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Abstract

This study is driven by the need to optimize falanalysis
methodologies based on laser/silicon interactiorsde an
integrated circuit using a triple-well process.idttherefore
mandatory to understand the behavior of elemerderjces
to laser illumination, in order to model and preédibe

behavior of more complex circuits. This paper pnse

measurements of the photoelectric currents induogda
pulsed laser on a triple-well Psubstrate/DeepNRegll
structure dedicated to low power body biasing tegqines. It
reveals possible bipolar transistor activation ahhlaser
power. This activation threshold revealed its delgmce on
laser power and wells biasing. Based on the meamims
made during our experiments, an electrical moderigposed
that makes it possible to simulate the effects deduby
photoelectric laser stimulation.

Introduction

Photoelectric Laser Stimulation (PLS) is commonged in
failure analysis methodologies [1]. PLS generatiestmn-
hole pairs in silicon, as the laser energy is gmre#tan the
silicon band gap. Our PLS experiments were caoig¢dvith a
pulsed laser at 1064 nm wavelength. The actives pHrthe
triple-well device (designed in STMicroelectroni@)-nm
CMOS technology) were exposed through its back¢sede
figure 1).
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Figure 1: Triple-well structure under PLSrepresentation.

P substrate

The measurements were used to validate and calitbhe
electrical model in order to create a fast and kited SPICE
solution under laser stimulation. This electricaddal allows
to simulate the response of an NMOS transistortipke-well
structure to laser pulses in a very small amourdatdéulation
time by comparison with physical experiments onelas
equipment or TCAD simulation.

PLS generates electron-hole pairs in silicon, as ldser
energy is greater than the silicon band gap. loosilsubstrate
or electric-field free areas these carries willfudie and
recombine rapidly. However, it has been showntf#f inside
a space charge region of a PN junction, electrde-pairs
will be separated by the internal electric fielddathen
generate an optical beam induced current.

Furthermore, an electrical model of an NMOS undes Ras
been studied in [3]. The novelty of this paperhiattour model
takes into account the parasitic bipolar transistpologically
added by the use of a triple-well for the body inigs
techniques. With technology scaling down, perforogaand
power consumption play an increasingly importarie rin
logic circuit design. The body biasing techniquesented in
[4] and [5] is one well-known solution to adjustnsomption
and timing performance. This low power techniquessus
threshold voltage scaling by reverse or forwardybbids. In
90nm CMOS technology, the body biasing range is460
mV applied on both NMOS and PMOS bulks (i.e. ampba
the N and P wells).



The first electrical models of MOS transistors underspd
laser stimulation reported in the literatuvere generally mac
of a current source which represents the photocumeluced
by the laser. In this paper we improved the eleatrmodel
already introduced in [3], [7which takes into accou the
laser's spot size, lasgower, pulse duration and the spa
parameters, location, geometry, wafer thicknessfands of
the laser beamOur major improvement is on the paras
bipolar study and modeling.

This article begins by explaining the model of tR&
junctions involved by a triple-well structumader PLS as we
as parasitic bipolar effects. Secotttk impact of body biang
techniques is studied. Finally, ounodel and electrice
simulation method are proposed.

Triple well measur ement and modeling

The study of each junction of our structure is aessary ste
in the understanding of the phenomena involved by ther
beam illumination. The experiments were performethva
laser spot diameter of 1 pmJaser shoot duration of 5 and
a laser power between 0 and 250 mike Device Under Te
(DUT)isa 10 x 1 um NMOS in a 6 x 30 um tri-well stand-
alone structure (see figure 1 for a cresstional view of th
triple-well structure). For our experiments, we search
understand the behavior of the triplell structure. Thusn
our DUT the NMOS transistor is ignorédot biasec. In this
condition, here are mainly two kinds of PN junctions wh
may give rise to a photoelectric effect (DeepNvirRsUbstrat
junction and DeepNwell/Pwell junction). Therefortge tfirst
step is the study and the modeling of thiebkjunctions unde
PLS.

DeepNwell/Psubstrate junction

The laser spot was centered in the middle of riple-well
structure. The lasenduced photocurrent (sefigure 8a) on
the DeepNwell/ Psubstrate junction (Pwell not higsearied
linearly with the laser power as depictedigufe 2.
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Figure 2: Current generated through the DeepNwell/Psub and
DeepNwel I/Pwell junctions.

Moreover, with the reuse of the model defined 3], we
know that the more the PN junction is reverse hiasbke
higher the induced current. For ttunction, the maximum
photocurrent amplitude used in our model induced bseer
pulse is:

Lyn = (aV+b) Qgauss Pulseyiqn Weoer Ipn 2 1)

where,V is the reverse biased volt: of the PN junctiona
and b depend on the laser poweog,ss is the sum of two
Gaussian functianh whicl take into account the spatial
dependency,Pulse,sn consides the laser pulse duration
dependencWV, is an exponential function alldng for the
wafer thickness effect anl,, , is a curve function which

considers the focus effeaf the z axis of the laser le
—d? —d?

(o) =)
Agauss = Be '+ pe e (2
(_tpulse )
Pulseigep, = 1 — €250107° (3)
Wcoef = g~ 0.001 Waferthickness (4)
_2
Lynz = (€12° 4 ¢,2° + c32* + ¢,2° + ¢52% + 42 + ¢;) g €200 (5)

where,d is the distancén um)between the laser spot and the
center of the PN junctigrips is the laser pulse duration (in
second) Waferyixness iS the thickness of the waf(in um) and
zis the laser lens distan(in um) withz = 0 when focused on
the active arealhe other coefficients depend the CMOS
technology and laser lens.

In order tosimulate this photocurrent effect, the sub cir
(see figure B which contains a voltage controlled curr
source was built. The current amplitude of the enirisource
is described by (1) and the start and duratiomeflaser puls
is set by thdaser_trigger signe
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Figure 3: Electrical modeling of a PN junction under pulsed
laser embedded in a sub circuit called Subck_Iph.

DeepNwell/Pwell junction

With identical laser settings, the photocurrent gendratethe
second DeepNwell/Pwell junon (Psub not biased) has a
similar linear shape but attenuatby 25 to 100 on our
measured power range (sfigure 2). Thus, for equation (6)
the model of this second interface, we add ttenuation
coefficienty = 500n the model (1

1
IphDeeprelleell = ; (a V+ b) agauss Pulsewidth Wcaef [ph_z (6)



The sub circuit (called Subckt_Iph) is wsed on this secor
junction with the only difference beirthe current amplitud
modeled by (6).

Pwell/DeepNwell/Psubstrate parasitic bipolar transistor
Once the behavior of th&ingle PN junctions under PLS
understood and modeled, the phenomenenlved whel the
Pwell, DeepNwell and Psub are biased studied. Both
photocurrents described previousigve for consequence
locally decrease the Pwell and Psub potential ancease th
local Nwell potential dueto the parasitic well and acce
resistors.
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Figure 4: Current behavior on Pwell for parasitic bipolar
transistor modeling.

Furthermore, figure 4shows the current measured on

Pwell contact when Psub = 0 V, Nwell = 1.2 V andeftw 0
V. As the laser power is progressively increased,naali
photocurrent is generated at low laser power (@@GomW)
while we noticed a decrease of the current on Ploelh lase
power greater than 90 mW. When thkotocurrentflowing

into the Pwell and the DeepNwaétiduced a differential lod

voltage greater than 0.6 due to the parasitic well and acc
resistors then a current flows from Pwell to Psubst by the
activation of the parasitic PNP bipoltaansisto (Figure 5).
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Figure 5. DUT dructure with parasitic PNP bipolar
representation.

For modelingthis PNP activation effect, preliminary study

without PLS of the local potential was performed
characterize the current gain of this bipolar tistos. Witk
our results and [6 we decided o define the model as a
voltagecontrolled current sour, where the current amplitude
is:
VeB
Lyippnp = Igexp VT (7

where, |Is is a constant used to describe the trar
characteristic of the transistor in the forw-active region
(typically 10" to 10 A), § is a modeling coefficient in order
to fit the simulation and the measments,Vy is the thermal
voltage and/gg is thevoltage between Pwell and DeepNw

In order to simulate this bipolar effect, the sulruit (see
figure 6) which contains a volta-controlled current source,
was built. The current amplitude of the current reeuis
described by (7).
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Figure 6: Electrical modeling of the

Pwell/DeepNwell/Psubstrate parasitic PNP bipolar transistor
inasub circuit called Subck_|bip.

Therefore our models of the PN junctions and pacasipolal
transistorsunder PLS which take into account the positiol
the laser beam, the wafer thickness, the focus of tker
beam and the well biasing voltage will allow usrapidly
simulate the effectampacted by PLS on our DU previously
described.

Impact of body biasing techniques

The aim of the present work is to investigate thfuence ol
Forward body biasing (FBB) and Reverse body bia@RBB)
conditionson the parasitic PNP bipolar transistor activat
For the DeepNwell/Psub junction, Psubstrate is
grounded, DeepNwell = 0.8 V in FBB and 1.6 V in R
condition. Then, the photocurrent generated is nmoportant
in RBB than in FBB due to a higher junct reverse biasing.
For a laser power =93.275 mW, the photocurrent on
DeeNwell/Psub = 2.5 mA in FBBondition and 2.9 mA in
RBB condition. This tenc is the same for the second
DeepNwell/Pwell interface. In addition, for the maximum
FBB condition Nwell = 0.8 V and Pwell = 0.4 V, théspg
bipolar activéion condition is closer. Fure 7 depicts the
RBB and FBB impact on the Pwell current for differéaser
power values. As we expected, the FBB conditiona



LO0Cooao8ee888880 N

Y -

— Meas.

X sim.

% Sim.

o Sim.

Meas. :
: Power = 93.275 mW

: Power =0 mW
: Power =0 mW
— Meas. :
: Power =53.3 mW

Power = 53.3 mW

Power = 93.275 mW

Meas. : Power = 133.25 mW
Sim. : Power =133.25 mW
Meas. : Power = 159.9 mW
. : Power =159.9 mW
Meas. : Power = 186.55 mW
[ ©  Sim. :Power = 186.55 mW

T L} T
5000 |- » i 100 |
> 0090880 ady 50 [
4000 J
< 3000 4 <
c €
2 2000 - L
3 3
o o
1000 i -150 |-
200 |
0
250 |
-1000
0 2 4 6 8 0

Time (us)

(a) Psub catre

4
Time (ps)

(b) Pwell current

Figure 8: Comparison of experimental and simulation results on Psub and Pwell current.

contribution of bipolar activation and the RBB cdith
limits this impact.
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Figure 7: Body biasing impact on Pwell current.
Triple-well simulation

A proper post-layout SPICE simulation of a triplelw
structure requires the addition of different pdrastliodes:
Nwell/Psub diode, DeepNwell/Psub diode and
DeepNwell/Pwell diode. Figure 9 shows the electrica
simulation models of our DUT with the various pheltetric
model effects we built. Photoelectrical current eyated on
PN junctions are modeled byphDeepNwellPsub and
IphDeepNwelIPwell and the parasitic PNP bipolar transistor
by IbipPNP. The various sub-circuits were tuned using
electrical measurements in order to take into actdaser
power and body biasing variations. Measurement and
simulation comparison results are displayed onrég8 for
Psub and Pwell currents. A good correlation is ineta by the
model. The different modeling coefficients were @dnin
order to fit perfectly with the measurements. At fakectrical
simulation can provide a very accurate predictidntiee

DUT’s behavior. Moreover, our model takes into agtothe
spatial parameters, making it possible to draw 3Dremt
cartographies based on the creation of a mesh en th
structure’s layout.
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Figure 9: Triple-well test bench simulation with PLS models.

Conclusions

This paper describes an accurate triple-well atzdtmodel
that takes into account body biasing technique upddsed
laser in 90 nm CMOS technology. This model combiaks
various photoelectrical phenomena revealed by neasents
during the PLS. The effectiveness of our approaes h
demonstrated a very good correlation between measnts
and our model. In failure analysis, this proposedutation
technique may serve as a reference to detect tefayl
comparison with a device under pulsed laser. It alag help
localize specific defaults under FBB or RBB corafis.



Future work will consist in characterizing and migug
NMOS and PMOS transistors in triple-well technologyg a
perspective, it will allow us to simulate the beioavof
complex logic gates inside a triple-well process.
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