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SIMULATION METHODOLOGY BASED ON CONDITIONAL EXTRACTION AND
SHORTEST PATH REPRESENTATION FOR ELECTROSTATIC DISCHARGE
(ESD) ANALYSIS IN CMOS TECHNOLOGIES

Electrostatic discharge (ESD) is one of the reliability problems of today’s IC. In addition, there is no such a
tool, which will help to design ICs reliable against ESD. The problem is that ESD protection devices have always
complex configuration, such as SCR ggMOS, etc., because of their working range, which is not well investigated
and measured. Moreover, the other problem is the simulations complexity in the simulator machines from horse
power point of view. The represented methodology allows designers to make their IC first spin reliable.
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1. Introduction. ESD protection devices are usually located inside the I/O circuit, which
is connected to the pad and is the place, where external hazards are coming in, such as high
currents caused by electrostatic discharges [1]. Moreover, during those events, the usual
circuit representation given by the designer and/or commercial extractor tools is not enough.
The limitation of commercial extractor tools is as follows:

o They perform device extraction based on Boolean operations of layout masks. The tools
cannot extract parasitic devices such as field devices, SCRs or parasitic BJTs, which are
often unintended side effect of the layout and not recognized by designers. However,
they can play an important role during ESD stress events.

o They only extract circuit schematics under normal operating condition, i.e. when the chip
is powered up. However, the circuit is not powered up during ESD events. An ESD event
can generate stress current in excess of 1 A. The normal device models are not
applicable, because devices are operating in high current regimes or biased differently
from normal operating modes. Therefore, the schematic for circuit simulation must be
determined according to the ESD conditions.

Therefore, an extraction tool, which would extract all parasitic devices aroused during
ESD events that outlined in the first section of this paper, is necessary. However, extracting
all those devices is not solving the whole problem. There is also a simulation part, which is
also a challenge, since the simulation of the whole chip in device level (and this should be
done, according to the ESD standard requirements) is something unreachable, so another
approach is necessary to solve this problem too. The methodology for CMOS I/Os is
proposed in Fig. 1. As depicted in the picture, the technological information (design rules,
dielectric constants, diffusion thickness, etc), modeled ESD events and the layout in GDSII
format are the inputs for further analyses.

In the conditional extraction part, the first is normal operating condition extraction
process, by using a generic device extraction approach, and then in stress annotation part a
specified ESD stress condition is given, the device bias conditions are identified
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and the circuit schematic is extracted. The ESD stress condition is defined by specifying an
I/O pad zapped positively or negatively with respect to another pad.
In BJT extraction part, parasitic BJTs are extracted and detected.
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Fig.1. Simulation methodology’s flow algorithm
Then comes the analysis based on the shortest paths and network flow algorithms.

2. Conditional Extraction. This part is intended for layout representation in the form,
which is providing more process, happening during ESD events. During this event, chips
usually are not powered up, the ESD zapping should be done for all possible pin
combination of a chip for both positive and negative stresses, and the chip should pass 2 KV
and more HBM-ESD level for all stresses. When the ESD zapping is performed between two
pads, all other pads are kept floating.

Since the behavior of a device is bias-dependent, its circuit model should be determined
according to its operating condition. The proposed static analysis technique, called stress
annotation, determines each device’s applicable circuit model.

In Figure 2 the depicted stress annotation is performed for the I/O circuit in a specified
stress condition, i.e. positive stress on the pad with respect to Vss pad. First, the circuit
schematic for the pad is extracted (Figure 1). Then stress annotation is conducted using the
stressed current from stressed pad. The stressed current passes through forward biased p-n
junctions and semiconductor resistors. The search is stopped when a reversed biased p-n
junction is reached. Each interconnected net in the current path is annotated with stress
strength. The relative voltage levels can be compared by checking their stress strength; also,
these stress annotations help to make BJTs identifications. Starting with an initial value as
10 the stress strength will be reduced by one every time when the stress current passes
through the resistor.
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After the biased condition is determined from the stress annotation, each device’s circuit
model can be determined. When a device is under ESD current stress a high current model
must be used, such as the NMOS model, which will cover the snapback regime range, and a
resistor model, which can cover velocity saturation effect. When the p-n junction in a
transistor is forward-biased under ESD stress it operates as a diode. When the junction
formed between the drain diffusion of the driver PMOS transistor and the n-well is forward
biased, the n-well is charged up and the high current is propagated to the Vdd power line via
the well contact. For this case, we substitute the PMOS transistor with the serial combination
of forward-biased diode and a well resistor. This is the applicable circuit model for the PMOS
transistor under this specific bias condition.
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Fig.2. Stress annotation to identify devices bias condition and determiing its circuit model

The device graph is used for device extraction. Each device graph is used to
describe one device [2].

The resistor makeup part is also a place where some investigation needs to be done,
but this part will be skipped for further investigations.

3. Analysis based on the Shortest Path and network flow algorithms. After
graphical representation of the electrical network, done especially for ESD events and
abstracted using resistor's makeup system (Figure 3), the analysis on the network
should give output results as an input for designers to make their discussions on how to
change their design as to satisfy all reliability requirements. As a help for this item, the
Network Flow algorithms called Convex Minimum Cost Maximum Flow is used.

Algorithm motivation. The basic theme of the ESD protection schemes is based on
diverting huge amount of current from one bond pad to a bond pad with a connection to
ground without passing through the core of the chip. The voltage drop between zapped and
grounded bond pads can measure the success of the protection circuit. The voltage drop for
each bond pad pair is commonly referred to as the ESD
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budget for that pair. If the voltage drops are too high, then dangerous amount of current will
trigger the gate oxide and possibly damage the circuit. By using graphical representation of
the electrical network and the magnitude of the ESD current incident on the device, Network
Flow algorithms enable to know maximum possible current flow rate, which will give also a
good understanding on where to widen the current flow channels.
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Fig.3. The graphical representation of electrical network based on ESD conditions. C is the
weight vector, i.e. resistors in the electrical network

The representation of Convex Minimum Cost Maximum Flow (CMCMF) optimization
problem from the ESD event point of view. Usually the CMCMF optimization problem is as
follows:

n
ZCUXU — min,
j=1

inj - iji =b(i),Vie N,
ji(i,j)eA J(i,j)eA
0< Xij Suijav(iaj) EA’
where c(i, j)is the cost of transportation and the x(i,j) is the flow, »:n — ris the

supply/demand vector and in an instance of CMCMF each ;cy is either a supply node,
corresponding to p(;)> 0, or a demand node when p(;) <0 is an intermediate node if 5(;) = 0.

The vectorp is referred to as the mass balance constraint for the CMCMF problem. In
addition, it should be noticed that in order for the problem to make sense we must have:

D b(i)=0.

VieN
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The notations N (graphs vertex vectors) and A (adjacency graph) are representation of
graph, as G =(N, 4)[3]. By approximating these assumptions for our electrical network, it
should be accounted that the arcs in our network represent resistors, diodes, etc., which
carry the current. Moreover, what should be found is: How much current is flowing on each
resistor (arc) in the network? Once the amount of current, flowing on each component of the
electrical network, is found, it is a simple matter to apply Ohm’s law to each component
along any single path, and to sum voltage drop contributions. So, according to Ohm’s law
the representation of CMCMF from ESD point of view shows that a resistor with resistance
r dissipates rI*>watts of power, where I is the amount of current flowing along the resistor.
Therefore, the equilibrium current will be found on each arc in our network under this cost
model. That is for each arc(i, j) € A(G), which collectively depicts our network graphically,

the equilibrium current x(i, j) will be found, where the cost of augmenting current along the
arc (i, j) varies (convexly) as the square of the amount of flow along that arc, multiplies its
resistive componentc; . Keeping this in mind, we rewrite the CMCMF as

ZC (X ) — min,

=

Zn:xij - Zn:xﬁ =b(i)Vie N,

ppeA  jjeA
0< 2 SHES uij‘v’(1, J)EA,

2
ij "

With these assumptions it is possible to compute the optimal (equilibrium) current on
each arc, after which it is possible to compute the voltage drop on the shortest path (minimal
resistance path) between the source and sink, by using Dijkstra’s Single Source Shortest

Path (SSSP) algorithm. The basic idea of SSSP is that a path P = <s =aqa,..q, = t> between s

and our convex cost Cwill be C(x;) =c; *x

and tis the shortest path, only if for any other path P’ = <s =a,..a, = t> , thus:

k-1

j-1
Z c(a;,ay,,) SZ c(a;,a;,,).
i1 i=1

According to the electrical analysis, we can say that this algorithm allows to find the
path with the possible minimum resistance between source and sink. And if the shortest
path P = (s =v,,v,,...,v, =1), the voltage drop will be:

V=>c(v;,,v,) X (vi.;,v;) , where x" is the equilibrium current.
i=2
This result is the main desired result which means there must be further analysis.
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4. Conclusion. Thus, by having the amount of current flown through each arc, which is
possible to get by using the CMCMF algorithm, and the path with minimal resistance, found
by Dijkstra’s SSSP algorithm, it is a simple matter to compute the excitation level between
two pad pairs, and the needed information for designers’ further analysis.
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9.C. UGLPL3UL, 1.3. 20U 301, U.U. SUL3UL

YhXU4UShUL LQUNYUOLE B4, YUrXUSNR3L KULUNULNZE LEMYUSUSUUL 4CU ZhULIUD
UNeLUdNruuvy UtenNruetuNhe3NhL WU0U SELNLNGhULEMNRU ELEUSUUSUShY
Lh32UMRUPUUL (EUL) 26SULNSNRESNRLLECE ZUUULN

ElEynpuunwunhly thgpupwthmup (EUL) wjuopdu hlinkgpuyy upbdwibkph (PU) wwwhnynipjub
hhdtwhwpgbphg b Quuyws wyn thwunpt' siu wytuhuh wjnndwinwugus gnpshp, npp Yoqubp twjuwgsty
EUL-hg wupnyuwbqus PU-tp: Munhpt wyt E np EUL wupwnuubwlut wvwppbpt (hwppwlp nhjujupnn
ninnhsttipp, hwljuing hnnugdusé UOU-kpp) niuku pupny jurnigusdp’ woumnwbipuht thowlupkph
wuwwndwnny: Fuigh npuihg, qnmpinit niuh twb Unpljwynpdwb pupympmt’ Unpljuynpdub phpugpmd
oqguugnpdynn  Ubkpkuwbbph dbpkuwjuuwt dwdwtwlih b  hgnpmipjut  oguugnpslwt  wnkuwltwnhg:
Uhpljujugywsé dkpnnupuitinipynitp poiy) £ nwjhu twhiwugst) BUL-hg wupnuyutgwus bU:

Unwigpuyhll punkp. FUL, Jhdwlwyht pungusdp, jupdwgnijb fwbwwwnph, guugh hnup:

B.IIL MEJIVKSH, JI.0. JABTSH, K.A. PAHIH

METOJIOJIOTUA MOJIEJIMPOBAHUSA JIJIST U3VUYEHUA SJIEKTPOCTATUYECKOM PA3STPY3KU B KMOII
ITPY UCITIOJIB3OBAHUU OBYCJIOBJIEHHOTO U3BJIEYEHUA U ITPEJCTABIEHIUY 3CP KPATYAUIIINM
IIYTEM

dnexTpocTaTrdeckas pasrpyska (OCP) sBifercs ofzHON U3 MpoGIeM HAfEXHOCTH CETONHINIHUX MHTETPAIbHBIX
cxem (MC). HecmoTps Ha 3To, [0 cuX mOp He OBLIO CO3JAaHO HU OZHOTO HHCTPYMEHTa, KOTOPBIH IIOMOT ObI
npoexruposats VIC Hagexxubimu B otHomeHuu JCP. ITpo6iemMa COCTOUT B TOM, 4TO yCTPOMCTBA, KOTOPHIE IIOMOTAIOT
samumars VIC or DCP, Takue Kak BHIIPAMUTENb, yrpasisieMsiil moguoxkoit, MOII ¢ 3a3eMJIeHHBIM 3aTBOPOM, MMEIOT
CJIOKHYIO CTPYKTypy. IIpu 9TOM CyLIeCTBYeT CIOXKHOCTh MOZEIUPOBAHMS C TOYKH 3PEHUs MAUIMHHOIO BPEMEHU U
MomrHOcTH. IIpencTaBieHHas MeTOZOIOTMA O3BOJIAET IpoekTupoBaTs MC, samumentsie or JCP.

Kmowvessre crosa: OCP, 06ycioBeHHOe U3BIeYeHNe, KPATYAUIINIA ITyTh, TIOTOK CETH.
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