféugscor-
responding memory fault models need to be extractdtch reflect the be-
havior of the defects at functional level.

4. Test Solution Construction: For the set of identified fault models the
optimal test solution is constructed which deteitis faults in the optimal
period of time.

5. BIST Solution Upgrade: Finally the constructed test solution is in-
tegrated into the memory BIST for providing thethfgult coverage.

Technology Defect Fault Test Solutio| BIST
Node || Injection i Extraction | Constructior—p  Solution
Selection Upgrade

Technology change

Fig. 2.Typical test development flow for embeddeshmories.

Using this flow a set of MOSFET technology specifiefects was well
investigated and corresponding fault models wekeldped with the shrinking
of the technology. Nevertheles®r the latest generation of MOSFET tran-
sistors, especially starting from around 65nm amrdto 20nm, this flow was
mainly used to define the probability of the fauttscurrence since no new
types of faults were being identified any more.

However the situation extremely changes with the MOSFEchnelogy
coming to its limits at 20nm. In order to crosssthiorder new technological
solutions come to the action and the establishgiddievelopment flow need to
be accustomed to them. This especially appliesindBETs since the spatial
structure of FInFET transistors opens the doorsoémurrence of new types of
defects and thus leading to new fault models arssipty new test algorithms
for their detection. Hence there is a need to reiden the steps of the flow
(highlighted with the blue box in Fig. 2), namelipéfect Injection”, “Fault
Extraction” and “Test Solution Construction” forfHET-based memory devi-
ces. In Section 4the effect of the technology cleaingm MOSFET to FInNFET
on each of the mentioned steps in the test devedoprflow is demon-
strated.The experimental results are presentedhwafiow the effectiveness of
the proposed enhanced flow.

3. FinFET defect models. As mentioned above, the acute distinction in
structures of planar MOSFET and non-planar FinFé&dhnologies mean that
the same set of defects that was considered for REEDS cannot be applied to
FinFETsas is. Fig. 3 shows the basic set of dejpes which were considered
for FINFETSs in the “Defect Injection” step. Thistlincludes the defects specific
to FiINFETSs as well as defects common for both teldgies:

(a) Fin Open — Full and resistive open defectsian F

(b) Gate Open — Full and resistive open defectSaie;

(c) Fin Stuck-On — Full and resistive short defdotdween Source and
Drain;

(d) Gate-Fin Short — Full and resistive short disféetween Gate and Fin;

(e) Fin-vDD/VSS Short — Full and resistive shorfedts between Fin and
VDD or Fin and VSS.
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(f) Process Variation — Variations in FInFET paréenealues.

4. Defect injection, fault modeling and test algorithm synthesis. After
the set of defects going to be investigated wasgifixthe next step was to inject
the defects into the FinFET-based memory and ntbéalesulting faults.

Fig. 3. Defect models considered for FinFETSs.

For making this process more systematic and less time consaming
automated flow was developed (see Fig. 4). It made the igatsh of
FINFET defects a lot faster and more effective in term8nding new
faults specific to FINFETS. As an input, the flow receiaeset of defects
through Defect LIB and Simulation Setup containing a set of test
sequences, with their test conditions (frequency, voltaggedsature), in
case of resistive defect also the range of resistangaitnde. A defect is
injected either in GDS or in SPICE Net-list depending on whbicé is
more preferable in the particular case. Then two SPICE Siions
(defect-free and defect injected) are run with given SinauleBetup and
for each simulation PASS/FAIL information and correspondding
Waveforms of applied test operations are obtained. If FAlbbisined

for defective SPICE Net-list then it means that currentu&ition Setup

is correct and at least one of the provided test sequencessdatefault.
Otherwise, if PASS is obtained then it means that thectidé not
detected by the given test sequences and the simulation setisptode
updated and the same process should be repeated with the new setup
This part is done by the user (test engineer or other relevasorper
following some special rules. The process continues until tisfagdory
test sequence(s) are found. Based on the received test ssjtlentault
models are extracted automatically.
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Fig. 4. (a) —Defect Injection and Fault ModelingW| (b) — Test Algorithm Synthesis
Flow.

The next major step after the fault models and the corresponding te
sequences are identified is the construction of a test tgofor detec-
tion of a given set of faults. This step of the flow wa® @stomated to
take as an input a set of obtained Test Sequences and genergig-the
mal test algorithm. The advantage of this approach is thdtawebe-
comes more generic since there is no dependency on fault Bgsdes
it becomes more efficient as the output test sequences oksoelskd
flow become direct inputs for the algorithm generation flow dhthese
happens automatically without any need for human interventioralkas
important to note that according to the experiments if the givest T
Sequences have minimal lengths in terms of detecting tren gle-
fects/fault models, then Test Algorithm Generator will sysitee mini-
mal test algorithms [11].

5. Experimental results.The proposed enhanced flow was validated
on several FinFET-based memory devices obtained from different
foundries. The results of the performed huge number of SPICE
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simulations proved the viability of the described solution anddesbine
interesting results summarized in [12] and [13].Each defestinjected

into pass-gate (PG), pull-down (PD) and pull-up (PU) transistorstamne a
time and furthermore multiple defects were injected simuttaslg in

the same memory cell. The same defects were also ithjette planar
28nm and 45nm memory devices in order to compare the obtained
results.

Some of the most important statements derivedistezllbelow:

* FinFET-based memory devices are more prone to dgnéamlts
than planar-based memories.

* FinFET-based memory devices are more stable tcepsoeariation
faults.

e Static single-cell and coupling faults are typiéat both FInFET-
and planar-based memaory devices.

Fig. 5 presents two examples of simulation wavefgrmhich were ob-
tained for two different types of defects injectetb the memory cell under the
different test conditions.

- R ,,\__i{(;ﬁ_
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Fail toWrite0

W0 RO RORORORORORORO wo W1 w0 RO W1 WO WORO

() (b)

Fig. 5. (a)- Resistive Fin Open defect in PD trsiasj (b) — Resistive Gate Open defect
in PG transistor.

In the figure (a) the simulation output is depictiest the case when a
resistive Fin Open defect is injected into a puiwd transistor of a FinFET-
based memory cell. It results in seven-operationadyic Deceptive Read
Destructive Fault dDRDFO0-7, where the 7th RO openais flipping the content
of the cell without reporting a mismatch while 8 RO operation detects the
fault. So Test Sequence = {WO0, RO, RO, RO, RO, RO, RO, RO} and the
corresponding fault model is dDRDFO-7 = <OR07/1/0>.

Meanwhile the figure (b) shows the result in theecavhen a resistive Gate
Open defect is injected into a pass-gate transadt@r FinFET-based memory
cell. It results in a well-known transition faultFO = <1WO0/1/-> and the
corresponding Test Sequence = {W1, WO, RO} or {W, WO, RO}.

6. Conclusions. This paper describes the way how a commontest dgvel
mentflow can be tuned for FinFET-based memory d=vi€ach of the steps in
the flow was investigated in detail and the reqligahancements were outlined
which need to be applied. For this purpose a neategly was proposed which
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helps to make the flow more systematic and autaingteorder to reduce the
time and efforts necessary for modeling FInFET-8jmefaults and synthesizing
test algorithms for their detection.

The results of experiments done for several réal-ienm and 14nm
FINFET-based memory instances proved the use filésthe flow and
revealed some interesting characteristics of FinbB3ed memory devices. In
particular, the experiments showed that FinFET-thageemory devices
compared with planar-based devices are more pagriamic faults and are
more stable to process variation faults.
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Rapidly developing FInNFET technology, alternative the conventional planar
technology, plays an important role in routing mmwdsilicon industry. Due to their
unique structure, the defect types and correspgrfdinit models for FInFET transistors
are different compared to planar ones. As a rethdt established flow used for
synthesizing the embedded test solutions for MOSB&Jed memory devices does not
enable a smooth transition to FiNFET-based devitkss, there is a need to tune the
existing solution to support FINFETSs. In this paplee upgraded and automated test
development flow is introduced for FinFET-based mgmdevices, which was
validated on several 16nm and 14nm memory instarieesntually new faults were
identified that are specific to FinFETs and thesh&vior was studied in detail.

Q. U. Sunupub
ShudES hhonny uwpphph tbpnpdusd phunnuwynplubh phpwgp

Upwgnpk qupqugnny $hadtS wbkjuinnghwi wiwbnulub uwjubwp nkju-
uninghuyh wypnpubipp, swwn Yuplnp nbp b punnud dwdwwljulhg upjhynbughty
wpnibwpbpnipyut ninnnppUwt qnpénud: Sunphhy hpktg mipwhuwnnly junnig-
Judph' dhudES wpwiqghunnputiph nhptniubph mhybtpp b hwdwywunwupwt wo-
uwppnipnibbph dnpbjubkpp wppbpynud ko wjwbwp wpuwiqhunnputphg: Upnynio-
pnud ubpnpdwsd hhonn uwwppbph ptunwynpnid wiymsnidubph vhipbquuwt hwdwp
oqunuqnpdynn wupwgpyus phpuguljupgp sh Yupnn vwhnit Jhpundl] ShudES
hhonn wwpptph hwdwp: Nunh Juphp jw dbuhnpubine gqnjnipnih nibikgnn nisnudp
ShudGS-ukpp hudwp: Uju hnpquénid dhudGS hhonn uwppph hwdwp phunh
uldwt pupbudus b wnnduwnwugjus pupugulupq b ubphuyugyws, npp
Juybpugws £ Uh pmth 16 b 14 twundbwipwing hhonn wwppbph wnubph Jpu
Uppniupmd inp wuwppnipjniubp Bo hwynbwpbpyt) puinpng dhuytt ShiudGS-ubphl,
npnug Juppp junpnipjudp nuundbwuhpyby b
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I'. A. I:xkarapsin

IMocsienoBaTeIbHOCTH BCTPOEHHOT0 TECTHPOBAHUS JJIsl YCTPOHCTB
NaMsATH, OCHOBAHHBIX Ha TexHoJoruu PuunPET

BricTpo pa3zBuBaromasicss TexHonoruss Guu®ET, anprepHaTHBa CYLIECTBYIOLIEH
IUIAHApHOH TEXHOJOTUHU, UTPAET BAKHYIO POJIb B PA3BUTUU COBPEMEHHOI CUIIMKOHOBOU
IIPOMBIIUICHHOCTH. brnaromaps WX yHHKaJIbHOH CTPYKType THIBI Ie(eKTOB M COOT-
BeTCTBYIOLIME Mozenu HencnpaBHocTel 1yl @uan®EToB oTiiMyaroTcs o cpaBHEHUIO C
IUTaHAPHBIMU TPAaH3UCTOpaMU. B pesynbraTe yxe cyliecTBYyOmas MpoLeaypa, HCIOb-
3yemasi JUIsl CHHTE3a BCTPOEHHBIX PEIIEHUH 10 TeCTUPOBAHMUIO YCTPOUCTB MaMATH, OC-
HoBaHHBIX Ha TexHojormn MOCOET, He mo3BOISIET MIaBHO MEPEeHTH K yCTPOHCTBaM
mamsTH, OcHOBaHHBIM Ha TexHoJIornd OUHDET. Takum 00pa3om, BO3HUKAET HEOOXO-
JIMMOCTh YCOBEPILEHCTBOBATh CyILECTBYIoLIee pemeHue aisi texHonoruu @und®ET. B
9TOH CTaThe INpeJCTaBlIe€Ha MOJIEPHU3UPOBAHHAs M aBTOMATM3MPOBaHHAs Mpoleaypa
JUI pa3pabOTKH TECTOBOH METOMOJIOTHHU JJIsl YCTPOWCTB MaMATH, OCHOBaHHBIX Ha TEX-
Hosornu ®uHDET, koTOpbIi OBUT IPOBEPEH Ha HECKOIBKUX 161 14 HAaHOMETpHUECKUX
9K3EMIUIIpaxX YCTPOWCTB MaMATH. B pe3ynpTaTe SKCIEpUMEHTOB OBUTH OOHAPYKEHEBI
HOBbIE HEHCIIPABHOCTH, KOTOpPbIE CBONMCTBEHHBI TOJIBKO TakuM ycTpoicTBaM. IToBene-
HUE 3TUX HEUCIPaBHOCTEH OBLIO H3YYEHO B JETalIsX.
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