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Erklarung:

Ich versichere an Eides statt, dass ich die Dissertation selbststandig verfasst habe. Die
benutzten Hilfsmittel und Quellen sind in der Arbeit vollstandig angegeben.

Zusammenfassung:

Das stetige Erhohen der Integrationsdichte von integrierten Schaltkreisen verédndert die
Anspriiche an Fehleranalyse-Methoden von Halbleiter-Bauelementen. ”Laser Voltage
Probing” (LVP) ist der Fachbegriff fiir eine Messmethode in der Fehleranalyse, die
zum Messen der elektrischen Aktivitdt von Bauelementen verwendet wird. LVP ist
eine weitgehend zerstorungsfreie, optische, laser-basierte Methode, die Signale durch
die gediinnte Rickseite des Schaltkreises akquiriert. Obwohl LVP in der Fehlerana-
lyse héufig Anwendung findet, ist das Versténdnis von Signalursprung und -verlauf
noch sehr gering. Diese Arbeit présentiert detaillierte Untersuchungen des Signalur-
sprungs. Im Gegensatz zu herkommlichen Messaufbauten wird hier ein Dauerstrich-
laser, mit 1319 nm bzw. 1064 nm Wellenldnge, verwendet. Drei neue Messmethoden
werden vorgestellt, die alle Frequenzinformationen extrahieren, wohingegen kommerzielle
Geriate Zeitinformationen durch Messungen mit Hilfe eines Oszilloskops auswerten. Diese
neuen Methoden erméglichen das Messen von Signal-Spannungs-Korrelationen in einem
Punkt und das Kartieren von Signalen in verschiedenen Gebieten eines Bauelements.
Im Vergleich zu herkémmlichen, oft nicht erfolgreichen Messmethoden, produzieren die
vorgestellten Methoden zuverlassige Ergebnisse in deutlich kiirzeren Messzeiten. Die
verwendeten Bauelemente sind Teststrukturen von Infineon Technologies AG in 120 und
65 nm Prozesstechnologie. Ein weites Spektrum an parametrisierten Messungen wird
vorgestellt: anhand variierender Strukturgrofien ist es moglich, die verschiedenen Sig-
nalquellen in Gate- und Drain-Gebieten von MOSFETSs (metal oxide semiconductor
field effect transistors) separat zu untersuchen und die Signalentstehung von Bauele-
menten mit Sub-Mikrometer Gate-Dimensionen zu erforschen. Fiir Simulationen von
LVP-Signalverlaufen wurde ein Modell entwickelt, das die Interaktionen zwischen Bauele-
mentaktivitdt und Laserlicht auswertet. Die Simulationen verifizieren die Theorien zur
Signalentwicklung und erméglichen Voraussagen iiber Signalamplituden in Zukunftstech-
nologien.



”Alles geht natirlich zu, alles ist einfach zu erkldaren!”
(Zitat einer Lehrerin aus einem Werk von Enid Blyton)
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Part |I.

Introduction



Failure analysis of semiconductor devices is the technical field of investigating fail-
ures, which occurred during the manufacturing process of devices such as CMOSFETs
(complimentary metal oxide semiconductor field effect transistors), memory and pro-
cessor devices. The goal is to reduce development time by solving the problem early
in the process. One important step in analyzing the failure is to measure the device
activity. In the past, electrical micro-probing or e-beam probing were used to measure
waveforms of devices from the front side. But these once invaluable tools become ob-
solete in recent years, due to the increasing complexity of the process technologies. To
accommodate growing speed and integration density, multi-level wiring has been intro-
duced. More and more of the chip area is covered with metalization, which obstructs
access to internal measurement nodes [GSG93]. Probing signals from the backside of the
devices (through the substrate), is the only access left to internal measurement nodes.
The use of particle-based tools is limited for backside analysis, due to the extensive back-
side micro-structural modifications, which are necessary - e.g. FIB (focused ion beam),
laser-etching etc..

Laser Voltage Probing (LVP) is the technical term for an all-optical laser-based tech-
nique that acquires waveforms through the silicon backside. Usually, LVP tools employ
near infra-red (NIR) lasers. Since the thinned silicon bulk is partly transparent for NIR
laser light, the backside only needs to be thinned (to about 100 pum) and polished. In
conventionally used tools, the laser is pointed to one specific position and the semi-
quantitative voltage level of the device at this position is extracted. The general signal
generation develops as follows. The laser light gets reflected at the interfaces in the active
areas of the device under test (DUT). The device voltage modulates the reflected light
in the parts per million (ppm) regime. The setups consist of complex and cost-intensive
detection schemes such as mode-locked (ML, or pulsed) lasers or phase detection meth-
ods (PID: phase interferometric detection), which make handling of the tools a quite
challenging task. With high performance electronic equipment it is possible to detect
the modulations in the reflection and thus evaluate the voltage level at the device.

Up to now, it is still not possible to extract exact voltage levels, because the signal
strongly depends on focus, laser spot position, device geometry and details in the manu-
facturing process. In addition, the literature reveals several different assumptions about
the interaction effects - of laser light and the active device - that are causing the mod-
ulations in the reflection of the laser light. If it is possible to determine the influencing
effects, a reverse evaluation of the voltage levels might be achieved in the future.

The scope of this work is to evaluate a new, simplified, detection scheme, including
new measurement methods at two different laser wavelengths (1319 nm and 1064 nm),
and to analyze the physical background of LVP signal contribution in detail from the
achieved results. In order to study the signal-to-voltage correlation that results from the
interaction effects of laser light and the device activity, a model of LVP signal develop-
ment will be built, which will verify the measurements. In addition, with the help of
the measurements and the signal modeling, it will be possible to forecast the expected



signal levels for future technologies and scaling.

This work presents measurements with a tool that employs a continuous wave (cw)
laser. The laser wavelength can be chosen between 1319 nm (less resolution, but non-
invasive) and 1064 nm (increased resolution, but possibly invasive, which means that the
laser might influence the signal while the measurement takes place). In addition, new
measurement methods - voltage sweeping and modulation sign and amplitude mapping
- are introduced, which allow detailed investigations of signal-to-voltage information and
signal tracking in an integrated circuit (IC).

The devices investigated for this work are test structure MOSFETSs of two process
technologies from Infineon Technologies AG. The measurements were performed on two
device sizes: over-sized devices, to extract signals from gate and drain separately, and
minimum-sized devices, in order to understand signal contribution of "real” devices, that
are decreasing in size with growing speed and integration density.

A concise model of the modulated reflections from an active device is introduced -
evaluating free carrier effects as the main effect of signal generation -, which allows sim-
ulations of the signal-to-voltage correlations of such signals. The results are in accord
with the measurements.

The content of this work is structured as follows. First, all the interactions of the
laser light with a semiconductor device will be outlined and evaluated, in order to de-
termine the main effect, which causes the modulation in the reflected light due to the
device activity (part II). This will be followed by a description of the setup, the mea-
surement methods and the devices used (parts III and IV). The results of the performed
measurements will be discussed in detail (part V). Part VI will show the modeling of
LVP signals and present simulation results, which are then compared to the according
measurements.
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Part Il.

Theory
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An LVP tool measures the modulated part of the reflection of the laser light that is
caused by the device activity. This part covers the theoretical background of laser light
interaction with an IC. Properties of light in general and laser light in particular will
be examined in chapter 1 and 2, followed by an outline of the interaction of light and
matter (chapter 3); the last chapter deals with the relevant effects, which might occur
in a switching device, while a laser beam is focused on its active areas.

12



1. Propagation of light

The classical theory predicted the wave character of light (light as an electro-magnetic
wave that e.g. satisfies Maxwell’s equations), later, in the early days of quantum me-
chanics, Einstein explained the photo-electric effect with the particle character of light
(the light particle is called ”photon”). Today we know that light can be understood as an
electro-magnetic wave or a photon (wave-particle dualism), depending on the exper-
imental conditions !. Accordingly, in the following, both - wave and particle - properties
are used to explain the main characteristics of light.

The first three chapters describe light as an electro-magnetic wave, i.e. time- and
space-dependent variations of coupled electric and magnetic fields. The vector wave

equations for free space (vacuum) are expressions for these electro-magnetic waves.

For the electric field E:

O*E
2
V E = MOGOW. (11)
And the magnetic field B:
2
B
2p
V B = NOEOW. (12)

The derivation of these equations from Maxwell’s equations has been performed
in the literature several times, but is not shown here. For further information see e.g.
[Hec87]. In these equations, 1 is the permeability (the index 0 stands for ”free space”),
€ is the electric permittivity and ¢ is the time. In a homogeneous, isotropic dielectric
medium g becomes pop, = p (the index r stands for ”relative”) and €y becomes €pe, = €.
The phase velocity in such a medium is defined as

1
Ve
1

The ratio of the speed of an electro-magnetic wave in vacuum (¢o = \/M) to that in

(1.3)

v =

matter is known as the absolute index of refraction n:

©_ K (1.4)
v Ho€o

n

!More precisely: In quantum theory, the location of an object (particle) is not defined, as long as it
is not measured. Until then, one can only predict a probability to find the particle in one specific
position. The probability in turn satisfies the wave equation, but this still does not mean that the
particle itself can be understood as a wave.

13



The vector wave equations are derived under the condition that the media are non-
conducting. In metal, for example, the time rate of change of E generates a voltage,
currents circulate, and since the material is resistive, light is converted to heat - ergo
absorption occurs (see [Hec87]). This leads to a complex index of refraction 7:

i =n—ik. (1.5)

Where n is the absolute index of refraction and k is the extinction coefficient, in
which « is the linear absorption coefficient and ) is the wavelength:

A

=

With the introduction of a complex index of refraction, the vector wave equations can

be used for conducting materials (incl. semiconductors) as well, although they have been
derived for non-conducting materials.

(1.6)
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2. Properties of laser light

Plane waves are a quite simple solution of the vector wave equations. They are three-
dimensional transversal electro-magnetic waves, which means that the electric and the
magnetic field of the wave are perpendicular and both are perpendicular to the direction
of propagation. The electric field component E(r,t) can be written as

E(r,t) = Ege!(Kr+oFet), (2.1)

Where Eg is the amplitude of the electric field, r = [z,y, 2] is the position vector,
here k = [k;, ky, k-] is the propagation vector and k = 27” the propagation constant (or
number). Physically only the real part of the electric field is of interest. The term wt
represents the variation in time (with w = 27 f; f: frequency of the wave). Further, in
this equation, € is the initial phase angle of the emitted wave (if two waves are emitted
in phase, €; = €3). Or alternatively, with ®(r,¢) = kr + €:

E(r,t) = Eoe'(®F41), (2.2)

The wavefronts of such waves are planes, which are determined by kr = const..

Figure 2.1.: Schematic of a plane wave with kr = const. traveling at a small angle 6 to
the optic axis (after [Sie86])

Plane waves are defined to be expanding to infinity, so laser light can not be described
as a simple plane wave, because the beam radius, perpendicular to k (see figure 2.1), of

15



laser light is finite.

Spherical waves are waves that have an imaginary point source, which expands
radially uniformly in all directions. The wavefronts here are concentric spheres. Their
electrical field component can be written as

Eq,
E(p,t) = —elkeret), (2.3)
p
where p = /a2 + y? + 22 is the radius from the imaginary source. However, laser

light has only one direction of propagation, so again, it can not be described with the
model of a spherical wave.

Figure 2.2.: Schematic of a general spherical wave (after [Sie86])

A better way of describing laser light is to observe a plane wave that traverses a slit
that is determining the wave in x- and y-direction. The result of such a wave is shown
in figure 2.3.

The intensity profile of a laser beam versus its radius is following the Gaussian dis-
tribution, see figure 2.4.

Here, the waist of a Gaussian beam wq is defined as the radius from the center of
the beam to the point, where the intensity of the beam is decreased to e~!. The power
transmission of the Gaussian beam through a circular aperture with the radius a = wy
is &~ 86% (compare to [Sie86]). Figure number 2.5 shows a collimated waist region of
such a Gaussian beam. The ”spot size” of the beam is then 2wy. The beam expands
as it propagates from the waist region. The distance, which the beam travels from the
waist until the beam diameter increases by v/2, or until the beam area doubles, is given
by

16



Figure 2.3.: Huyghen’s principle: diffraction of a plane wave at a slit with the width d
(source: [EE90])

A ()

[

1 0 1 " riwg

Figure 2.4.: Gaussian distribution - intensity I versus radius r of a circular Gaussian
beam (after: [Sie86])

2
Z=2zR = WTU)O, (2.4)

the Rayleigh range, which divides the near-field (Fresnel regions) from the far-field
(Fraunhofer regions).

The ”depth of focus” or the confocal parameter b is given by b = 2zi. In the center

(z=0), the wavefronts are plane. To simplify matters, it will be assumed that within the
confocal parameter, laser light can be understood as a plane wave and will be treated

17



Figure 2.5.: Collimated waist region of a Gaussian beam; the diagram shows the prop-
agation of a Gaussian beam: changes of the beam radius w(z) and of the
radius of curvature R(z) of the wave fronts (source: [EE90])

like that in the following paragraphs.

18



3. Interaction of light and matter

The following sections give an overview of the interactions of matter and a light wave -
a plane wave, as which laser light has been approximated in the previous chapter. First,
a general description of reflection, transmission and absorption will be given, including
the phase shift at interfaces, then interference effects will be discussed in detail. The
dependency of the reflection on the device activity will be investigated in chapter 4.

3.1. Reflection, transmission and phase shift at interfaces;
absorption in media

When a light wave is incident on a plane surface, the light can be reflected and refracted.
Neglecting multi-reflections at other interfaces for now, the refracted part of the wave
can either be transmitted through the medium or it will be absorbed by the medium.
The following paragraphs will deal with the Fresnel equations - which describe, whether
there is a phase shift between the incident wave and the reflected / transmitted wave
- and the reflectance and transmittance - which determine the ratio of the reflected /
transmitted power to the incident power in percent.

A complete derivation of the general Fresnel equations can e.g. be found in [Hec87].
However, here only the simplified equations for non-magnetic materials, where p, = 1, so
W = po, for all materials used (u; = pt = po; indices: i-medium of incidence, t-medium
of transmission) are shown. The Fresnel equations differ for the two possible orienta-
tions between the electrical field of the laser beam and the plane of incidence (see figure
number 3.1):

3.1.1. o-case

If the electric field is oriented perpendicular to the incident plane, the amplitude re-
flection coefficient is calculable as follows:

B (E(]r) _ n;cos(0;) — nycos(0y)
Po = Eoi)  nicos(6;) + fgcos(6;)

For the case that the laser beam is perpendicular to the surface of the device (normal
incidence), the angle 6; is zero, which simplifies the equation even further (6; = 6;):

(3.1)

ng — Tt

= . 3.2
Po Fii + Tig (3.2)

19



Interface n

Figure 3.1.: Definition of the terms used here: plane of incidence and orientation of the
electric field to it, shown here: a wave whose electric field is normal to the
plane of incidence (source: [Hec87])

The amplitude transmission coefficient for this case is defined as
Tg = <‘E0t> = — 277”608{92') . (33)
Ey; nicos(6;) + ngcos(6)

And again, with the assumption that the laser beam is oriented perpendicular to the
incident plane, this simplifies to

2n;

- 3.4
ng + Ny (34)

To =

In this case, 7 + (—p,) = 1 (this is true for all incident angles).

3.1.2. m-case

If the electric field is oriented parallel to the incident plane, the amplitude reflection
coefficient for normal incidence is

ng — Ny
P (3.5)

The negative sign in this equation compared to equation 3.2 means that a 180° phase
shift of the electric field component occurs, when the first (incident) medium has a higher
index of refraction as the second medium, compare to section 3.1.3 (note that this is

only true for normal incidence).

Pr =

20



The amplitude transmission coefficient for this case is (for normal incidence)
2n;
n; + g

(3.6)

Te =

Here 7 + pr = 1 (only true for the assumption of normal incidence).

3.1.3. Phase shift at interfaces

Figure number 3.2 shows the result of the amplitude reflection coefficients for reflection
at an interface. The two media consist of the indices of refraction n;=3.4975 and ns,
where ng is varied within 3.495 and 3.5.

?;4495 3.496 3.497 3.498 3.499 35
n, varied [-]

Figure 3.2.: Amplitude reflection coefficients for reflection at a single interface with
n1=3.4975 and ny varied. a) o-case (for the electric field component per-
pendicular to the incident plane) b) m-case (electric field component parallel
to the incident plane)

In this graph, two cases are shown: p, is the reflection coefficient for the electric field
component oriented perpendicular to the incident plane; p, is the reflection coefficient
for a parallel orientation of the electric field. The meaning of the negative sign of the
reflection coefficient is that a phase shift of 7 radians takes place, so the component
of the electric field undergoes a 180° phase shift. As can be found in the graph, for
the o(m)-case this always happens, when the first medium has a lower (higher) index of
refraction then the second medium (external reflection for n; < ny (n; > n;)). The
phase of the electric field stays the same, as long as the index of refraction of the first
medium is higher (lower) or more (less) dense: n; > ny (n; < ny), which is called in-
ternal reflection. Note that this is only true for light that traverses the interface from
medium 1 to 2. If there was light being reflected at interfaces beyond the structure, so
that the light traverses in the opposite direction - from medium 2 to 1 - of course, the

21



relations change, due to the opposite ratio of the indices of refraction.

Figure number 3.3 shows the amplitude transmission coefficients for the two cases and
the structure described above.

1.0004

1.0003F

1.00021

1.0001F

= 4l
=

0.9999-
0.9998-

0.9997} b)

0'9989195 3.496 3.497 3.498 3.499 35

n, varied [-]

Figure 3.3.: Amplitude transmission coefficients for reflection at a single interface with
n1=3.4975 and ng varied. a) o-case (for the electric field component per-
pendicular to the incident plane) b) m-case (electric field component parallel
to the incident plane)

The transmission coefficient is always positive, which means that - regardless of the
indices of refraction of the two media - there is no phase shift in the component of the
electric field being transmitted through the interface compared to the incident compo-
nent.

3.1.4. Reflectance and transmittance

The reflectance R (ratio of the reflected power to the incident power) and the trans-
mittance T (ratio of the transmitted power to the incident power) are defined as follows
(for normal incidence) (R+ T = 1):

Eor|? 2
R= ‘ —1p?, 3.7
el = 57
po BBl (3.8)
n; | Eo; ng ' '

Figure number 3.4 and 3.5 show the reflectance and the transmittance for the situation
described in section 3.1.3. Since both - reflectance and transmittance - are calculable
with the according amplitude coefficients squared, the result is always positive and thus
the results for the two different orientations of the electric field to the incident plane are
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the same.
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Figure 3.4.: Reflectance at a single interface with n1=3.4975 and no varied. o- and
m-case results are equal.
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Figure 3.5.: Transmittance through a single interface with n,=3.4975 and ng varied. o-
and m-case results are equal.

The combination of the amplitude reflection coefficients and the reflectance of an
interface describes, what happens with the reflected component of the electric field of
the incident beam: the reflectance provides the ratio of the reflected power to the incident
power in percent and the amplitude reflection coefficient points out, whether there is a
phase shift between the incident wave and the reflected wave.
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3.2. Interference effects

In the paragraphs above, the properties of only one interface were described. However,
in a real device, there are many different interfaces (compare to table 11.2) with the
according properties such as indices of refraction, reflection coefficients and phase shifts
between the incident wave and the reflected wave. When all these parts of the reflected
beam interfere, the overall reflection (LVP signal, compare to section 4) will change in
amplitude and phase. The following paragraphs will examine, how the parts of the beam
that gets reflected will interfere.

Suppose that there are N overlapping waves having the same frequency and traveling

in the positive x-direction, the resulting wave is given by superposition (compare to
equation number 2.2):

N
E=|> Ege® | (3.9)
j=1

The composite wave is harmonic and of the same frequency as the constituents, but
amplitude and phase are different.

Epe'® = Z;-VZI oneiq’j is the complex amplitude of the composite wave and Eg can be

calculated from Eg = M = \/(E06i<1>) (Egei®)*.

3.2.1. Two-beam interference

For two-beam interference (N=2) the composite wave is calculable as follows:

Eg = \/(E016i¢’1 + Eogei@Q) (Eole_iq)l + Eoge_icbz)

= \/E%1 + Efy + Eq1Egp [¢/(P17®2) 4 e—i(P1-®2)], (3.10)

or

E() = \/E(Q)l + E32 + 2E01E02008(q)1 — (I)Q). (3.11)

So the result is not simply the sum of the components, but there is an additional con-
tribution 2Eg; Egacos(®1 — ®2), known as the interference term. The crucial factor is
the difference of the phase between the two interfering waves Eg; and Egs 6 = &1 — .
When § = 0, +2m, +4, ... the resultant amplitude is a maximum (constructive in-
terference), whereas § = +m, £3m, ... yields a minimum (destructive interference).
Since ®(r,e) = kr + € the phase difference / shift may arise from a difference in
path length traversed by the two waves, as well as a difference in the initial phase
angle. If the two waves are initially in phase (e; — ez = 0)
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2
= —n(r1 — x2) (3.12)
Ao
(for x-direction), with 72 the index of refraction of the medium the wave traverses. Then
the quantity n(z1 —z2) is known as the optical path difference. If ¢ —es = const. the
waves are said to be coherent. The phase of the composite wave is calculable as follows:

® = arctan (%TZ((g))

reflectance resulting from two interfering waves can be derived:

). From equations number 3.11, 3.12 and 3.7 a proportionality of the

R o E§; + Ef, + 2Eq1 Egzcos(0). (3.13)
If the amplitudes of the two waves were the same, Eg; = Egs, this lead to:
2R01(6 = 0,2, ...)
m-p 0 | o

000 =m,3m,...)
X - R01(5 = %’ﬁ(l‘l — IL‘Q))

This equation shows that the reflectance in such a situation can vary between 0 and
2Ry depending on the phase shifts between the two waves, which can arise from a
difference in path length or from the reflection off an interface that shifts the phase by
7 due to the properties of the index of refraction (see 7- and o-case in section 3.1). In
opposition to the situation just described (Eg; = Eg2), it is possible that the amplitudes
are not the same due to the properties of the interfaces from which the waves are reflected.
This also effects the strength of the reflectance.

3.2.2. Multi-beam interference - Matrix formalism

Until now, multiple reflections at interfaces and the resulting interferences were ne-
glected. If the reflections at the interfaces are large, these reflections need to be taken
into account, because the different parts of the beam interfere and are all contributing
to the overall reflectance. All the reflections of the beam are partly phase shifted in
comparison to the others and the amplitude is decreased due to the according product
of reflection and transmission coefficients. If the structure of interest is only one layer
(e.g. a plate), it is possible to calculate the reflectance of the plate with the multi-
reflections included by hand, but if the medium consists of more layers, the calculation
gets fairly complex. In the following paragraph, a formalism to calculate the reflectance
(for normal incidence) of such a structure is explained [KF88].

Figure 3.6 shows a structure with multi-reflections. The angle € shown in the graph
is 0° for normal incidence. The interference effects are caused by the difference in path
length and the properties of the interfaces. Figures number 3.7 and 3.8 show the notation
for the matrix calculations described in the following. The light enters the system from
the left. Two arbitrary adjacent layers are labeled 7 and j. The optical electrical field
in each layer consists of two components: for the layer j E,; travels to the right and Ej;
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Figure 3.6.: Beam propagation for multi-beam interference, after [KF88|

n, e n n; n,
medium last
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Figure 3.7.: Matrix formalism: Terms for the layers and their properties, after [KF8§]

travels to the left. Each layer has two sides; the fields at the left side are not labeled in
addition, the fields at the right side are labeled with a dash. Matrices at each point in
the system can now be declared. For the fields at the right side of layer ¢ the matrix can

be written as
E, = ( E!A ) (3.15)

T

Analogously for layer j:

E, = ( E’l] ) , (3.16)

rj
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Figure 3.8.: Matrix formalism: Terms for the fields at both sides of an interface between
layer i and j, the waves travel from the interface or to the interface, after
[KF88]

and at the left side of this layer:

E; = ( EU ) : (3.17)

rj
When the wave hits the interface of layer ¢ and j, the according amplitude reflection

and transmission coefficients are p;; and 7;; (compare to equation number 3.2 et sqq.).
The transfer matrix H for this interface is defined as

1 L pi
H,, = — 7. 3.18
1) Tij < pij 1 ) ( )

So for example the fields at the right side of layer ¢ can be described with

E;, = H,E;. (3.19)
The propagation of light through layer j is defined by its propagation matrix L.

e~ 0; 0
L; = ( 0 i > (3.20)

In this equation ¢ is the difference in path length or phase factor, which has already
been defined in equation 3.12. The fields at the left side of layer j can now be calculated
with

E, = L;E]

. (3.21)
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One boundary condition needs to be defined: in the last medium, there should be no
wave which travels to the left side, so

Ey = ( E?N ) . (3.22)

Exercising the matrix multiplications above will show that the matrix formalism is
a concise way of calculating the electric fields at any point in the system (see [KF88]
for more explanations). Further the entire system can be described with the matrix
multiplication. Equation number 3.23 shows how the system matrix S can be expanded
easily for N media:

(3.23)

S S
H12L2"'LN*1HN71,NESUV: ( 11 12 )

Sa1 Sao

The overall amplitude reflection and transmission coefficients (for 7- or o-case, de-
pending which orientation was used for the declaration of equation number 3.18) are
calculable as follows:

E; _ S
= 212 3.24
P=E. " S (3.24)
=By _ 1 (3.25)
E, S22

And with equation number 3.7 the overall reflectance (LVP signal, see section 4) of
the system can be extracted:

R=|p]*. (3.26)
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4. Relevant effects that influence the
reflection from a device

As described in chapter 3, the overall reflectance of a structure is calculable with the
index of refraction, the extinction coefficient (see equations 3.2-3.7) - i.e. absorption
coefficient - and the thicknesses of the according layers (see equation 3.12). Most of the
layers that can be found in a MOSFET structure have properties, which are independent
of the voltage that is applied to the DUT. However, the optical properties of silicon
depend on the laser wavelength - in LVP tools, NIR-lasers are used - , the temperature,
the electric field and the free carrier concentration. In addition to these effects, in
the active area of a MOSFET, the optical properties change with the variations in the
electrical properties due to the applied device voltage, as well. Not only the thicknesses
of the space charge regions (SCR) and the inversion channels are modulated, but the
index of refraction and the extinction coefficient vary due to the device action, too. This
chapter outlines the effects, which change the optical properties as described above. The
resulting influence on the reflectance will be discussed in detail in part VI. Chapter 6
will describe, how the two parts of the reflection (the static part and the modulated
part) are used to produce an image and the LVP signal.

4.1. Geometrical effects

In the static condition of a device, the index of refraction and the extinction coefficient
at a point (x, y) are depending on the position of the laser beam. For example, in a
large FET, drain and gate can be distinguished from each other, so the laser can be
pointed to the drain or the gate of the structure. The optical parameters differ for both
positions: the refractive indices, the extinction coefficients and the thicknesses of the
layers are distinctive, which in turn influences the reflectance for both positions. If the
device is stimulated electrically, the parameters of the layers - such as SCR and inversion
channels - will change with the voltage and thus influence the LVP signal, too.

4.2. Wavelength dependent effects

The following paragraph reviews the absorption coefficient and the index of refraction
for intrinsic silicon depending on the wavelength. The other effects show a wavelength-
sensitivity in addition, but the according dependencies are described in the paragraphs
separately.
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4.2.1. Optical absorption in intrinsic silicon

When photons are absorbed by the semiconductor, generation of electron-hole pairs oc-
curs, if the conservation of momentum and energy are satisfied: The energy and the
momentum of the photons are transferred to the electrons and the phonons (quasi par-
ticle that describes lattice vibrations, energy in the range of thermal energy) during the
interaction. The process of generating electron-hole pairs (inter-band absorption) can
occur, if the total amount of energy of the photon and the assisting phonon is equal
to or higher than the band-gap energy of the semiconductor. If the photon energy is
higher than the band-gap energy, the energy difference is finally transformed into heat
energy (phonons) until the electron-hole pair reaches minimum energy (i. e. the band-
gap energy). If the photon energy is lower than the band-gap energy, electron-hole pair
generation will usually not take place, but the absorbed energy will be transformed into
thermal energy (intra-band absorption causes lattice vibrations, phonons). There are
also phonon-assisted generation processes for sub-band-gap energies, but they are less
probable.

The band-gap energy of intrinsic silicon is 1.12 eV. The energy of a photon of the laser
light is calculable by

hc

E= R (4.1)
where h is Planck’s constant. So for wavelengths lower than 1107 nm (energy higher
than 1.12 eV) electron-hole pair generation is likely to occur. The absorption coefficient
depending on the wavelength (photon energy) is illustrated in figure 4.1 (figure 4.2).
Graph 4.2 clearly shows the relatively steep slope around 1.12 eV, the band-gap energy
of silicon. For indirect semiconductors (Si, Ge) the conservation of momentum can only
be satisfied with the interaction of phonons, which makes the process less probable in
comparison to direct semiconductors. This is the reason, why the slope of the absorption
coefficient versus the energy of the photons for indirect semiconductors is not as steep

as the slope of direct semiconductors (GaAs, compare to [WE94]).

4.2.2. Dispersion

The dependency of the index of refraction on the wavelength is called dispersion.
Figure number 4.3 shows the dispersion behavior of intrinsic silicon (Si) at 300 K [Ble86].

4.3. Temperature dependent effects

As discussed in section 4.2.1, besides electron-hole pair generation, the photon energy
of the laser light will be transformed into thermal energy (phonons). The energy that
is coupled into the device, while the measurement is performed (laser scanning across
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Figure 4.1.: Absorption coefficient (semi-logarithmic scale) of intrinsic silicon depending
on the wavelength (source: [Ble86])
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Figure 4.2.: The absorption coefficient (semi-logarithmic scale) of intrinsic silicon de-
pending on the photon energy (source: [Ble86])
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Figure 4.3.: Dispersion: index of refraction depending on the wavelength, graph shows
data for intrinsic Si at 300 K

the structure or pointed statically to one position), can be calculated by the following
equation:

E =Pt (4.2)

Here, P is the laser power and t is the time the sample is exposed to the laser beam. To
prevent the device from the influence of the thermal energy or even from destruction,
either the laser power or the scanning time can be reduced (the higher the scanning
speed, the lower the energy impact). For a good signal-to-noise ratio, it is necessary
to decrease the scanning speed, so the factor that is determining the energy impact on
the device is the laser power. Other LVP-setups employ pulsed lasers (not used for this
work, compare to chapter 5), which allow the use of higher laser powers: with a shorter
exposure time the energy impact can be controlled.

4.3.1. Thermo-optic coefficient

The thermo-optic coefficient is defined as % [1/K]. The thermo-optic coefficients of
silicon for various wavelengths and temperatures were measured by Frey et al., the
results can be found in figure number 4.4 [FLMO06]. To determine the thermo-optic
coefficient, the peak temperature variations, caused by the laser, need to be evaluated
(for the evaluation of the thermo-optic coefficient according to the lasers employed in
this work see section 11.1).
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Figure 4.4.: Measurement of the absolute index of refraction of silicon as a function of
wavelength for selected temperatures [FLMO6]

4.4. Effects depending on the electric field

There are several active electric fields in a FET - e.g. in the SCR of the drain-to-well
junction and underneath the gate (varactor). The strengths of both electric fields (Eqpp)
alter with the voltage that is applied. Since magnetic fields can be neglected in silicon
devices, the magneto-optic effects (such as the Faraday effect, which rotates the plane
of polarization) are not covered here.

4.4.1. Franz-Keldysh effect or Electro-absorption

The Franz-Keldysh effect is a photon assisted tunnel effect, which alters the fundamental
optical absorption spectrum (see section 4.2.1) of a semiconductor in the presence of a
high electric field. In 1957 / 1958, this effect has been described by W. Franz [Fra58] and
L. V. Keldysh [Kel58] independently for the first time (for further information see [Kel64],
[Wil60], [Pan71]). The change in the fundamental absorption is caused by a reduction
of the effective band-gap energy. As described in 4.2.1, a photon with an energy that
is lower than the band-gap energy — in general — will not generate an electron-hole pair
(sharp edge in the absorption spectrum). A valence electron that has a lower energy than
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the band-gap energy could only get into the conduction band, if it tunnels an energy
barrier. The height of this barrier is depending on the band-gap energy and the photon
energy. The thickness of the barrier is depending on the electric field (the higher the
field the thinner the barrier). If a high electric field, in the range of 103 %, is applied,
the edges of the valence and conduction band will bend and thus decrease the thickness
of the energy barrier, which will in turn increase the probability of tunneling [Kel57].
So with an increasing electric field, the sharp edge in the absorption spectrum is oblate
for photon energies lower than the band-gap energy, i.e. the absorption coefficient is
increased.

The electro-absorption spectrum has been measured by Wendland and Chester. Figure
4.5 shows the electro-absorption spectrum of silicon for various strengths of an electric
field [WC65].
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Figure 4.5.: Electro-absorption spectrum of silicon for various strengths of an electric
field [WC65]

The graph shows two major electro-absorption peaks at photon energies of 1.175 eV
(corresponding to 1055 nm) and at 1.06 eV (and 1170 nm laser wavelength).
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4.4.2. Electro-refraction

Electro-refraction is the term for the dependency of the index of refraction on the electric
field. Using the Kramers-Kronig relation (a correlation of absorption and dispersion),
Soref and Bennett calculated the electro-refraction from the data shown in figure 4.5
(electro-absorption) - the result is shown in figure 4.6.
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Figure 4.6.: Electro-refraction spectrum in silicon [SB87]

Note that An is positive for wavelengths higher than 1050 nm and negative for wave-
lengths lower than 1050 nm and is a strong function of wavelength. Further the authors
found an increase rate of A” % slightly stronger than E? (E ~ (aF?)) and they predict a
polarization dependence of electro refraction: it will be 2x stronger for Eop; || Eqpp than
for Eope L Egppi-

4.4.3. Kerr effect

Another effect that describes the dependency of the index of refraction on the electric
field is the Kerr effect [HAT9]. The applied electric field causes an orientation of the
charge carriers in the material (crystals and liquids), which in turn causes birefringence.
The Kerr effect depends on the orientation and polarization of the incident beam and
the orientation of the applied electric field.

Soref and Bennett estimated the Kerr effect in silicon using the anharmonic oscillator
model [SB87]:
An = —3¢*(n* — 1)E?/2nm*wiz?, (4.3)

which is proportional to the electric field E squared and independent of the wavelength.
In this equation q is the electronic charge, n is the unperturbed index of refraction of
silicon, m the effective mass, wy the oscillator resonance frequency and x the average
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oscillator displacement.

Figure number 4.7 shows the result of this approximation for A=1300 nm (wy = 27-10*°
rad/s; * = 107 m). The authors describe an uncertainty about the sign of the Kerr
effect: the anharmonic oscillator model predicts a negative sign, where an experiment
suggested a positive sign.
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Kerr Etfect
A=1.3 or 1.6 um

1077

APPLIED ELECTRIC FIELD (V/cm)

Figure 4.7.: Kerr effect in silicon versus E as determined from the anharmonic oscillator
model [SB87]

4.4.4. Pockels effect

The Pockels effect describes - similarly to the Kerr effect - birefringence in crystals caused
by an electric field. In contrary to the Kerr effect, here the dependency of the refractive
index on the applied electric field is linear. This effect is present only in materials that
do not have a symmetrical crystal structure (e.g. Gallium-Arsenide). Since silicon is a
symmetrical crystal, this effect is negligible.

4.5. Free carrier effects or Plasma-optical effects

Free carrier effects describe the change in the index of refraction and the absorption
coefficient in silicon depending on the density of free carriers. In addition to the free
carriers that are present in a semiconductor device in static condition, free carriers can
also be injected (+AN) depending on the voltage that is applied to the device. One
example for the presence of free carriers in a FET is the inversion channel.
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4.5.1. Free carrier absorption

The changes in the absorption coefficient (and the index of refraction) caused by free
carriers can be derived from the classical theory of dispersion in dielectrics. A com-
plete derivation of equations number 4.4 and 4.5 is shown in the appendix (14.1). The
calculations predict changes in the absorption coefficient according to:

2.3 AN
Aa = A

= . . 4.4
4r2cdeg nmipu (44)

In the above, A« is the change in the absorption coefficient (positive), p the mobility
and AN the change in charge carrier densities. Here n = ng+ An, where ng is the index
of refraction with taking dispersion into account (compare to section 4.2.2) and An the
change in the index of refraction due to free carriers calculable from equation 4.5.

Soref and Bennett also investigated the free carrier effects in silicon (free carrier ab-
sorption and refraction - for the latter see section 4.5.2). The authors collected absorption
spectra data based on free carrier effects from the literature and presented the combined
absorption spectra from 0.001 up to 2.8 eV for free electrons and holes (see figure 4.8
and 4.9 [SB87]).
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Figure 4.8.: Optical absorption spectra of silicon showing the influence of various con-
centrations of free electrons [SB87]

In graphs number 4.10 and 4.11, the authors plotted the experimental results and the
theoretically achieved data versus the free carrier concentration. The results reveal that
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Figure 4.9.: Optical absorption spectrum, various concentrations of free holes [SB87]

the data predicted by the theory are approximately 0.5 of the actual values for holes and

0.25 of the experimental values for electrons .

4.5.2. Free carrier refraction

Changes in the index of refraction (An) due to free carriers (AN) are calculable as
follows (see appendix for derivation of the equation):

B 2 (g\)? ‘ AN
An = \/”0 W(reoltey m (4.5)

The free carrier refraction data was extracted from the free carrier absorption data by
Soref and Bennett from the graphs shown in figure 4.10 and 4.11. The resulting curves
are shown in figure 4.12 and 4.13.

From this set of refraction data versus wavelength, the dependency of the index of re-
fraction on the charge carrier density for free electrons and holes was determined at the
two wavelengths: 1300 nm and 1550 nm. The results of 1300 nm are shown in figure 4.14.

!Note: the equations for free carrier absorption and refraction shown in their publication ([SB87]) differ
slightly form the equations shown in this work, which might be a reason by itself that the theory
differs from the experimental data. And: investigations of the theory showed that the dependency of
the absorption coefficient on the mobility changes the results, depending on which model is chosen
for the calculations of the mobility. The model used for the mobility calculations in this work is
explained in chapter 12.1.3 and shown in the appendix.
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Figure 4.10.: Absorption as a function of free electron concentration [SB87]
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Figure 4.11.: Absorption as a function of free hole concentration [SB87]

Their theory predicts that Anp = 0.66An. over the entire AN-range. The results
show Anj, = 3.3An, at 107 em™3. For electrons, the data is in good agreement with the
prediction of the theory, but for holes, the dependency on the free carrier concentration
differs from the theory.
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Part IIl.

LVP setup and measurement
methods
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5. LVP setup and components

In part II the relevant effects that influence the reflection from a device were described.
This part discusses the setups and measurement methods, which are used to detect
these changes in the reflection. Chapter 5 will outline the general LVP setups and the
modifications that were introduced for the setup of this work. Further it will discuss
topics like the laser wavelengths. In chapter 6, new and conventionally used measurement
methods will be summarized and the image acquisition scheme will be explained.

5.1. General overview of LVP setups

The key components of an LVP tool are the laser scanning module (LSM), the data
acquisition electronics, the GUI for interaction of the user and the system and of course
the laser and the device under test. The commercial systems that are available on the
market (e.g. the IDS 2000 from Credence Systems, former Schlumberger) employ a 1064
nm ML laser and precision timing electronics. To obtain waveforms of digital signal
patterns (timing-information) with a ML laser setup, complex sampling and synchro-
nization techniques between a tester and the probing equipment are necessary and the
ML laser needs a well-controlled environment (see e.g. [BDM*99]). Usually the acqui-
sition time for one single waveform is about a few minutes. Due to constantly growing
demand on system performance, several different setups were described in the literature
(e.g. the Dual Laser Noise Reduction Scheme or the Phase Interferometer Detection
(PID), compare to [BDM199] and [WLO00]), but are not discussed here.

5.2. The LVP setup used for this work

To keep the system simple, for this work, a setup with a cw laser has been used in
so-called Standard Mode [WL00]. Instead of a tester, a function generator was used to
drive the device. For the extraction of the frequency information, a spectrum analyzer
(SA) was employed, which reduces the acquisition time drastically (instantaneously to
seconds, depending on the data treatment). The schematic diagram of the experimental
setup is shown in figure 5.1. Specifications of all the tools used in this work are given in
the appendix (14.3). The measurement methods are outlined in chapter 6.

The design used here (Standard Mode, see above) was derived from the PDP mode
(polarization difference probing, see [LNB104]), which uses a common-path interferom-
eter. The optical path of the PDP mode is shown in figure 5.2. A detailed description of
the optical path of the PDP mode can be found in [LNBT04]: two orthogonal, linearly
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Figure 5.1.: LVP setup for time-domain measurements, voltage sweeping and modula-
tion amplitude mapping, DUT: device under test, OL: objective lens, PBS:
polarizing beam splitter, LSM: laser scanning module, cw: continuous wave

polarized laser beams, generated from the same laser, are incident on the same point in
the device under test. The beam modulation due to device interaction is unequal for the
two beams, because of the polarization dependence of the reflectance (see section 3.1: o-
and 7-case). The two beams interfere after the interaction with the device took place.
The incident beam path is shown at the top of figure 5.2. In order to control the reflected
beam power, the incident laser power is monitored using the incident pick-off (incident
p/o) generated at the first polarizing beam splitter cube (PBS1). The next PBS cube
(PBS2) is oriented to transmit the remaining vertically polarized beam. The beams
polarization state is rotated 45° from the vertical by the action of the Faraday rotator
(FR); the third PBS cube (PBS3) is oriented to transmit this beam. An equivalent de-
scription of the beam at this point is that it is the superposition of a vertically polarized
beam and a horizontally polarized beam, both beams equal in amplitude and in phase
with each other. The fast and slow axes of the variable-retarder (VR or wave plate)
are aligned along these two polarization directions. Thus, after passage through VR,
the beam incident on the DUT consists of two spatially coincident, equal-amplitude, or-
thogonally polarized beams that are phase-shifted (retarded) with respect to each other
by a small amount (nominally, 7). After retro-reflection by the DUT (see bottom of
figure 5.2) the two linearly polarized beams retrace their path to VR. Passing through
VR introduces an addition phase-shift between the two return beams (now nominally
phase-shifted by 7). At PBS3, half of each beam is reflected and half is transmitted.
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The transmitted halves are deflected out of the beam path via the action of FR and
PBS2. The reflected halves interfere, since they are now in the same polarization state,
and generate the reflected-A signal. The transmitted halves also interfere for the same
reason, generating the reflected-B signal (for more details see [LNBT04]).

Incident p/o
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Figure 5.2.: PDP optical path showing the polarization state of the laser beam. Top:
Incident beam path, Bottom: Reflected beam path. FR: Faraday Rotator,
VR: Variable Retarder, OL: Objective Lens, p/o: Pick-Off. Along the beam
path, vertically oriented arrows indicate a vertically polarized beam while
dots indicate a horizontally polarized beam. A tilted arrow indicates a beam
that is linearly polarized at some angle off the vertical. Spatial separation
between a dot and an arrow depicts a phase difference between the two
beams. The dotted circles in the incident beam path, between PBS3 and
VR, indicate the equivalence between a 45° polarized beam and two in-phase,
equal amplitude beams that are polarized vertically and horizontally.

For the standard mode, only the reflected-A is used (in this case the Faraday-Rotator is
not necessary). The detected amplitude of the reflected beam thus contains information
of the amplitudes from both polarization states plus the interference of both in the form
of one single data point (simply called "reflected light” in the following).

5.2.1. Interference of polarization states at the detector

As described above (5.2), the setup only enables amplitude measurements, which means
that both components of the electric field (perpendicular and parallel to the plane of
incidence) interfere at the detector as described in equation 3.11 in section 3.2.1. As
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shown in figure 5.2, the reflected-A signal consists of two reflected halves of a beam that
interfere, since they are in the same polarization state. The phase shift between the two
halves is 7, so from equation number 3.11 it can be derived that the interference of the
two beams results in a simple addition of the two reflected waves (the difference in path
length should be the same for both). The two polarization states, however, may cause
different properties for the respective interfering waves due to the effects described with
the equations number 3.2 (o-case) and 3.5 (w-case). In addition, the indices for both
polarization states may differ due to electro-refraction as described in 4.4.2, which might
alter the amplitudes of the fields, as well.

5.2.2. Laser wavelength (1064 nm versus 1319 nm)

As described in section 4.2, the effects that occur in silicon while a laser beam is focused
onto the active areas of the device are depending on the wavelength used. Further it
was shown that light with photon energies greater than the band-gap energy is capable
of generating electron-hole pairs. This means that lasers with wavelengths lower than
1107 nm (equivalent to 1.12 eV) can influence the signal while the measurement takes
place, which should be avoided. For example (see [BDMT99]), this was found in ML
laser measurements of pre-charged floating memory cells (timing of the discharge - read
cycle - depends on the laser power and the pulse width). However, the same publication
described that nA (typical range of induced photo currents) do not affect the waveform
timing information noticeably for circuits with non-floating nodes. On the other hand,
the resolution plays an important role. The limit of resolution a,,, (after Abbe) is
defined as

A

Amin = m:

for coherent light and perpendicular incidence (e.g. compare to [KF88] or [Hec87]),

where NA is the numerical aperture. This means that to obtain the best resolution

it is necessary to either reduce the wavelength or to increase NA. The NA of the lens

employed in the system was 0.85. For the measurements of this work, two lasers with

different wavelengths were available: a 1319 nm laser, with a photon energy (0.94 V)

well below the band-gap energy to avoid electron-hole pair generation (non-invasive)

and a 1064 nm laser that is capable of generating electron-hole pairs (photon energy
1.17 eV, slightly above the band-gap energy) but decreases the limit of resolution.

(5.1)
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6. Measurement methods and image
acquisition

A laser is focused to the active areas of the DUT through the thinned backside using a
high-magnification lens (100x objective). The beam position is controlled by the LSM.
The beam can either be scanned over the sample (to obtain signals for various positions
(x,y) and a fixed voltage level, compare to section 6.2.2), or pointed statically to one
position (which enables extraction of signal-to-voltage correlations, see section 6.2.2).
Light reflected from the DUT is measured by an avalanche photo diode (APD, detector)
used in linear mode. (Note that for output voltages higher than 1 V, the APD is not
in linear mode any more. This means that the power of the reflected light needs to be
kept low for all samples (especially the ones that are highly reflective) and for all areas,
where an accurate modulation depth needs to be extracted. This can be achieved by
reducing the laser power of the incident beam.)

6.1. Image acquisition

The static or DC part of the signal (Ry) for each pixel is sent to a multi-channel frame
grabber card. The frame grabber also uses the (x, y) location information from the LSM
to construct an optical image (static part of the reflected light) from the 512x512 pixels
- see figure 6.1. To enable fast signal acquisition and image processing, the function
generator (set the drive voltages), the SA (read the modulation data) and the multi-
channel frame grabber (collect all the data needed to process the images) were controlled
by Labuview.

6.2. LVP signal acquisition

The second part of the signal, AR(t), is the RF component that is modulated by the
transistor dynamics (voltage dependence). It is amplified and sent to an SA and an
oscilloscope. The modulated part can be inspected in different ways. A) Time-domain
measurement: the oscilloscope shows the shape and sign of the signal versus time. B)
Frequency-domain measurement: a spectrum analyzer records the signal amplitude
at the frequency of operation (figure 6.2). The oscilloscope and the spectrum analyzer
measure only the raw voltage from the APD. In order to understand the physics of
LVP it is necessary to convert these measurement data into relative modulation levels
AR(t)/Ro [ppm] (see section 6.2.3). If the reflectance due to the device activity increases
from the DC value, the LVP signal is said to be ”positive”, whereas a decrease in the
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Figure 6.1.: Image of the DUT (static part of the reflected light) - markers show the
probe points in the center of the drain (left) and the gate (right)

reflectance results in a "negative” signal. This ”sign” information can be achieved from
the waveform taken with the oscilloscope, which shows the information for one single
position, but can also be extracted with a lock-in amplifier, which is another frequency-
domain measurement method, described in section 6.2.2.

6.2.1. Time-domain measurement

Time-domain measurements have been widely used in commercial systems to extract
waveforms (signal versus time). This method helps investigating signals of unstable or
unknown frequencies, since it is not possible to set the SA to the frequency of operation
(compare to section 6.2.2). However, this method is time-consuming, a few minutes per
waveform, due to the high latency of the oscilloscope, but it is possible to extract the
sign (reflection increasing or decreasing) from the data.

6.2.2. Frequency-domain measurement

The frequency-domain measurement is faster and less noisy, due to the narrow reso-
lution bandwidth that can be used. Another advantage of the frequency-domain mea-
surement is that it does not need a trigger signal from the circuit. Only the frequency
of the signal needs to be known, then the SA can be set to this specific frequency.
This method gives no information about whether the acquired RF signal is increasing
or decreasing (sign). In opposition to the time-domain measurements, the measurement
methods based on the frequency have not been used in commercial LVP tools yet.

Based on frequency-domain signals, two different types of measurement can be per-
formed:

49



Bandwidth
Signal [ppm] 100 Hz

I > ¢
s e s oY | . so Spr AT e
Rte DI UK S
"0'0:.' o, el 1 1 DR R

- . | | | .
* 1
L L L
11 MHz ’ Frequency [MHz]

Figure 6.2.: Modulated signal versus frequency (frequency-domain). The amplitude of
the RF-signal has been converted into a calibrated modulation depth (parts
per million).

Voltage sweeping

One measurement method is the voltage sweeping (VS). Here the laser is pointed to
a specific position at the device - for example at the drain (see left marker in figure
6.1). One or more terminals of the device are driven by a square wave with a swept
amplitude voltage, for example from 0 to 1.2 V with 20 steps. The frequency of the
SA is centered at the peak frequency (same as the drive frequency of the device) with
zero span. At each drive voltage Vy,ive, the peak signal amplitude measured by the SA,
AR(t), is recorded and converted into a ppm value. The result is a diagram that shows
the modulation depth of the light versus drive voltage (figure 6.3).

Modulation amplitude mapping

A modulation amplitude map (MAM) can be produced by scanning the beam
across the device in x- and y-direction. In this case, the drive voltage applied to the
device is kept fixed. At each (x, y) pixel location, the ppm value from the SA is recorded
by an additional channel on the multi-channel frame grabber card (see figure 5.1). For
the acquisition, the scanning speed has to be rather slow to obtain a good signal-to-noise
ratio. Usually, for one image of 512x512 pixels, the scan time is around 200 s (the dwell
time of the beam at each pixel thus is about 1 ms). In this way, a two-dimensional
image of the signal modulation depth over the scanned area is recorded (see figure 6.4
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Figure 6.3.: Voltage sweeping: the laser is pointed to one specific position at the DUT,
here the drain, the amplitude of the drain voltage Vp is swept and the LVP
signal (|ARRe| in ppm) is recorded

b)). Simultaneously the static part of the reflected light is recorded to provide an aligned
optical image (6.4 a)). A similar technique has been reported in the literature, using
sample scanning instead of beam scanning [LFB105].

Modulation sign mapping

For the acquisition of a modulation sign map (MSM), the setup shown in figure 5.1
needs to be modified: instead of the SA a lock-in amplifier is used to evaluate the signal.
The trigger signal for the lock-in amplifier is taken from the same source as the drive
signal for the DUT (coming from the function generator, having the same frequency
as the drive frequency). The modified setup is shown in figure 6.5. Similarly to the
modulation amplitude maps, the MSM is performed by scanning the laser beam across
the structure while the drive voltage of the device is kept fixed and the values from
the lock-in amplifier are recorded by the multi-channel frame grabber. A MSM shows
for each position (x, y), whether the reflection of the device is decreasing (black in the
image) or increasing (white in the image) with the device voltage (sign). A showcase
MSM of a device can be found in figure 6.4, too (c)).

6.2.3. ppm-calculation

As mentioned above, the oscilloscope and the SA measure only the raw voltage from the
APD. To extract reflection information that can be correlated to the applied voltage,
relative modulation levels (Rpe;) need to be achieved. Since both, the static and the
modulated part of the reflected light P,..r, are depending on the incident beam power
Pipc (the higher the incident beam power, the higher the reflected power), the relative
modulation data is independent of the incident beam power:
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Figure 6.4.: a) Image, b) MAM with ppm values and ¢) MSM (white: reflection increases,
black: reflection decreases) for the same structure (dotted line is showing
the areas of drain (D), gate (G) and source (S))

Prer(t
R(t) = Pres(t) _ Ry + AR(t), (6.1)
P, inc
R(t Ry + AR(t AR(t
Ry Ry Ry
All the modulation maps and voltage sweeps shown in part V are converted to this
relative modulation depth |ARpgy| = ‘Agét)) and the values are in parts per million

[ppm].

Data treatment

One problem that arises from converting the modulation data - as described above -
is a devision by zero, caused by the reflected light values. Similarly, artificially strong
modulation peaks would be detected, when the reflected light intensity is close to zero
in areas, where the image (Ry) appears dark. Detailed investigations of post-processing
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Figure 6.5.: LVP setup for modulation sign mapping, DUT: device under test, OL: ob-
jective lens, PBS: polarizing beam splitter, LSM: laser scanning module, cw:
continuous wave

of the modulation data were performed with Matlab, concluding to calculate the ppm-
signal only, if the (linear) modulation raw data AR(t) is above a threshold (20%) of the
overall maximum modulation data, otherwise the ppm-value was set to 0. This way,
the ppm-values are only calculated in areas, where the modulation is strong due to the
device activity. Figure 6.6 shows two modulation maps in comparison - a modulation
map with and without post-processing of the modulation data as explained above.
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Figure 6.6.: Comparison modulation maps: calculated ppm-values (B) (artificially high
in areas, where the reflected light is close to zero (A)) versus same data with
post-processing and smoothing of the data (C)
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Part 1V.

Devices
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7. Overview of the devices used

All devices investigated for this work were test chips from Infineon Technologies AG. The
devices - MOSFETSs - were chosen for various reasons. Mainly, the scope of this work
is to understand better the signal origin of LVP signals, to forecast the expected signal
levels for future technologies and scaling and to investigate the usability of different laser
wavelengths (see section 5.2.2).

All of the transistor terminals are accessible separately, which allows investigating
drain and gate signals independently from each other (measurements of the FETSs in
various operation modi will be described in part V). To get to a conclusion, in which
area of the device (particularly in gate and drain areas) the signal is generated, large
test structures, in 120 nm process technology, such as FETs with gate lengths (L) and
widths (W) of 10 pm, have been chosen. In the following chapters, these FETs will be
abbreviated as: NF-L-120 (NFET) and PF-L-120 (PFET). The abbreviations of all
FETs that were used follow the same pattern.

Sub-micron (% = giigﬁg) devices, also in 120 nm technology, - NF-S-120, PF-S-
120 - and devices in 65 nm process technology - NF-L-65 and PF-L-65 - have been
measured, to investigate the signal behavior with the scaling and to determine, whether

there are differences between two process technologies.

The two process technologies (120 nm and 65 nm) differ in several parameters. The
thickness of all the layers are decreased; e.g. the gate oxide and the diffusion depths.
The doping concentration is increased and the doping profiles are changed. Even the
materials used - such as the silicide material characteristics - are varied and the aspect
ratio is changed. In terms of the layout, there is only a small difference between the
two process technologies that is the well, which is made separately for each FET in 65
nm technology, where it expands across the entire macro for the 120 nm technology (see
section 7.2). With all these modifications, the electrical data changes as well, which
will in turn influence the measurements, shown in part V. All devices were measured
with the two laser wavelengths available (1319 nm and 1064 nm) as will be described in
chapter V.

7.1. Electrical characteristics of the devices

The nominal device voltage of all N- and P-FETs is Vyoyx = +£1.2 V. Output- and
transfer characteristics have been measured for each device. The threshold voltages Vi,
and drain saturation currents Ip g4t (or Ion) can be found in table 7.1. For the modeling
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of the NF-L-120 and the PF-L-120, the built-in potential V}; needs to be known as well.
It was measured and determined to be £0.81 V (positive for the PFET and negative for
the NFET).

7.2. Layouts of the devices

Table number 7.2 shows the layout of the FETs used: N/PF-L-120, N/PF-S-120 and
N/PF-L-65. The layouts of the NFETs and the PFETSs are the same in both technologies
- there are wells for both, only with opposite doping type -, so only one layout of the
two FETs is shown. The colors in all layouts were chosen to be the same, for better
understanding: red: poly-Si, blue: metal 1, white: diffusion areas, yellow: contacts (can
not be resolved in the layout of the NF-L-65), orange: well. The dimensions are labeled
in each layout. The well of the devices in 120 nm technology is larger in size than the
well of the 65 nm technology and thus can not be seen with the chosen zoom factor.
The FETSs are surrounded by STT (shallow trench isolation), which does not appear in
the layout. There are also STI and metal fills (dummy fills), but like the STI they are
not shown in the layout. The images of the devices are shown and discussed in detail in
chapter 8. In that chapter, the location of the STI and the fill shapes will be explained
with the help of the images. In addition, a schematic of a cross-section of a device will
be presented.

7.3. Technology parameters

The exact technology parameters, like the doping profiles, cross-sections of devices that
reveal detailed information about the dimensions etc., are confidential data of Infineon
Technologies AG and thus can not be shown. However, the following paragraph con-
tains approximations of the thicknesses of the layers (substrate, well, diffusion, silicide,
nitride, gate oxide and poly-Si, see table 7.3), the doping concentrations (substrate, well,
diffusion and poly-Si) and a schematic of a FET (see figure 7.1) of the 120 nm process
technology as an example. Apart from the doping type, the parameters of the NFET

Table 7.1.: Electrical characteristics of the devices used: threshold voltage V;p, and drain
saturation current Ip s

Device | Vipr [V] | IDsat [HA]
NF-L-120 | +0.22 +150
PF-1L-120 -0.22 -31
NF-S-120 | +0.27 +75
PF-S-120 -0.24 -30
NF-L-65 +0.20 +154
PF-L-65 -0.19 -29
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and the PFET are very similar, so the data apply for both unified. The approximations
of the thicknesses of the layers and the carrier concentrations will be used in chapter VI
for the simulations of the reflectance from a FET.

field oxide
gate oxide

poly-Si  mmm
diffusion N

Figure 7.1.: Schematic diagram: FET with contacts to the active level (S: source, G:
gate and D: drain), diffusion, poly-Si and oxides as labeled in the figure

For the approximation of the doping levels in the FETs - substrate, well, diffusion and
poly-Si - a data set of the electrical data simulation with DESSIS ISE TCAD has been
used. The extracted average of the substrate doping concentration is Ny, = 5-10%em =3,
the well doping concentration about Ny = 2 - 107em™3 and the diffusion doping

concentration Ng;rr =2 - 1020¢m 3.

7.4. Device modi

For the device modeling and the simulations of the reflectance from a FET (see part
VI), approximations of the charge carrier densities (as above for the doping levels) and
the according thicknesses of the layers in the FETSs are necessary. Especially for the
modeling of the active signal contribution (compare to section 10) the properties of the
inversion channel and the SCR need to be calculable. In the following sections, these
parameters will be discussed for the NF-L-120 and the PF-L-120 (devices used for the
modeling) and an explanation will be given, how the calculations will be included in the
simulations.

7.4.1. Reverse biased diode

When only the drain of a FET is pulsed with the nominal device voltage (positive for an
NFET and negative for a PFET) and gate, source and well are grounded, the diffusion-
to-well junction of the FET can be understood as a diode in reverse bias. For an abrupt
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pn junction and constant doping profiles, the thickness of the belonging SCR can be
calculated as follows ([SNO7]):

2€0€9; 1 1
tscr = J 0%s ( + zz) (Vi = Vj). (7.1)

q Naify Ny

Wherein tscg is the thickness of the SCR, Ny;ry and Ny, are the diffusion and well
doping concentrations, in m ™3 so the thickness of the SCR is calculated in m, V4; is the
built-in potential (see below) and Vj is the voltage applied to the junction, e.g. 0-1.2 V
for the NFETSs, called Vp in the simulation results, because it is applied to the drain.

The built-in potential is defined as:

i

Nwe Nz
Vi = +Viin (Hff) | (72)

Here V; = % is the thermal voltage, n? is the intrinsic carrier density squared and is
equal to 1.71 - 10%° ¢m 6.

The built-in potential was also measured for the NF-L-120 and the PF-L-120, see
section 7.1. To fit this measured value to the calculable Vj; with the extracted well and
diffusion doping concentration from above, a fitting parameter x will be introduced in
the equation, as well:

n;

NyenNai
Vi = £aViin (W) . (7.3)
With this equation the thickness of the SCR can be evaluated for various doping

concentrations as will be discussed in chapter 12.

7.4.2. Varactor in inversion

When only the gate of a FET is pulsed and drain, source and well are grounded, the
material system poly-Si gate (in former times metal, M) / gate oxide (oxide, O) /
semiconductor (S) in the gate area can be understood as a MOS-varactor (voltage
dependent capacitance) in inversion.

In this work, the effects of substrate bias (potential difference between source and
bulk; Vgp) are not discussed. For a detailed description of the according threshold volt-
age shift and the influence on the SCR thickness see [SNOT7].

For voltages below the threshold voltage Vip, and a constant doping profile, the SCR
thickness can be estimated from equation number 7.1, substituting the drain voltage with
the gate voltage and only taking "half” of the pn junction (only well doping concentra-
tion) into account. The effects of fixed oxide charges and the work function difference
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between the gate material (poly-Si) and the semiconductor of the substrate are included
in the so-called flat-band voltage Vpp, which is required by the gate to produce the flat-
band condition (compare to [SN07]). Accordingly the charges in the gate stack cause
an initial SCR, even for a gate voltage Vg of zero volts. This initial SCR thickness
tSCR,initial Was estimated to be 50 nm and has to be taken into account for the calcula-
tion of the overall thickness, as well. This t5cR,initia is an approximate value: a rough
estimation based on process technology experts knowledge - around half the thickness of
a source / drain diffusion. These 50 nm correlate with a flat-band voltage of 0.38 V. In
principle, the initial SCR thickness at zero volts is, as equation number 7.1 shows, also
depending on the well doping concentration. For simplicity reasons, only the general in-
fluence of the well doping concentration on the overall SCR thickness will be evaluated
in the simulations of this work in chapter 12 (the influence on the initial SCR thickness
will be neglected). Consequently the following equation will be used to calculate the
thickness of the in the varactor:

2€0€5; 1
tscr = tScRiinitial +\/ . - < ) Vel (7.4)

Nuyeu

After the threshold voltage is reached, the SCR thickness stays constant at this level
and does not increase any further.

For the approximation of the inversion channel charge carrier density N.pqn, the data
set of the electrical data simulation with DESSIS ISE TCAD has been used. For the
calculations in this work, it will be assumed that for gate voltages below the threshold
voltage the inversion channel charge carrier density is zero !. In this work, for Vg >
Vinr, the carrier density in the channel will be calculated with the following equation
(polynomial fit to the data of the electrical simulation, result in em=3):

Nehan = —8.7-10"8 |V |*—6.8-10'8 |V |*+1.3-10%° | Vg |* —2.2-10' | Vg | +3.3-1017. (7.5)

For the variations of the inversion channel charge carrier density in chapter 12 this
equation is simply multiplied by a certain factor.

The threshold voltage is calculable by the following equation (see [SNO7], eq. 25):

\/4ESi€0quell(I>B
Coz ‘

Here, Vpp is the flat-band voltage, &g = thnN%f” is the bulk potential and C,, =

eoesTioz is the oxide capacitance per unit area (with €g;0, = 3.9 and d, the thickness of

Vinr = Vrp +2®p + (7.6)

!The threshold voltage is defined as the voltage level, at which the minority carrier density (free carriers)
at the surface of the semiconductor is equal to the majority carrier density in the unperturbed volume.
For voltages higher than the threshold voltage, the inversion charge carrier density is a strong function
of the applied gate voltage.
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the gate oxide, see table 7.3). This equation shows that the threshold voltage - as the
built-in potential - depends on the well doping concentration. Chapter 12 will investigate
the influence of variations in the well doping concentration on the simulations, for which
the threshold voltage needs to be estimated. For the simulations, the threshold voltage
was not calculated directly from equation 7.6 in order to match the measured value. The
first order approximation (only the trend of the threshold voltage needs to be evaluated,
as the simulations will show) of the doping influence on the threshold voltage proceeded
as follows. The measured threshold voltage of the devices used for the modeling (£0.22
V for NF-L-120 and PF-L-120, see table 7.1) correlates with the extracted 2 - 107 ¢m ™3
well doping concentration. The calculated threshold voltage in the simulations (Vi)
should match the measured value (Vipy initiar) for the extracted well doping concentration
(Vihr = Vinrinitial - Y, with y = 1 for a well doping concentration of 2 - 1017 em™3).

Equation 7.6 was used to estimate the influence of the well doping concentration on
the threshold voltage. The equation consists of three summands: the flat-band voltage,
the potential difference in the space charge region at strong inversion (2®pg), due to the
depletion charge, and the potential difference across the oxide (—V%*”G‘)C?W), caused
by the surface charge. To give examples, the three summands will be evaluated for three
well doping concentrations: 1-10'6 / 1-10'7 / 1-10'8 ¢m =3

The flat-band voltage can be understood as the work function difference (neglecting the
oxide charge for this examination). The influence of the well doping concentration on the
work function difference is described by [SN07] (Work-function difference versus doping,
for gate electrodes of degenerate poly-Si on p- and n-Si). The extracted values for well
doping concentrations of 1-106 / 1-10'7 / 1-10® ¢m =3 are —0.9 / —0.98 / —1.04 V for
n-poly-Si (gate) and p-Si (substrate) and 0.8 / 0.85 / 0.9 V for p-poly-Si and n-Si. The
bulk potential can be calculated directly from the equation shown above. The resulting
values are 0.35 / 0.41 / 0.47 V for 1-10'6 / 1-10'7 / 1-10'® ¢m ™3 well doping concentration
respectively. The evaluation of the third summand, representing the inversion charge,
leads to 42 / 145 / 489 mV for the three well doping concentrations. This shows that the
influence on the threshold voltage of the third summand is the strongest. Simplifying
the third summand further leads to a proportionality of v/ Ny ®g, so the influence of
the well doping concentration on the threshold voltage can be roughly estimated from
the initial values for various doping concentrations from equation 7.7:

V Nwellq)B
Vinr = Vinr initial v,

Nwell initial(I)B sinitial

(7.7)

Where V;fhr initial = 0.22 V Nwell ganitial — 2- 1017cm 3 <I>B jinitial = VZZTLM and
the according well doping concentrations Ny, for Wthh Vinr should be estimated. Note
that this estimation predicts very strong variations of the threshold voltage with the
well doping concentration, which does not represent the real influence too well, but it
will show the trend of the dependency in the simulations clearly.
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7.4.3. FET, gate and drain simultaneously pulsed

When both pins - gate and drain - of a FET are pulsed simultaneously and source and
well are grounded, the FET is switching between off-state and on-state, in which the
drain current is flowing from source to drain. In this device mode, in the gate area,
the SCR thickness decreases from drain to source and the inversion channel thickness
decreases from source to drain.
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Table 7.2.: Layouts of the devices used (red: poly-Si, blue: metal 1, white: diffusion
areas, yellow: contacts, orange: well)

N/PF-L-120

N/PF-S-120

N/PF-L-65
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Table 7.3.: Thicknesses of layers occurring in a FET of the 120 nm process technology,
rough approximations

Layer Thickness
substrate 100 pm
well 2 pm
diffusion 100 nm
silicide 25 nm
nitride 25 nm
gate oxide 3 nm
poly-Si 100 nm
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Part V.

Measurements

65



In this part, the results of the LVP measurements of all devices will be described
and compared. The differences of the signals between the types of FETs (NFET versus
PFET), the laser wavelengths used for the measurements (1319 nm versus 1064 nm), the
process technologies (120 nm versus 65 nm process technology) and sizes (large struc-
tures with 10 pum gate length and width versus nominal gate length and width) will be
discussed.

First, the static part of the reflected light that was recorded during each measurement
will be evaluated (chapter 8). This is an infra-red optical micrograph of the structure
through the backside of the chip (image, compare to 6.1). Chapter 9 will describe the
measurements that were performed, while the devices were operating (modulated part
of the reflected light).
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8. Detailed investigation of the images

The image of the NF-L-120 taken with the 1064 nm laser is shown in figure 8.1 (left).
For a better understanding, the layout is shown, too (right). Note that the images of the
PFETs and the NFETSs are very much alike (see images in chapter 9) and hence only
the images of the NFETs are shown here. In the case of the 10 um structure, the source,
the drain and the gate area can be distinguished from each other - see annotations in
the figure. It is possible to see the active areas of the device, because the well is almost
completely transparent. The laser beam is partially reflected at each interface of the
device.

Figure 8.1.: Image of NF-L-120 (PF-L-120 much alike), 1064 nm laser wavelength, (left)
and layout (right, compare to table 7.2) showing source, gate and drain.
a) poly-Si gate and b) STI are partially transparent, because other struc-
tures can be seen through, ¢) metal in the background (out of focus) still
contributes to the signal / image

The FET is surrounded by STI, which shows up the brightest in this image. STI fill
shapes surround the STT (this was proven by the preparation of one device with the
FIB, not shown, confidential data). The diffusion-to-contact interface is presumed to
dominate the reflected signal and provide the contrast in the drain areas. In the drain
areas, the metal interconnect layer (M1, blue in the layout) in the background of the
FET is almost out of focus, but does at least partially contribute to the signal / image:
a weak pattern is detectable in the background of the diffusions and the reflection in
the STI area decreases a bit, when the edges of the metal lines are in the background
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(see ¢) and b) in the image). The gate area (labeled a)) is brighter than the diffusions.
Especially in this image (1064 nm laser), a pattern can be found in the center of the
gate. A preparation of an already thinned device with the FIB has been performed:
etching further and further, the well, the diffusions, the gate oxide, the poly-Si gate and
all the following metalization layers (M1-M5) were removed. The images taken during
the preparation (not shown, confidential data) revealed that the metal fill shapes fit the
pattern found in the center of the gate area in the optical images in size and shape.
So the only conclusion is that the gate stack (poly-Si plus silicide) is transparent to a
degree that a reflection pattern of structures beyond the poly-Si gate is transmitted. A
replication of a cross-section, also done with the FIB, shows the situation (see figure
number 8.2).

B e e
HN SN NN BN EN NB 2

AN BE BN BN BN NN REE
EN BN BN BER BN BEpgM
M1
Contacts to active
“Active level

Fill shapes can be
seen through the partly
transparent gate
dielectric

Figure 8.2.: Replication (schematic) of the cross-section that was done with the FIB
showing the metal layers (M1 - M5) above the active area of a FET. Fill
shapes can be seen through the partly transparent gate dielectric.

The NF-L-120 image taken with the 1319 nm laser (compare figure 8.3 a) and b))
clearly differs from the 1064 nm measurement, not only in the resolution but also in the
amplitude of the signal. In some places the 1064 nm laser image is brighter (gate area,
STT), in other areas it is darker (source and drain diffusions, STI fill shapes surrounding
the FET). The variations in the level of the reflected light arise from interference effects
caused by the interaction of the laser light with the structure. So for example even
though the STI is highly reflective, which is the case for both wavelengths, in the 1319
nm image it appears dark in some areas surrounding the FET, where it is bright in the
1064 nm image (compare to chapter 3.2).

In comparison to the devices of the 120 nm process technology, the images of the 65
nm process technology again are distinct. As an example, figure 8.3 ¢) also contains an
image, which was performed with the 1319 nm laser. Figure number 8.4 explains the
structure, comparing the image (left) with the layout (right). The two images, which
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b) NF-L-120,
1064 nm

c) NF-L-65,
1319 nm

a) NF-L-120,
1319 nm

Figure 8.3.: Images: a) NF-L-120 measured with 1319 nm b) NF-L-120 measured with
1064 nm ¢) NF-L-65 measured with 1319 nm

Figure 8.4.: Image, 1319 nm laser wavelength, (left) and layout (right) of the NF-L-65
showing source, gate and drain.

were performed with the 1319 nm laser, - see figure 8.3 a) NF-L-120 and ¢) NF-L-65 -
are the complement of each other (e.g., in the image of the NF-L-65 the STT is bright
instead of dark, the diffusions are darker than the gate area etc.). The images of the
NF-L-65 / 1319 nm and the NF-L-120 / 1064 nm are more alike - see figure 8.3. Since
every single FET of the 65 nm technology has a separate well (see figure 8.4), where the
120 nm process technology had one well for all the FETs (compare to section 7.2, the
well for the 120 nm technology is larger in size), the images already differ due to this fact
alone: gate and diffusions are surrounded by STI, then follows the well diffusion, which
is again surrounded by STI. The additional two rings surrounding gate and diffusions in
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the image of the NF-L-65 can be traced back to these variations in the layout of the two
process technologies.

Summary FEven for the same process technology, the images of the two laser wave-
lengths differ in amplitude of the static part of the reflected light, because the interfer-
ence effects are distinct. A comparison of one image with the cross-section through the
device shows that layers, which seem to be out of focus, still contribute to the signal.
When there are variations in the static part of the reflected light for the different devices
and wavelengths used, it is likely that the modulated part of the reflected light will differ,
too.
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9. Detailed investigation of modulation
amplitude maps (MAM), modulation
sign maps (MSM) and voltage sweeps

(VS)

In the following paragraphs, various modes of operation of the FETs will be discussed
separately - for the two types of FETs (NFET and PFET) and the two wavelengths
(1319 nm and 1064 nm). First, only the drain related LVP signals will be shown (drain
diode in reverse bias; only the drain is pulsed, see section 9.1), followed by the gate
related signals (varactor in inversion; only the gate is pulsed, section 9.2). After that,
the results of the measurements with both pins pulsed simultaneously (FET in switching
condition, section 9.3) will be discussed and compared to the previous two modi of device
operation. For the voltage sweeps the laser was pointed to the center of the areas being
probed: e.g. to the center of the drain (for the diode in reverse bias). When both pins
were pulsed, two voltage sweeps were performed: one for each area - gate and drain. The
terminals of the device were driven by a square wave with a swept amplitude voltage
from 0 to £1.2 V with 20 steps. For the MAMs and the MSMs, the drive voltage applied
to the device is kept fixed at the level of Vyous.

In the evaluations of the results, the signal levels will be discussed. As can be found
in section 6.2.2, it is possible to extract signal levels from the MAMs or the VSs. In the
paragraphs below, the term level will be used to describe the values of the signals at
the nominal device voltage (signal strengths at lower voltages will be evaluated in the
sections ”signal-to-voltage correlations”). The measurements will show slight variations
in the signal levels between the VSs at Viyoas and the MAMs, which were performed for
the same voltage. This is caused by the probe placement - see MAMs: slight variations
in the signal levels can be found. Only, when there is a bigger discrepancy between the
two levels (as e.g. in the measurements of the devices with the nominal gate dimensions),
the reason will be outlined.

In the sub-sections ” Different device sizes” of each section, the PF-L-120 will be com-
pared to the PF-S-120 - the device with the nominal gate dimensions. In those sections,
only the PFETs will be used as a showcase of the results, because the measurements
of the NF-S-120 and the PF-S-120 are very similar. The only difference in the results
of both sub-micron devices that was found has its origin in the sign of the drain signal.
This particular difference will be discussed in section 9.4.1.
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9.1. Reverse biased drain diode (V; =Vs = Viy = GND; Vp
pulsed)

For the measurements in this paragraph, only the drains of the FETs were pulsed. Gate,
source and well were grounded. The PFET drains have been driven with a negative
voltage, whereas the voltage for the NFET drains was positive. So the drain-to-well
junctions of the FETs can be understood as diodes in reverse bias (compare to section
7.4.1). All measurements were performed as described above. For the voltage sweeps,
the laser was pointed to the center of the drain diffusions.

9.1.1. 120 nm process technology

Table 9.1 and 9.2 show the results of the measurements for NF-L-120 and PF-L-120 with
the according drains driven as reverse biased diodes. Both, NFET and PFET, have been
measured with 1319 nm and 1064 nm laser wavelength.

The tables contain the images a), the ppm MAMs performed at Vyoas (all maps set
to the same ppm-scale - easier comparison) b), the respective MSMs c¢) and the results
of the VSs of all these measurements including the maximum signal level, measured at
the nominal device voltage in the VSs d).

b) MAMs (shape of the signals) The MAMs of these drain signals are very much
alike: the complete drain diffusion area is contributing to the signal, because - while the
drain is driven with a pulse - the width of the SCR of the diffusion-to-well junction is
modulated (only active signal source, compare to chapter 10) and hence producing the
signal. In the 1319 nm MAMs, there are areas directly surrounding the drain diffusions,
which show no signal and, further away from the drain, a ring shaped signal seems to
reappear. The areas within the drain diffusions, where the signals are stronger, are
caused by the contrast of the reflected light (the images are darker in those places and
therefore the ppm-values are stronger, see section 6.2.3, ppm calculation).

c) MSMs (shape of the signals) In the MSMs, the signals surrounding the drains
are continuous - there is no gap between the two signals. The maps show that there
are sign flips between the signals inside the drain diffusion areas and the ”outside” ring
shaped signal. For the MAM, only the amplitude of the signal is evaluated, so the signal
value can be zero, when it is eliminated by two competing signals of opposite sign that
interfere. The areas in the MAMs, where the signal is zero, are caused by this effect
(compare to MSMs). The sign of the signals from the NFET diffusions (inner signals)
is changing with the laser wavelength (positive for 1319 nm, negative for 1064 nm),
whereas the sign is the same in both cases for the PFET (both times negative).

d) VSs (signal-to-voltage correlation) The signal-to-voltage correlations of all drain

signals are linear. The signals were measurable down to very low voltages: +0.12 V in
this case.
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Table 9.1.: Reverse biased drain diode: Images, MAMs and MSMs

Modulated: drain (Vp = £1.2V pulsed)

Constant: -
Grounded: gate, source, well (Vg = Vs = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120 PF-L-120 PF-L-120
a) Image
b) MAM
200

c) MSM
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Table 9.2.: Reverse biased drain diode: VSs
Modulated: drain (Vp pulsed)

Constant: -
Grounded: gate, source, well (Vg = Vs = Vi = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120 PF-1L-120 PF-1L-120
150, -
’ —NF-L-120- 1319 nm
—PF-L-120 - 1319 nm
----- NF-L-120 - 1064 nm
----- PF-L-120 - 1064 nm |
g
g
I
d) VS 2
d) VS-level D: 100 ppm D: 128 ppm D: 64 ppm D: 145 ppm
at Vvowm G: - G: - G: - G: -
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b) + d) Signal levels (MAMs and VSs) The signal levels obtained with the 1064 nm
laser are higher than those measured with the 1319 nm laser. The differences between
the signal levels is bigger for the PFET: here the result measured with the 1064 nm laser
is more than a factor of two higher (145 ppm) than with the 1319 nm laser (64 ppm).
The signal levels for the NFET do not differ that much: 100 ppm for 1319 nm and 128
ppm for 1064 nm.

Summary Since the only active signal source of the FET's, while the drains are driven
as reverse biased diodes, is the SCR of the diffusion-to-well junction, the signals in the
MAMSs are similar: they are almost evenly distributed across the drain. The signal-to-
voltage correlation is linear in all cases. However, the signs of the signals differ for the
two wavelengths and the types of FETs. The signal contribution of the drain signals
will be discussed in detail in section 9.4.1.

9.1.2. 65 nm process technology

As explained in chapter 7, there are various modifications from one process technology
to the next. To compare the results of the two process technologies - 120 nm and 65
nm - here an NFET and a PFET with 10 gm gate length and width were chosen again
(compare to the measurements in table 9.1 and 9.2). The tables 9.3 and 9.4 show the
results of the measurements for NF-L-65 and PF-L-65 with the according drains driven
as reverse biased diodes. Both, NFET and PFET, have been measured with 1319 nm
and 1064 nm laser wavelength.

The tables contain the images a), the MAMs performed at Vyoas (all maps set to
the same ppm-scale - easier comparison) b), the respective MSMs ¢) and the results of
the VSs of all these measurements including the maximum signal level measured at the
nominal device voltage extracted from the VSs d).

b) MAMs (shape of the signals) Except the PF-L-65, measured with 1319 nm laser
wavelength, the results are similar to the measurements of the NF-L-120 and the PF-L-
120 in table 9.1: the entire drain area produces signals. The signals outside the drain
diffusion areas of the PF-L-65, measured with 1319 nm laser wavelength - the ring shaped
structures (well) - are caused by the contrast of the reflected light (as explained above,
in section 9.1.1 and 6.2.3, the image is very dark in those areas and thus the ppm-value is
artificially high). The PFET, measured with 1319 nm laser wavelength shows no signal
in the center of the diffusion, which is not caused by the contrast of the reflected light,
but by the sign of the signals (explanation see paragraph c)).

c) MSMs (shape of the signals) Except the measurement with the 1319 nm laser
wavelength of the PF-L-65, all the signs inside the diffusion areas are positive. The
NF-L-65, measured with 1319 nm and the PF-L65, measured with 1064 nm, partly
show negative signals surrounding the drain diffusions. In the MAM of the PF-L-65 b),
measured with 1319 nm laser wavelength, there is almost no signal in some places of the
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Table 9.3.: Reverse biased drain diode: Images, MAMs and MSMs
Modulated: drain (Vp = £1.2V pulsed)
Constant: -
Grounded: gate, source, well (Vg = Vg =Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-65 NF-L-65 PF-L-65 PF-L-65

a) Image

b) MAM
700

LS
h

0

c) MSM
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Table 9.4.: Reverse biased drain diode: VSs
Modulated: drain (Vp pulsed)

Constant: -
Grounded: gate, source, well (Vg = Vs = Vi = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-65 NF-L-65 PF-L-65 PF-L-65
350—
N NF-L-65 - 1064 nm
300 —NF-L-65 - 1319 nm 7
----- PF-L-65 - 1064 nm
250r —PF-L-65 - 1319 nm i
g
é 200~ b
I
d) VS o 150, -
100~ b
50\ b
0 -i -0‘.5 0 0.5
vy [V]
d) VS-level D: 283 ppm D: 250 ppm D: 59 ppm D: 344 ppm
at Vvowm G: - G: - D - G: -
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drain diffusion, especially in the center of the drain. The MSM c) reveals the reason for
this: there are two signals with opposite sign next to each other detectable in the center
of the drain, which add up to 0 ppm in the center of the drain in the MAM. A possible
origin of this signal behavior will be discussed in section 9.4.1.

d) VSs (signal-to-voltage correlation) The signal of the PF-L-65, measured with 1319
nm laser wavelength, is barely measurable - there is no signal up to -1.02 V. For the
voltage sweeps, the laser was pointed to the center of the drain diffusions. As described
above (in paragraph c)) in this area, there are two signals of opposite sign. So in the
area, where the two signals add up to a zero ppm-value, the signal is not measurable
with the voltage sweep. It is likely that the signal that was measured at voltages above
-1.02 V was caused by the drift of the device, so that the laser was pointed to an area,
where the signals were not adding up to zero ppm eventually. All the other signals show
linear signal-to-voltage correlations.

b) + d) Signal levels (MAMs and VSs) Except the measurement of the PF-L-65
with 1319 nm laser wavelength, all the signals measured here are a factor 2.0 - 2.8 times
higher than those measured on the devices of the 120 nm technology (compare to table
9.2). The ratios of the signal levels are similar to those in table 9.4: the signal levels of
the NF-L-65 measurements with both laser wavelengths are in the same range, whereas
the PF-1-65, measured with 1064 nm laser wavelength, has a higher signal level than the
measurement with the 1319 nm laser wavelength. The PF-L-65, measured with 1319 nm
laser wavelength, has a different signal behavior. The voltage sweep shows that there is
no measurable signal up to -1.02 V (explanation see paragraph d)), then the signal is
linear and reaches the same signal level (about 60 ppm) as the PF-1-120 (table 9.1 b)
and 9.2 d)).

Summary Independent of the process technology, the modulation of the SCR thickness
of the diffusion-to-well junction is the active source of the signals, so the signal contri-
bution is the same as for the 120 nm process technology (compare to section 9.1.1).
The signal-to-voltage correlation is linear as it was for the NF-1-120 and the PF-L-120
(section 9.1.1 d)). However, the differences in signal amplitude and sign compared to
table 9.1 are caused by the various parameters that are changed by introducing another
process technology and that are coming along with the according effects (interference,
absorption and refraction).

9.1.3. Different device sizes

In this section, as an example, the results of the measurements of the PF-1.-120 and the
PF-S-120 - the device with the nominal gate dimensions - will be compared to discuss the
signal behavior with the scaling. Note that in the case of the test structure used here,
the devices with the nominal gate dimensions are built with diffusions that are lot larger
than the gate - for details about layout and sizes see section 7.2. So in terms of scaling,
the drains here are not as small as in a ”real” device, but will show the similarities and
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differences between the two sizes.

Tables number 9.5 and 9.6 show the results for the two devices, PF-L-120 and PF-S-
120, with the according drains driven as reverse biased diodes. The tables contain the
images a), the MAMs performed at Voas (all maps set to the same ppm-scale - easier
comparison) b), the respective MSMs ¢) and the results of the VSs of all these measure-
ments including the maximum signal level measured at the nominal device voltage d).
Both PFET's have been measured with 1319 nm and 1064 nm laser wavelength.

b) MAMs (shape of the signals) Apart from the size of the drain diffusions, the MAMs
taken with the 1319 nm laser show similar, almost evenly distributed signals. The 1064
nm laser wavelength MAMs are distinct: the signal of the PF-1.-120 is almost evenly
distributed across the entire drain diffusion, whereas the signal of the device with the
nominal gate dimensions has no signal in the center of the diffusion. This is not caused
by the contrast of the reflected light (see ¢) and section 9.4.1).

c) MSMs (shape of the signals) The signs of the 1319 nm laser wavelength measure-
ments are equal for both FETSs: the sign in the center is negative and the diffusions are
surrounded by a signal with a positive sign (sign flip due to materials in the background,
see section 9.4.1). The signs of the bulk of the signals, measured with 1064 nm laser
wavelength, are also negative, but there are areas in the diffusions, where the sign is
positive (e.g. in the center of the drain diffusion of the device with the nominal gate
dimensions). In the places, where the sign flip occurs and the positive signal interferes
with the negative, in the MAMSs the signal is close to zero (explanation see section 9.4.1).

d) VSs (signal-to-voltage correlation) The signal-to-voltage correlation is linear in all
cases.

b) + d) Signal levels (MAMs and VSs) With the exception of the center of the PF-
S-120 drain diffusion, the 1064 nm laser MAMs show higher signal levels than the 1319
nm laser MAMs. The signal levels of the 1319 nm laser measurements compare well.
In the 1064 nm laser MAM, the signal level of the PF-S-120 is lower. For the voltage
sweep, the laser was pointed to the center of the diffusion, where the signal was very
low, due to the sign flip, but the voltage sweep shows a similar signal level as in the
areas, where there was no sign flip. This might be caused by the drift of the laser to
those areas during the measurement.

Summary Apart from the area, where the sign flip occurs (PF-S-120, 1064 nm laser
wavelength), the signal distributions of both sizes are similar, the sign of the signals is
the same and the signal levels are comparable.
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Table 9.5.: Reverse biased drain diode: Images, MAMs and MSMs

Modulated: drain (Vp = £1.2V pulsed)

Constant: -
Grounded: gate, source, well (Vg = Vs = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120 PF-S-120 PF-S-120
a) Image
b) MAM

c) MSM
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Table 9.6.: Reverse biased drain diode: VSs
Modulated: drain (Vp pulsed)

Constant: -
Grounded: gate, source, well (Vg = Vs = Vi = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120 PF-S-120 PF-S-120
- 150
..... —PF-L-120 - 1319 nm
------- PF-L-120 - 1064 nm
........ PF-S-120 - 1319 nm
i PF-S-120 - 1064 nm oo
IS
g
.
d) VS <
r -50
'OO
d) VS-level D: 64 ppm D: 145 ppm D: 57 ppm D: 112 ppm
at Vvowm G: - G: - D - G: -
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9.2. Varactor in inversion (Vp = Vg = Vjy = GND; Vi pulsed)

For the measurements in this paragraph, only the gates of the FET's were pulsed. Drain,
source and well were grounded. The PFET gates have been driven with a negative
voltage, whereas the voltage for the NFET gates was positive. So the material system
gate / oxide / semiconductor in the gate areas of the FETs can be understood as MOS-
varactors in inversion (compare to section 7.4.2). For the MAMs and the MSMs, the
amplitude of the voltage pulse has been set to Vyoar = £1.2V. For the VSs, the laser
has been pointed to the center of the gate areas and the voltage was swept linearly from
0 V up to Vyowum-

9.2.1. 120 nm process technology

The tables 9.7 and 9.8 show the results of the measurements for NF-1.-120 and PF-1-120
with the according gates driven as varactors in inversion. Both NFET and PFET have
been measured with 1319 nm and 1064 nm laser wavelength.

The tables show the images a), the MAMs performed at Vyoas (all maps set to the
same ppm-scale - easier comparison) b), the respective MSMs ¢) and the results of the
VSs of all these measurements including the maximum signal level measured at the
nominal device voltage d).

b) MAMs (shape of the signals) The MAMs of the gate signals are similar: the
complete gate areas are contributing to the signal, because - while the gates are driven
with a pulse - the width of the SCR and the charge carrier density in the inversion channel
underneath the gate (see description in chapter 7.4.2) are modulated. The modulation
of the SCR influences the signal as described above - section 9.1.1. The inversion channel
provides another layer, which contributes to the signal, because the modulation of the
gate does not only vary the thickness of the SCR, but it also modulates the charge carrier
density in the inversion channel, such that the refraction and absorption of the entire
structure changes accordingly. So there are two possible effects - SCR and channel - that
can contribute to the signal that is detected in the gate area. Here, the signals are almost
evenly distributed across the gate areas, because the SCR and the inversion channel are
evenly distributed along the gate area, when the drain voltage Vp is held at ground.
Higher signal levels at the edges of the gates (e.g. at the source and drain sides of the
NF-L-120 and PF-L-120, measured with 1064 nm laser wavelength) and in the center of
the gates (see pattern in the gate areas of the 1064 nm laser wavelength measurements)
are caused by the contrast of the reflected light (higher signal levels, where the image is
darker).

c) MSMs (shape of the signals) The sign of the NF-L-120 signals is changing with the
wavelength used (negative for 1319 nm and positive for 1064 nm), whereas the sign is
the same in both cased for the PF-1-120 (negative). In opposition to the measurements
of the drains driven as reverse biased diodes (see section 9.1), there is no sign flip in any
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Table 9.7.: Varactor in inversion: Images, MAMs and MSMs
Modulated: gate (Vo = £1.2V pulsed)
Constant: -

Grounded: drain, source, well (Vp = Vg = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120 PF-L-120 PF-L-120

a) Image

b) MAM

c) MSM
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Table 9.8.: Varactor in inversion: VSs
Modulated: gate (Vi pulsed)
Constant: -
Grounded: drain, source, well (Vp = Vg = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120 PF-L-120 PF-L-120
180
160" —NF-L-120 - 1319 nm i
—PF-L-120- 1319 nm
4o e NF-L-120 - 1064 nm S
----- PF-L-120 - 1064 nm
_ 120" -
g
£ 100" 1
s I
d) VS s
60- b
40r |
20 -
0 1 -0.5 0 0.5 1
VgVl
d) VS-level D: - D: - D: - D: -
at Vyowm G: 107 ppm G: 167 ppm G: 129 ppm G: 122 ppm
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place (the sign flipped outside the drain diffusions). Very faint signals were detected
below the gate (at the bottom of the images, even to weak to be detected in the MAMs),
in the area of the poly-Si line (compare to the layouts in table 7.2). This indicates that
those weak signals were generated without the presence of a channel, because the only
signal source in those areas can be a modulation of a SCR caused by the pulses applied
to the poly-Si line (i.e. the gate).

d) VSs (signal-to-voltage correlation) The VSs show a main difference between PF-
1-120 and NF-L-120. The PFET, measured with 1319 nm laser wavelength, has a
linear signal-to-voltage correlation for voltages higher than -0.06 V. For the NFET, in
opposition, a linear signal-to-voltage correlation has been detected in the measurements
with the 1064 nm laser wavelength (at voltages higher than 0.26 V). Linear signal-to-
voltage correlations were also found in the 1319 nm measurement of the NF-L-120 and
the 1064 nm measurement of the PF-L.-120 - at voltages higher than £0.6 V. Below this
voltage, a sign flip occurred, which caused that the voltage sweep curve seems to have
a "hump” between 0 V and £0.6 V (for a detailed discussion of signal contribution see
section 9.4.2).

b) + d) Signal levels (MAMs and VSs) At the nominal device voltage, with a signal
level of about 170 ppm in the center of the gate, the NF-L-120, measured with 1064 nm
laser wavelength, has a higher level than found in the other measurements - they show
comparable signal levels: NF-L-120 (1319 nm) - 107 ppm and PF-L-120 in both cases -
120-130 ppm.

Summary There are only two active signal sources of the FETs while the gates are
driven as varactors in inversion: the SCR underneath the gate and the inversion channel,
which are even for the case that the drain is grounded. This is the reason for the
similarities in the MAMSs: the signals were almost evenly distributed across the gate area.
Higher signal levels at the edges of the gate or in the center of the gate were caused by
the contrast of the reflected light. The signal-to-voltage correlations were partly linear
in all cases. However, there were differences in the sign of the signals measured at the
nominal device voltage, which were caused by interference effects due to the wavelength
and the materials (discussion, see in chapter 11) and there were also sign flips in the
voltage sweeps, which were caused by the electrical activity of the devices. Very faint
signals were detected in the areas of the poly-Si line, at the bottom of the gates, which
indicates - again - that it is possible to generate signals without the inversion channel
(compare to section 9.1, SCR related signals).

9.2.2. 65 nm process technology

As in section 9.1.2, the results of the NF-1.-120 and PF-1.-120 will be compared with the
NF-L-65 and PF-L-65. Tables number 9.9 and 9.10 show the results of the measurements
for NF-L-65 and PF-L-65 with the according gates driven as varactors in inversion. Both,
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NFET and PFET, have been measured with 1319 nm and 1064 nm laser wavelength.

The tables contain the images a), the MAMs performed at Vyoas (all maps set to
the same ppm-scale - easier comparison) b), the respective MSMs ¢) and the results of
the VSs of all these measurements including the maximum signal level measured at the
nominal device voltage d).

b) MAMs (shape of the signals) The results differ a lot from those of the 120 nm
process technology. The signal origin should be the same: the entire gate area contributes
to the signal. But in this case, there are sign flips at the edges of the gates (towards
drain and source diffusions) for all devices except the NF-L-65 measured with 1064 nm
laser wavelength. So in this case, weaker or stronger signals in the gate area are caused
by the interference of signals with opposite sign and not by the contrast of the reflected
light - as it was the case for the 120 nm technology (see table 9.7). The edges of the
gates (1064 nm laser wavelength measurements) show signal levels six times stronger
than the signals in the center of the gates. The signals in the drain and source diffusions
of the FETs measured with 1319 nm laser wavelength - on the other hand - are caused by
the contrast of the reflected light (relatively strong signal levels in the source and drain
areas, which were grounded, due to low signal levels in the static part of the reflected
light, the image).

c) MSMs (shape of the signals) Especially the signals in the MSMs of the NF-L-65,
measured with 1319 nm, and the PF-L-65, measured with 1064 nm, are very weak, but
the signs in the center of the gates seem to be positive, except the signal of the PF-L-65,
measured with 1319 nm, which is negative.

d) VSs (signal-to-voltage correlation) The signal-to-voltage correlations of the PF-L-
120 and the PF-L-65 are quite similar: at 1319 nm it is linear for voltages higher than
-0.32 V, whereas at 1064 nm laser wavelength a "hump” can be found as detected in
the measurements in table 9.8 (120 nm technology). The signal-to-voltage correlations
of the NF-L-120 and the NF-L-65 differ. Here, the correlation, measured with 1064 nm
laser wavelength, is linear for voltages higher than 0.64 V, whereas the signal of the 1319
nm measurement starts linear and than saturates at voltages higher than 0.6 V. The
relatively high voltage levels, from which the signals started to increase for the PF-L-65
(1319 nm) and the NF-L-65 (1064 nm), are most likely caused by the two active signal
sources: the SCR underneath the gate and the inversion channel. Both signal sources
either produce very low signal levels up to those voltages (PFET -0.32 V and NFET
0.64 V) or interfere and hence the signal is zero.

b) + d) Signal levels (MAMs and VSs) All the signals of the 65 nm technology are
weaker than those recorded in the measurements of the 120 nm technology. Here, the
NF-L-65 measurements show comparable signal levels for both wavelengths (around 70-
80 ppm); the PF-1-65, measured with 1064 nm laser wavelength, has a lower signal level
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Table 9.9.: Varactor in inversion: Images, MAMs and MSMs
Modulated: gate (Vg = £1.2V pulsed)

Constant: -
Grounded: drain, source, well (Vp = Vg = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-65 NF-L-65 PF-L-65 PF-L-65

a) Image

b) MAM
700

LS
h

0

c) MSM
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Table 9.10.: Varactor in inversion: VSs
Modulated: gate (Vi pulsed)
Constant: -
Grounded: drain, source, well (Vp = Vg = Vi = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-65 NF-L-65 PF-L-65 PF-1L-65
120
----- NF-L-65 - 1064 nm
100+ —NF-L-65 - 1319 nm
----- PF-L-65 - 1064 nm
—PF-L-65- 1319 nm
_ 80
IS
g
—3 60
n:ﬂi
d) VS a
40,
20-
0
VgVl
d) VS-level D: - D: - D: - D: -
at VNowm G: 79 ppm G: 72 ppm G: 104 ppm G: 60 ppm
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than measured with 1319 nm - 60 ppm compared to 104 ppm.

Summary The gate signals recorded here differ a lot from those of the 120 nm technol-
ogy. The MAMs detected signals at the edges of the gates with increased or decreased
signal levels, which are not caused by the contrast of the reflected light, but by a sign
flip across the gate area (sign flip from the inner area of the gate to the edges - compare
to the MSMs ¢)). The signal-to-voltage correlations of the PF-L-65 are comparable to
those of the PF-1.-120; the correlations of both NFETs are distinct. All signal levels
detected here are lower than those of the 120 nm technology.

9.2.3. Different device sizes

As in section 9.1.3, the results of the measurements of the PF-L-120 and the PF-S-120
- the device with the nominal gate dimensions - will be compared to discuss the signal
behavior with the scaling. In opposition to the diffusion sizes, the gate dimensions are
indeed of nominal size - see section 7.2.

Tables number 9.11 and 9.12 show the results for the two devices PF-1.-120 and PF-
S-120 with the according gates driven as varactors in inversion. The table contains the
images a), the MAMs performed at Vioas (all maps set to the same ppm-scale - easier
comparison) b), the respective MSMs ¢) and the results of the VSs of all these measure-
ments including the maximum signal level measured at the nominal device voltage d).
Both PFETSs have been measured with 1319 nm and 1064 nm laser wavelength.

b) MAMs (shape of the signals) In the MAMs of the PF-S-120 no signals are de-
tectable. The results of the PF-L-120 were discussed in section 9.2.1.

c) MSMs (shape of the signals) The signals in the MSMs of the PF-S-120 are very
faint along the entire poly-Si line - not only in the gate area, see section 7.2 for the
layout. The measurements with the 1319 nm laser indicate negative signs for both
PFETSs, whereas the sign of the 1064 nm laser measurements differ from each other: the
sign measured at the PF-L-120 was negative; the PF-S-120 shows a very faint positive
signal.

d) VSs (signal-to-voltage correlation) and b) + d) signal levels (MAMs and VSs)
As in the MAMs, performed for the PF-S-120, the VSs show no signals - only noise
detectable. The maximum noise level measured with 1064 nm laser wavelength was
fairly high - up to 23 ppm - but a correlation between signal and voltage could not be
extracted. For the discussion of the results of the PF-L-120 see section 9.2.1.

Summary When only the gates of the FETs are driven as varactors in inversion, the
size of the gates is vital for the strength of the signal that is been detected. The PF-S-120
shows no signals in the MAMSs or in the VSs. Very faint signals were only detected in the
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Table 9.11.: Varactor in inversion: Images, MAMs and MSMs
Modulated: gate (Vg = £1.2V pulsed)
Constant: -
Grounded: drain, source, well (Vg = Vg = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120 PF-S-120 PF-5-120

a) Image

b) MAM

c) MSM

90




Table 9.12.: Varactor in inversion: VSs
Modulated: gate (Vi pulsed)
Constant: -
Grounded: drain, source, well (Vp = Vg = Vi = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120 PF-S-120 PF-S-120
140
—PF-L-120 - 1319 nm
o NG e PF-L-120 - 1064 nm 120
PF-S-120 - 1319 nm
I PF-S-120 - 1064 nm 200
g
- 80 &
I
r -160
d) VS 1
L 140
r 120
12 1 ¢
d) VS-level D: - D: - D: - D: -
at VNowm G: 129 ppm G: 122 ppm G: only noise G: only noise
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MSMs; not only in the gate areas, but along the entire poly-Si line, which indicates that
the signal is generated by the SCR underneath the poly-Si (compare to section 9.2.1).

9.3. FET, gate and drain pulsed (Vs = Viy = GND; Vi =V)p
pulsed simultaneously)

For the measurements in this paragraph, both - gates and drains - of the FETs were
pulsed simultaneously. Source and well were grounded. The PFETs have been driven
with a negative voltage, whereas the voltage for the NFETs was positive. In this case,
the FET is switching between off-state and on-state, in which the current is flowing from
source to drain (compare to section 7.4.3). For the MAMs and the MSMs, the amplitude
of the voltage pulse has been set to the nominal device voltage (Vyoa = £1.2V). For
the VSs the laser has been pointed to the center of the gate and drain diffusions and the
voltage was swept linearly from 0 up to the nominal device voltage.

9.3.1. 120 nm process technology

Tables number 9.13, 9.14 and 9.15 show the results of the measurements for NF-L-120
and PF-L-120 with the according drains and gates driven simultaneously. Both, NFET
and PFET, have been measured with 1319 nm and 1064 nm laser wavelength.

The tables contain the images a), the MAMs performed at Vyoas (all maps set to
the same ppm-scale - easier comparison) b), the respective MSMs c) and the results of
the VSs of all these measurements including the maximum signal level measured at the
nominal device voltage d). The VSs were performed twice for each device (one time,
with the laser pointed to the center of the drain (compare to section 9.1.1) and the
second time with the laser pointed to the center of the gate (compare to section 9.2.1);
the results are shown separately in the table.

b) MAMs (shape of the signals) Drain signals: The MAMs of the drain areas show
a very similar signal distribution as detected in the measurements of the reverse biased
diodes (compare to table 9.1). Gate signals: The signals in the gate areas are no longer
evenly distributed: in all cases, the signal decreases along the channel towards the drain.
While the FETs are driven with the nominal device voltage, as it was the case for the
MAMSs, the thickness of the SCR underneath the gate is increasing towards the drain and
the thickness of the inversion channel is decreasing towards the drain (both were evenly
distributed for the varactors in inversion). These two layers are influencing the reflection
of the structure due to their optical properties (absorption, refraction, thickness of the
layer), so there are two possible signal sources that are contributing to the signal and
that explain the differences in amplitude, signal shape and sign of the signals along the
channel - see section ¢)). A discussion of the signal contribution can be found in section
9.4.
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Table 9.13.: FET, gate and drain pulsed simultaneously: Images, MAMs and MSMs
Modulated: gate and drain (Vg = Vp = £1.2V pulsed)
Constant: -

Grounded: source, well (Vg = Viyy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120 PF-L-120 PF-L-120
a) Image
b) MAM

c) MSM
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Table 9.14.: NF-L-120, gate and drain pulsed simultaneously: VSs
Modulated: gate and drain (Vg = Vp pulsed)

Constant: -
Grounded: source, well (Vg = Vi = GND)
Wavelength 1319 nm 1064 nm
/ Device NF-L-120 NF-L-120
140
—NF-L-120- D D (1319 nm)
120r —NF-L-120 - G and D, D (1319 nm) |
----- NF-L-120 - D D (1064 nm)
000 | NF-L-120 - G and D, D (1064 nm) 1
5
g 8o 1
d) VS in ¥
60" 1
the center -
of the drain 40t 1
20 1
% 12
180
160" [=NFL-120- G G (1319 nm)
140 —NF-L-120- Gand D, G (1319 nm)
----- NF-L-120 - G G (1064 nm)
= 120t | NF-L-120 - G and D, G (1064 nm)
£ 100
d) VS in 2 80
the center a
of the gate ®
0
20
%
d) VS-level D: 99 ppm D: 113 ppm
at Voum G: 59 ppm G: 102 ppm
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Table 9.15.: PF-1-120, gate and drain pulsed simultaneously: VSs
Modulated: gate and drain (Vg = Vp pulsed)

Constant: -
Grounded: source, well (Vg = Vi = GND)
Wavelength 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120
180
—PF-L-120 - D D (139 nm) 160
......... —PF-L-120 - G and D, D (1319 nm)
-------------- PF-L-120 - D D (1064 nm) 1140
------------ PF-L-120 - G and D, D (1064 nm)
{120
E
. 1100 &
d) VS in lgo 2
the center leo 2
of the drain
40
120
0
140
—PF-L-120- G G (1319 nm)
—PF-L-120- Gand D, G (1319nm) | 120
----- PF-L-120 - G G (1064 nm)
----- PF-L-120- G and D, G (1064 nm) | 1100
€
180 §
d) VSin N
160 o
the center <
of the gate 40
120
12 1 08 06 04 02 s
YA
d) VS-level D: 61 ppm D: 164 ppm
at Voum G: 120 ppm G: 47 ppm
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c) MSMs (shape of the signals) Drain signals: The MSMs show the same signs in
the drain areas as detected in the measurements of the diodes in reverse bias (compare
to table 9.1). Gate signals: The sign of the gate signals close to the source is the same
as measured in section 9.2.1. The NF-L-120, measured with 1319 nm, and the PF-L-120,
measured with 1064 nm laser wavelength, show signals of opposite sign in the gate area
close to the drain in comparison to the source side. This opponent signal is causing the
decrease of the signals in the MAMs in the gate area. For the other two cases (NF-L-120
(1064 nm) and PF-L-120 (1319 nm)), the decrease of the signal along the channel should
have the same reason, but the signal, which is decreasing the signal along the channel,
is too weak to be detected.

d) VSs (signal-to-voltage correlation) Drain signals: The signal-to-voltage correla-
tions of the drain signals are also quite similar to those measured in section 9.1.1. The
signals in the VSs here show marginal lower or higher signal levels, but this is caused
by the slight variations of the probe placement. Gate signals: The signal-to-voltage
correlation of the gate signals is also similar to the results shown in table 9.8. Lower
signal levels were detected with the voltage sweep, due to the probe placement: the
laser has been pointed to the center of the gates and in that area the signal is lower
than in the according cases of the varactor in inversion (compare to table 9.7) due to
the signal decrease along the channel. The PF-L-120, measured with 1319 nm, has not
such a strong signal decrease along the gate as all the other FETs. The maximums of
the "humps” that were measured with the 1064 nm laser in section 9.2.1 are shifted to
different voltage levels - from 0.18 V to 0.06 V for the NF-L-120 (to lower levels) and
from -0.38 V to -0.44 V for the PF-L-120 (to higher levels).

b) + d) Signal levels (MAMs and VSs) Drain signals: The signal levels of the drain
areas are comparable to those detected in the measurements of the diodes in reverse bias
- compare to section 9.1 and 9.2. Gate signals: The signal levels along the channel
decrease towards the drain due to the two signals generated by the gate: space charge
region and inversion channel.

Summary The signs, amplitudes, signal-to-voltage correlations and distributions of the
drain signals are very similar to those of the reverse biased diode measurements - see
section 9.1.1. The gate signals close to the source show the same sign and amplitude as
the varactors in inversion, but the signal decreases towards the drain due to a sign flip
that has been detected in two MSMs. This effect also influences the signal-to-voltage
correlations.

9.3.2. 65 nm process technology

Tables 9.16, 9.17 and 9.18 show the results of the measurements for NF-L-65 and PF-L-
65 with the according drains and gates pulsed simultaneously. Both, NFET and PFET,
have been measured with 1319 nm and 1064 nm laser wavelength.
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The tables contain the images a), the MAMs performed at Vyoas (all maps set to
the same ppm-scale - easier comparison) b), the respective MSMs ¢) and the results of
the VSs of all these measurements including the maximum signal level measured at the
nominal device voltage d). As in section 9.3.1, the VSs were performed twice for each
device - in the center of gate and drain - and the results are shown separately in the
table.

b) MAMs (shape of the signals) Drain signals: The drain signal distributions and
amplitudes are very similar to those detected in the measurements of the reverse biased
diodes in section 9.1.2. Gate signals: The signals close to the source are comparable to
the measurements of the varactors in inversion in section 9.2.2. In comparison to those
levels, the gate signals close to the drain are increased in the 1319 nm laser measurements
and decreased in the measurements performed with the 1064 nm laser.

c) MSMs (shape of the signals) Drain signals: The signs of the drain signals do not
differ from those detected in the measurements of the diodes in reverse bias in section
9.1.2. Gate signals: At the source side of the gate, the sign of the signals is the same as
in the measurements of the varactors in inversion (compare to table 9.9). The signs of the
signals at the drain side are the opposite of those detected in the varactor measurements
(table 9.9). This explains the signal decrease along the channel (see also section 9.2.2).

d) VSs (signal-to-voltage correlation) Drain signals: The signal-to-voltage correla-
tions of the drain signals in section 9.1.2 and here are much alike. The only exception
is the PF-L-65, measured with 1319 nm laser wavelength: the signal shown in section
9.1.2 was very noisy and weak, but eventually the VS measured a linear signal-to-voltage
correlation. Here, the signal is similar - partly linear (for voltages higher than -0.56 V)
-, but has a higher amplitude. Most likely, the difference between these two signals is
caused by the probe placement. Gate signals: The signal-to-voltage correlations of the
gate signals seem to be similar; the signal levels are different (explanation see c)).

b) + d) Signal levels (MAMs and VSs) Drain signals: The drain signal levels are
similar to those in the measurements of the diodes in reverse bias (see section 9.1.2).
The slight differences in the signal levels are most likely caused by the probe place-
ment. Gate signals: Except the gate signal of the NF-L-65, measured with 1064 nm
laser wavelength, the signals here are higher than detected in the measurements of the
varactors in inversion (in section 9.2.2).

Summary The signs, amplitudes, signal-to-voltage correlations and distributions of the
drain signals are very similar to the measurements of the reverse biased diodes (section
9.1.2). The gate signals close to the source have the same sign and amplitude as the
measurements of the varactors in inversion (see section 9.2.2), but the signal decreases
towards the drain due to a sign flip that has been detected in the MSMs. This effect
also influences the signal-to-voltage correlations.
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Table 9.16.: FET, gate and drain pulsed simultaneously: Images, MAMs and MSMs

Modulated: gate and drain (Vg = Vp = £1.2V pulsed)
Constant: -
Grounded: source, well (Vg = Viy = GND)

Wavelength 1319 nm 1064 nm 1319 nm
/ Device NF-L-65 NF-L-65 PF-L-65

1064 nm
PF-L-65

a) Image

b) MAM
700

0

c) MSM
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Table 9.17.: NF-L-65, gate and drain pulsed simultaneously: VSs

Modulated: gate and drain (Vg = Vp pulsed)

Constant: -
Grounded: source, well (Vg = Vi = GND)
Wavelength 1319 nm 1064 nm
/ Device NF-L-65 NF-L-65
350
----- NF-L-65 - D D (1064 nm)
300 ... NF-L-65-GandD, D (1064nm) | . 1
—NF-L-65- D D (1319 nm)
250r | —NF-L-65 - G and D, D (1319 nm) 1
s T
g200 1
d) VS in =
the center = T :
of the drain wo e e |
S S ]
% 02 04 06 08 1 12
v, V]
180
1601 |+ NF-L-65- G G (1064 nm)
----- NF-L-65- G and D, G (1064 nm)
140l |—NF-L-65- G G (1319 nm)
—NF-L-65- G and D, G (1319 nm)
_ 120
£
. 2 100
d) VS in D:E 8oL
the center «< | g o~ =
of the gate oo ’
407
20
% Ry 0.6 08 1 12
V_[V]
d) VS-level D: 268 ppm D: 315 ppm
at Voum G: 173 ppm G: 22 ppm
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Table 9.18.: PF-L-65, gate and drain pulsed simultaneously: VSs
Modulated: gate and drain (Vg = Vp pulsed)

Constant: -

Grounded: source, well (Vg = Vi = GND)

Wavelength 1319 nm 1064 nm
/ Device PF-L-65 PF-L-65
350
----- PF-L-65- D D (1064 nm)
R PF-L-65- G and D, D (1064 nm) | 1300
...... —PF-L-65- D D (1319 nm)
L —PF-L-65-Gand D, D (1319nm) | {250
=5
- 1208
d) VS in ¥
the center | 71502
of the drain - 1100
- 150
‘ ‘ ‘ ‘ ‘ c’.;.l" O
1.2 -1 08 06 04 -0.2 0
Vo V]
: , : 140
----- PF-L-65 - G G (1064 nm)
----- PF-L-65 - G and D, G (1064 nm) J120
—PF-L-65- G G (1319 nm)
—PF-L-65- G and D, G (1319 nm)
1100
g
180 g
d) VS in Iy
the center 10 ;
of the gate 40
. 120
1.2 -1 08 06 04 02 P
Ve V]
d) VS-level D: 95 ppm D: 317 ppm
at Voum G: 131 ppm G: 98 ppm
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9.3.3. Different device sizes

In this section, as an example, the results of the measurements of the PF-L-120 and the
PF-S-120 - the device with the nominal gate dimensions - will be compared to discuss
the signal behavior with the scaling.

Tables number 9.19 and 9.20 show the results for the two devices PF-1.-120 and PF-S-
120 with the according drains and gates driven simultaneously. The tables contain the
images a), the MAMs performed at Vioas (all maps set to the same ppm-scale - easier
comparison) b), the respective MSMs ¢) and the results of the VSs of all these measure-
ments including the maximum signal level measured at the nominal device voltage d).
Both PFETSs have been measured with 1319 nm and 1064 nm laser wavelength.

b) MAMs (shape of the signals) Drain signals: The signal levels and distributions
of the drain signals here and those of the reverse biased diodes (tables 9.5 and 9.6) are
much alike. Gate signals: The gate signals of the 10 um structures were discussed
above. In opposition to the varactor in inversion, the gate of the PF-S-120 here shows
a strong signal (compare to table 9.11, where the entire poly-Si line produced a weaker
signal).

c) MSMs (shape of the signals) Drain signals: As the MAMs, the MSMs show no
differences compared to the drains driven as reverse biased diodes (see section 9.1.3).
Gate signals: The sign of the PF-S-120, measured with 1064 nm laser wavelength, is
negative. Assuming that the stronger signal in the gate area dominates the overall signal
in the gate area, this signal sign can be derived from the downscaling of the 10 pm device:
the sign of the stronger signal in the gate of the PF-L-120 is negative, too. The signal of
the PF-S-120, measured with 1319 nm laser wavelength, is so weak that, in the MSM, it
can hardly be distinguished from the drain signal. However, the overall sign needs to be
positive in this case, because a negative sign would have decreased the amplitude of the
ring shaped signal surrounding the drain in the MAM. The stronger signal in the gate
area of the PF-L-120 had a negative sign, which means that the stronger signal does not
dominate the overall sign in this case, when the device is scaled down. The signal with
positive sign was not detected with the MSM tool, but was derived from the decrease of
the signal along the channel.

d) VSs (signal-to-voltage correlation) Drain signals: Especially for the PF-S-120,
measured with 1064 nm laser wavelength, the signal level is strongly depending on the
probe placement (see discussion of the drain diodes in reverse bias, tables 9.5 and 9.6),
but basically the drain signals show the same signal-to-voltage correlations as the drains
driven as diodes in reverse bias. Gate signals: The signal amplitude and signal-to-
voltage correlation of the PF-L-120 depends on the probe placement. For the PF-S-120,
the probe placement is even more important, because the signal is not measurable, if
the laser is pointed to the wrong position. The VS shown in table 9.20 has a parabolic
signal-to-voltage correlation.
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Table 9.19.: FET, gate and drain pulsed simultaneously: Images, MAMs and MSMs
Modulated: gate and drain (Vg = Vp = £1.2V pulsed)
Constant: -
Grounded: source, well (Vg = Viyy = GND)

Wavelength 1319 nm 1064 nm 1319 nm 1064 nm
/ Device PF-L-120 PF-L-120 PF-S-120 PF-5-120

a) Image

b) MAM
200

|
Towier wmwﬁ

c) MSM
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Table 9.20.: PF-S-120, gate and drain pulsed simultaneously: VSs
Modulated: gate and drain (Vg = Vp pulsed)

Constant: -
Grounded: source, well (Vg = Vi = GND)
Wavelength 1319 nm 1064 nm
/ Device PF-S-120 PF-S-120
120
PF-S120- D D (1319 nm)
i —PF-S120-Gand D, D (1319nm) | 100
PF-S-120 - D D (1064 nm)
----- PF-S120- G and D, D (1064 nm)
: 180 _
g
d) VS in i 160 =
v
the center a

of the drain

200
PF-5120 - G G (1319 nm)
—PF-$120- Gand D, G (1319 nm)
: PF-S-120 - G G (1064 nm) 150
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b) + d) Signal levels (MAMs and VSs) Drain signals: As discussed in paragraph c)
and d) above, the signal levels are comparable to the measurements of the reverse biased
diodes (PF-S-120, measured with 1064 nm: signal level strongly depending on the probe
placement). Gate signals: For both FETSs, the signal levels are strongly depending on
the probe placement: due to the signal decrease along the channel for the PF-1-120 and
due to the small-sized signal area for the PF-S-120. The VS for the PF-S-120 has been
performed several times, to verify that the gate signal is measurable. Eventually it was
possible to place the probe to a position with similar signal level as measured in the
MAM: the according VS is shown in table 9.20. The signal level at Vo, measured
with the VS, reached 197 ppm.

Summary Basically, the signs, amplitudes and signal-to-voltage correlations of the
drain signals here are very similar to those of the diodes in reverse bias (compare to
section 9.1.3). The slight differences in the signal amplitude are caused by the probe
placement. The gate signal of the PF-1.-120 decreased along the channel, when both
pins are pulsed. The gate signals of the PF-S-120 are only detectable, when both pins
are pulsed; the gate signals then become much stronger than the according drain signals
(see table 9.19). Signal-to-voltage correlations and signal amplitudes of the device with
the nominal gate dimensions indicate that interference of gate and drain signals take
place. The signs of the PFET gate signals, measured with 1064 nm laser wavelength,
seem to be related: the sign of the stronger signal in the gate of the PF-L.-120 dominates,
when the device is scaled down in size, so the sign of the small structure is negative, too.
This is not the case for the 1319 nm laser wavelength measurement.

9.4. Signal contribution

In the previous sections, several differences between the signals of the devices were
recorded: various signal-to-voltage correlations, signal levels, shapes of the signals in the
MAMs and signs were detected. This section will point out the signal contribution of
areas, where the sign flips, it will explain gate and drain signals and discuss the reason
for the broad spectrum of results for the devices used.

9.4.1. Signal contribution - sign flips (MSMs) and signal level variations
(MAMs) within the same area

This paragraph will discuss the origin of the sign flip and the according signal levels in
the MAMs that were detected in several measurements. As examples, NF-S-120 and
PF-S-120 will be discussed briefly.

Figure number 9.1 (b) and c¢)) shows the MAMs of these FETSs, the according drains

driven as reverse biased diodes, measured with 1064 nm laser wavelength. The layout
and an overlay of layout and image are shown, too (a)).
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Figure 9.1.: a) Layout and overlay of layout and image for P- and NF-S-120 b) MAM of
PF-S-120 and ¢) MAM of NF-S-120, drains driven as reverse biased diodes,
measured with 1064 nm laser wavelength.

The signals in the MAMs are the complement of each other. The shape of the signal
is correlated to the shape of metal 1. In the MAMSs, the signal is close to zero within this
area (PF-S-120, figure 9.1 b)) or outside of this area (NF-S-120, figure 9.1 ¢)). In the
MSMs (not shown in the figure), the signal is spread across the entire diffusion areas,
but the sign of the signal in the area with the metalization in the back (PF-S-120: pos-
itive; NF-S-120: negative) is the opposite of the signal outside of this area (PF-S-120:
negative; NF-S-120: positive).

This sign flip occurs, because the metal is highly reflective and changes the phase of
the signal by 180°. The signal in the outer area, where there is no metal in the back-
ground, is most likely the signal that is caused by the SCR modulation. The signal
development for the area with the metal in the background can only be explained in a
very simple way by introducing an amplification factor for the reflection. Assuming that
the modulation of the SCR causes a signal of e.g. 150 ppm in both cases (positive sign
for the NFET and negative sign for the PFET) the calculations below only agree with
the recorded signals, if the amplification factors are chosen to be 1.333 for the PFET
and 3 for the NFET. The differences in the amplification factors could be explained with
interference effects caused by different thicknesses of the according layers (diffusion, SCR
etc.) of the two FETs.

PFET:

1. Signal caused by the modulation of the SCR (PFET):
-150 ppm
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2. Changed signal due to reflection off interconnect: 180° phase shift and factor 1.333
amplification:
4200 ppm

3. Resulting signal (interference of 1. and 2.; simple addition):
+50 ppm

NFET:

1. Signal caused by the modulation of the SCR (NFET):
4150 ppm

2. Changed signal due to reflection off interconnect: 180° phase shift and factor 3
amplification:
-450 ppm

3. Resulting signal (interference of 1. and 2.; simple addition):
-300 ppm

At this point it becomes clear that - especially for smaller structures - it is very impor-
tant, where the laser is pointed during measurements. To detect a signal, in this case, it
is vital to use the MAM tool, because the VS and the time-domain measurement might
just miss the right spot. KEspecially the MSM is very useful, because it is possible to
detect even very faint signals, caused e.g. by a sign flip, due to the higher sensitivity of
the modulation sign mapping tool (see chapter 6.2.2).

Signal generation effects - as just outlined -, where the signal is increased or decreased
due to the material properties in the background and the interference effects that come
along, are omnipresent in the devices. All signals that were increased or decreased
compared to the signals in the exact same measurement and in the same area (except
the signal decrease along the channel, when both pins are pulsed) can be traced back to
this effect. Examples for such signals are:

e the pattern in the gate areas, which were detected in the MAMSs of the PF-L-120
and NF-L-120, measured with 1064 nm laser wavelength,

e the signal decrease in the MAMSs of the inner part of the drain diffusions, measured
with 1064 nm laser wavelength,

e and the signal decrease (MAMs) and the sign flip (MSMs) of all the signals sur-
rounding the diffusions.

Note that the sign does not necessarily have to flip at one of the according interfaces to
influence the signal strength.
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9.4.2. Signal contribution - sign flip or signal amplitude variations in the
VSs, signal level variations along the gate (gate signal)

Several VSs of gate areas revealed "hump”-shaped signal-to-voltage correlations (e.g.
NF-L-120, measured with 1319 nm, PF-L-120 measured with 1064 nm). These signal-
to-voltage correlations come along with a sign flip (this was proven with time-domain
measurements). Since those signals were detected with the VS, it is not the overall sign
of the signals at all voltages - as discussed in section 9.1 -, but a sign changing with the
applied gate voltage. Since there are two active signal sources, when the gate is pulsed
- SCR and inversion channel -, it is possible that the two effects are causing signals of
opposite signs (not necessarily, hence not all gate signals showed ”humps”). This means
that there are two competing signals that are of different strengths - depending on the
voltage that is applied - and the one that is stronger prevails in the measurement and
even determines the sign at the nominal device voltage in the MSMs.

Since the strength of the two signal sources - SCR and inversion channel - also depends
on the position in the device (compare to figure 7.1), this also explains the sign flips in
the gate areas found in the MSMs and the signal decrease in the MAMs along the gate
of several devices, when both, gate and drain, are pulsed. The sign of the NF-1-120
signal with both pins pulsed, measured with 1319 nm laser wavelength, see table 9.13,
flipped in the gate area (MSM), the signal in the MAM decreased towards the drain and
the VS in the center of the gate showed a ”hump”-shaped signal-to-voltage correlation,
as described in the paragraph above. Figure number 9.2 contains the VSs for three laser
positions in the gate area of the NF-L-120: close to the drain, close to the source and in
the center of the gate (the latter is identical to that shown in table 9.14). The signal-
to-voltage correlations of the three positions are distinct, which confirms the variations
of signal strength of the two signal sources along the gate. It can be assumed that the
signal that was measured close to the drain represents the SCR-signal source. Close to
the source the inversion channel has a strong influence on the signal and in the center
of the gate, both signal sources influence the overall behavior. The signal levels at the
nominal device voltage represent the levels of the MAM of the according positions (note
that the signal level close to the source is comparable to that of the varactor in inversion,
compare to table 9.8).

9.4.3. FET signal contribution

In several measurements, strong signals were detected, only when gate and drain are
pulsed at the same time (compare the measurements of the device with the nominal
gate dimensions in sections 9.2.3 and 9.3.3). It is not likely that the signal strength is
correlated to the current density, because an LVP signal is generated by the free carriers
and not necessarily by the current of a device. However, in the following, the current
densities are estimated very roughly. The results can be found in table 9.21 (A is the
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Figure 9.2.: VSs of NF-L-120, gate and drain pulsed simultaneously, three positions in
the gate area: close to the drain, close to the source and in the center of the
gate

channel cross-section !

, i.e. the area the current passes). As expected, the table shows
that the signal strength is not directly correlated to the current density. If the signal
strength would increase linearly with the current density, it meant that the PFET signal
was lower than the NFET signal (comparable only among devices of the same process
technology). And it meant that the device with the nominal gate dimensions had the
highest signal level. But the signal levels of the PF-L-120 were higher than the levels of
the NF-L-120 - see table 9.13. The highest signal levels have not been detected in the
measurements of the PF-S-120, but this might be caused by the resolution or interference
effects (obliteration of the overall signal due to opposite signs of gate and drain signals)

coming along with downscaling of a structure to sub-micron dimensions.

9.4.4. Signal contribution summary

Table 9.22 contains the MAMs and the MSMs of the 1064 nm measurements - as an
example - of the PF-1.-120 and the NF-L-120. The device modi used here are as follows:

1. The varactors in inversion - device modi and signal contribution as in section 9.2.

1A is the area (cross-section), where the current flows through - for example at the source side. Rough
estimation: if the diffusions, the wells, the gates and the applied voltages are all the same (without
any drain voltage applied), then the channel thicknesses of the three devices should be the same in
all cases, too. Here, 3 nm is a rough estimation.
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Table 9.21.: Estimation of current densities: PF-L-120, NF-L-120 and PF-S-120

Channel
Current
W [um] cross- On current .
. . density
Device / section Ion 7 — lox|
L [pum] A=W -3nm [A] a4 A
[mQ] [W]
PF-L-120 10 / 10 3-1071 -31 1-10°
NF-L-120 10 / 10 3-1071 150 5-10°
PF-S-120 0.16 / 0.12 4.8.10716 -30 6.3 - 1010

2. The drains were pulsed with the nominal device voltage and the gates were held
constant, also at the nominal device voltage (high), so the FETs are in the same
state as if both pins of the FETs were pulsed, only that the gate is not modulated
and thus not contributing to the modulated signal itself.

3. FETs with both pins pulsed - device modi and signal contribution as in section
9.3.

Drain signals

When the drains of the FETs were pulsed - no matter, which other pins were also used
- the drain diffusions always showed the same signal (compare the MAMs and MSMs
of 1) and 3) in table 9.22). Not only the sign of the signals stayed the same, but also
the shape of the signal in the MAMs, and the signal-to-voltage correlations (all signals
were at least partly linear) were quite similar. Smaller variations in the signal levels and
slightly different signal-to-voltage correlations were caused by the probe placement. The
sources of these signals were the SCRs underneath the drains.

Gate signals

In the contrary, the signals that were detected in the gate areas changed with different
device modi and showed a much higher complexity in the overall signal contribution. The
following paragraphs will explain the signal contribution of the gate signals in general.
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Table 9.22.: Signal contribution: NF-L-120 and PF-L-120, measured with 1064 nm laser
wavelength
1) Varactor in inversion (Vi = £1.2V pulsed; Vp = Vg = Viy = GND)
2) FET, drain pulsed, gate high (Vp = £1.2V pulsed; Vi = +1.2V constant;
Vs =Viw =GND)
3) FET, gate and drain pulsed simultaneously (Vo = Vp = £1.2V pulsed;
Vs =Viw =GND)

1) Varactor in 2) FET, drain 3) FET, gate and

Devi
eviee inversion pulsed, gate high drain pulsed

NF-L-120
MAM

NF-L-120
MSM

PF-1-120
MAM

PF-1-120
MSM
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1) Varactors in inversion

As explained in section 9.2, the signal origin of the gate signals, when only the gate
is pulsed, is the SCR underneath the gate and the inversion channel. Both are evenly
distributed along the gate. As can be found in table 9.22 1) and section 9.2, these two
signal sources can result in various signal-to-voltage correlations, signal strengths and a
negative but also a positive sign - depending on the interference effects that come along
with the types of FETS, the size, the process technology and the laser wavelength used
for the measurement.

2) FET, drain pulsed, gate high

When the gate voltage is held constant and the drain is pulsed (see table 9.22 2)), the
signal detected in the gate areas can only be caused by the modulation of the drain,
because the voltage at the drain is the only voltage that is modulated (gate is static).
So the signals in the gate areas shown in table 9.22 2) are caused by the influence of
the drain voltage on the channel and / or the SCR underneath the gate. The effects
that occur are as follows: if a pulse is applied to the drain, the thickness of the SCR
underneath the gate close to the drain increases and the thickness of the inversion channel
close to the drain decreases.

3) FET, gate and drain pulsed

In this case both pins, gate and drain, are pulsed with the nominal device voltage, so the
signal contribution is a composition of the drain signal, caused by the SCR. and the gate
signal, which is caused by the inversion channel and the SCR underneath the gate plus
the influence of the drain on the latter two. So the overall signal can be understood as a
composition of the varactor in inversion (table 9.22 1)) and the influence on this signal
caused by the drain modulation (table 9.22 2)). This produces a signal in the drain area,
which is basically like the drain signals as detected for the reverse biased diodes, and a
signal in the gate area that is comparable to the varactor in inversion with subtraction
of the drain influence (table 9.22 3)).

Sub-micron devices

Especially the measurements that were performed on the devices with the nominal gate
dimensions showed that the signal strength is the highest, when the two effects of the
drain and the gate - SCR underneath the drain / gate and inversion channel - occur
simultaneously. It is not clear, if this is caused by the electrical effects (e.g. SCR or
inversion charge carrier density) that influence the optical properties of the structure or
by the interference effects - e.g. the gate signal simply adds / enhances the drain signal,
when both signals interfere, because they are closer together. The signal-to-voltage cor-
relations, however, indicate that drain and gate signal interfere and both contribute to
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the signal.

It is likely that the resolution is also important for the signal strength. If the 10 ym
structures were shrunk down in size, maybe the signal would increase, just because parts
of the signals are superimposing (interfering). Shrinking even further would mean that
the detection scheme was not longer able to catch all the reflected light (resolution),
which might cause a signal that is even weaker.

9.5. Evaluation of the measurement methods

Conventionally, tools used the time-domain measurement method to extract waveforms
from a device (compare to section 6.2.1). For the measurements of this work, frequency-
domain measurements were used to obtain information about signs, amplitudes and
signal-to-voltage correlations.

With the MAMs and the MSMs it is possible, to scan across an area of interest in
the device and "search” for a signal, whereas conventional methods were probing at
one single point and - depending whether the probe was placed to the right position -
sometimes did not acquire any signal. The only information that need to be known for
the measurement methods of this work is the frequency of the expected signal, then the
SA can be set to this particular frequency and the signal extraction will be easy. This
way, signals can be traced through the IC and entire areas of interest can be evaluated
at the same time. Additionally, in the future, the layout of the device can be overlaid if
necessary.

The MAMs determined the relative signal strength across an area. The MSMs are
not capable of determining the signal strength, because this method only extracts the
sign of signals. Nonetheless this measurement method showed a strong sensitivity, which
enabled signal resolution of very faint signals that were not detected in the MAMs. A
reason might be that the MSM tool only evaluates, whether there is a signal, which
increases from the static value or not and provides a single boolean result. The MAM
tool in opposition records signal levels for all positions, such that low signal levels might
be misinterpreted as noise floor. Thus MSM might be very useful in the future for mea-
surements of smaller devices, because - in case the signal levels decrease with the size
of the device - the signal might still be detectable. As an example of signal detection of
very faint signals, see section 9.4.1.

With the VSs it is possible to extract the signal-to-voltage correlations and the signal
levels at the nominal device voltage with one single measurement. However it is not
possible - as with the conventionally used time-domain measurements - to extract the
sign of the signal or to tell something about the shape of the waveform. Further, espe-
cially for measurements of sub-micron devices, the probe placement plays an important
role. Still, this tool enables fast (only a few seconds) and low-noise signal extraction.
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For future tasks, the use of this tool can be expanded: the SA could extract signal levels
of higher harmonics to determine the shape of the waveform. Further, for the scope to
measure even unstable signals, e.g. from ring oscillators, it might be useful to build up
a feed-back loop that constantly measures the frequency of the device and adjusts the
SA to this frequency.

However, at least in the measurements of the devices with the nominal gate dimensions,
it was found that strong signal levels occur, when both pins - gate and drain - are
pulsed simultaneously (compare sections 9.2.3 and 9.3.3). This means that is is not only
important to chose the right measurement method and the right probe place, but is is
also vital to drive the device in the right mode, such that the strongest signal level can
be detected.
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Part VI.

Modeling

114



10. Active and passive signal contribution

In part III the LVP setup and measurement methods used for this work were described.
This part explains active and passive signal generation (chapter 10) of the devices and
shows, how the relevant effects that occur in a device, while a laser beam is focused on
its active areas (see chapter 4), can be evaluated in the simulations of the reflectance
from these structures (chapter 11 and 12).

10.1. Static part of the reflected light

In comparison to the modulated part of the reflected light the static part is orders of
magnitude larger (ppm modulation compared to a few percent static). All the reflec-
tions within the depth of focus contribute to this overall static reflectance: each interface
reflects a certain amount of light. The strength of the reflectance of one layer is depend-
ing on its index of refraction, the absorption coefficient and the thickness of the layer
(whenever multi-reflections take place) - for details see 3.1. For most of the media that
can be found in a CMOS structure, these properties are independent of the voltage that
is applied: the silicide, oxides and metalizations. The properties of the silicon materials
(bulk-Si, well, diffusion) depend on the voltage that is applied, but, even in the static
condition, they depend on the effects, which were described in chapter 4 - i.e. the laser
wavelength, the temperature, the electric field and the free carrier concentration. The
corresponding properties of the materials will be described in detail in chapter 11.

10.2. Modulated part of the reflected light

The modulated part of the reflected light is the actual LVP signal. The modulation
(active signal contribution) is caused by the voltage that is applied to the pins used
- drain and / or gate of the MOSFET. Pulsing of the drain causes the space charge
region thickness to change. The thickness of the space charge region influences the
optical path length and thus plays an important role for interference effects. When the
gate of a MOSFET is pulsed, again, the space charge region thickness underneath
the gate is modulated in width and, in addition, the inversion channel develops,
so the charge carrier density is modulated for voltages above the threshold voltage.
The modulated part of the reflected light can be influenced by the static properties of
the materials in the background, as well, by the interference (compare to section 3.2)
of the reflected beams (passive signal contribution), e.g. when the two waves are
phase-shifted by w. The following chapter will analyze various interfaces in detail and
determine, whether such a phase shift is expected or not.
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11. Separate modeling of the interfaces

As shown in chapter 3.2, a detailed reflectance calculation of a structure like a MOS-
FET is too complex to be done by hand. Parts of the structure will be simulated in
the following chapter, to understand better, which parameters influence the reflectance.
This chapter analyzes only the properties of single interfaces. The analysis will show
the properties of silicon with different doping levels in detail, determine how the indices
of refraction of the layers compare and conclude, whether there is a phase shift at the
according interface or not. For layers that are actively contributing to the signal, the
influence of the absorption coefficient, the refractive index and the thickness of the layers
on the reflectance will be investigated in chapter 12.

As described in part IV, various devices have been investigated for this work. These
devices consist of a fairly complex structure. For the modeling, simple layers with ho-
mogeneous properties and defined interfaces are needed. Doping profiles would be too
complex, so the pn-junctions are treated as abrupt step junctions in which the doping
profiles are replaced by average doping concentrations, the space charge regions are as-
sumed to be fully depleted (depletion approximation) and the inversion channels are
treated as layers of defined thicknesses and average inversion charge densities (for cal-
culations of these parameters see section 7.4). These approximations will be used for
the modeling and the simulations. Variations of the average doping levels will show the
correlation with the signal in chapter 12.

Table 11.1 contains the index of refraction of the materials that can be found in a
MOSFET. The according values for silicon have been extracted from the theory in chap-
ter 4 for the two wavelengths used, 1319 nm (photon energy 0.94 eV) and 1064 nm (1.17
eV) (see information in brackets for the exact data points of extraction), and will be
discussed in the following sections. For the materials cobalt silicide (CoSi) !, silicon
nitride (SiN) 2, silicon dioxide (Si0Oz) 3 and aluminum (Al) 4 the sources can be found
in the footnotes.

11.1. Effects in silicon

reference: http://www.stormingmedia.us/38/3813/D381358.html.

2reference: http://www.ce.byu.edu/photonics/opticalconstants. phtml.
3reference: http://www.ee.byu.edu/photonics/opticalconstants.phtml.
reference: http://www.ee.byu.edu/photonics/opticalconstants.phtml.
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Table 11.1.: Indices of refraction for materials occurring in a FET (the short cut f.c.
stands for "free carrier effects”)

Wavelength [nm] \ 1319 \ 1064
Silicon

ng; dispersion (intrinsic Si, 300 K) 3.501 3.568
21 thermo-optic [K 1] (295 K, 1300/1100 nm) 1.94-1074 2.15-10~*
An electro-refraction (10° Vem ™!, 1320/1065 nm) | ~ +0.25-107° | ~ +0.8-107°
An Kerr (independent of ), 10° Vem™!) ~—107°

An f.c. (3.2-10'7 electrons em =3, 1100 nm) see below —1-107*
An f.c. (4-10' electrons em ™3, 1100 nm) see below —2.1072
An f.c. (3.2-10'7 electrons em ™3, 1300 nm) —2-1074 see above
An f.c. (4-10' electrons cm =3, 1300 nm) ~3-1072 see above
An f.c. (5-10' holes cm ™3, 1100 nm) see below —6-1074
An f.c. (1-10%9 holes cm ™3, 1100 nm) see below —4-1072
An f.c. (5-10'7 holes cm ™3, 1300 nm) -9.107* see above
An f.c. (1-10%9 holes cm ™3, 1300 nm) —6-1072 see above
Other materials

NCoSi 3.2

NSiN 2

NS0y 1.45

na; 1.23

Npoly—Si = NSiintrinsic (See above) 3.501 3.568
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Thermo-optic coefficient Due to setup and measurement issues - see chapter 6 - the
laser power was limited to maximum values: 7.4 mW (1064 nm laser wavelength) and
1.3 mW (1319 nm laser wavelength), to guarantee that the APD operates in linear mode,
see chapter 6. The estimated resulting peak temperature variations in metal lines - as
described in [BDPBO04] 5 - are 4.07°C (1064 nm) and 0.72°C (1319 nm). Note that the
calculations in the literature cited here were performed for 1300 nm laser wavelength, so
the estimation for 1064 nm laser wavelength is not accurate. Note further that the peak
temperature variations are calculated for metal only, but basically, during an LVP mea-
surement, the laser is focused at the diffusions not at the metal lines, so the temperature
increase will be even lower, because less light will be absorbed. A first level approx-
imation of the thermo-optic coefficient, with the temperature variations from above,
estimates An = 8.75 - 10~* for 1064 nm and 1.40 - 10~* for 1319 nm laser wavelength.
But even for a temperature increase of 10°C' - for example in the inversion channel - the
changes in the index of refraction would be An = 1.94- 103 and 2.15 - 10~3 for 1319
nm and 1064 nm respectively. In addition, Goldstein et al. ([GSG93]) presented data,
which showed that changes in the index of refraction due to temperature variations are
only measurable, if current flows (they measured bipolar transistors!), otherwise free
carrier effects dominate the signal. And - with a phase sensitive detection scheme - they
were able to measure the electro-optic effect, but found that the signal levels are still
lower than the signal levels produces by the free carrier effects. For a bipolar structure
measured with a ML laser they found AT = 6.4 K, which lies within the estimated limits.

Kerr effect and electro-refraction With about An = —107% the Kerr effect plays
a minor role among the field effects that occur in silicon. The evaluation of electro-
refraction predicts a maximum change in the index of about An = 0.8 -107° for 1065
nm laser wavelength and electric field strengths of 10° % The peak values, which can
be extracted from figure number 4.6, are +An = 1.3-107% and —An = 1.7-107° (for
10° %) Even with the prediction that the effect is 2x stronger for Eqp || Eqpp than
for Eopt L Eqpp ([SB8T]), this leads to +An = 2.6 -107° and —An = 3.4- 1075 (for 10°
1%

o)

Free carrier refraction For charge carrier densities higher than 6 - 10'” ¢m ™3 for holes
and 1—2-10'8 em =3 for electrons (well doping concentration: 2-10'7 em™3!), the change
in the refractive index due to free carrier effects is higher than for the effects men-
tioned above: An > 1-1073. This means that the free carrier effects play the major
role in the change of the refractive index and hence the influence on the reflectance.

With this information about the indices of refraction, a first order evaluation of the
resulting phase shift of the reflected wave (0° or 180° phase shift between incident wave
and reflected wave) at the according interfaces for the electric field perpendicular or

5For one particular structure - a metal line - the peak temperature variation induced by laser heating

was calculated to be AT a0 = %.
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parallel to the incident plane can be achieved. Coming from the backside of the FETs,
the light traverses the interfaces listed in table 11.2; the phase shifts are predicted by
using the Fresnel equations (see equation 3.5 and 3.2), which evaluate the relation of
the indices of refraction for the medium of incidence and the medium of transmission.
The material layers differ slightly for the NFET and the PFET due to the opposite well

doping type:

PFET

e p~-type substrate — SCR: this interface can only be found in PFETS, because there
is a pn-junction between the substrate (p) and the well (n).

e SCR — n-type well: also only in PFETSs (see above).

NFET

e p~-type substrate — p-type well: only in NFETs: there is no SCR between the
substrate and the well, but a discontinuity:.

PFET and NFET

In the drain / source area:

e well — SCR: for the first order approximation of the index of refraction, the doping
type is irrelevant, because the index will decrease from its intrinsic value for both
types (see negative sign in equation number 4.5)

e SCR — diffusion: again, the doping type is not relevant
e diffusion — silicide
e silicide — nitride

e silicide — interconnect metal: not shown in figure number 7.1; these are the contacts
from the diffusion to the metal lines connecting the FETs with the outer circuitry

In the gate area:
e well - SCR: the doping type is irrelevant (see above)

e SCR — inversion channel (if there is a channel)

channel — oxide: the interface to the gate dielectric, or

SCR - oxide (without channel)

oxide — poly-Si gate

119



e poly-Si gate — silicide
e silicide — nitride
e silicide — interconnect metal: connecting the gate with the outer circuitry

From table 11.2 the phase shifts at the interfaces occurring in a FET can be deter-
mined for the two polarization states (compare to section 3.1). Assuming that the bulk
of the laser light is either absorbed or reflected by the metal and the silicide, the follow-
ing assumptions can be made. In the m-case, for the NFET and the PFET, the phase
shifts at 4 interfaces in the gate area (interface to the well, the channel, the oxide and
the silicide) but also in the drain area (interface to the well, the diffusion, the silicide
and the aluminum). So the part of the reflection caused by the electric field component
perpendicular to the incident plane indicates no phase shift between the PFET and the
NFET nor does it predict a phase shift between the drain and the gate area. In the
o-case, the according properties of the materials suggest that the phase of the reflected
wave will shift by 180° at the interface to the SCR, the metal and the poly-Si gate. If
there were no additional interference effects, this would mean that the LVP signals of
gate and drain were in phase (phase shift at the SCR for both, gate and drain and in the
gate at the poly-Si, in the drain at the metal) and that the LVP signals of the PFET and
NFET differ, because, only at the PFET there is an additional SCR between p-substrate
and n-well, where the phase shifts again.

In fact, the interference effects of the active signal sources alone will most likely al-
ready differ for gate and drain signals and thus a prediction of the signal behavior of
the overall reflectance for both is hardly possible. (Interference can take place for layers
that are thicker than 76 nm (for 1064 nm wavelength) or 94 nm (for 1319 nm), as can
be derived from equation number 3.12, the difference in path length.)

Both parts of the reflections (7-case and o-case) are detected for the amplitude infor-
mation, so the overall reflectance is influenced by the resulting phase shift between the
two waves in addition. A phase shift could only occur, if the difference in path length
varies for the two polarizations states - which is not possible - or if the properties vary
for the two states, which was only predicted for electro-refraction (see section 4.4.2), but
this effect is assumed to be negligible in comparison to the free carrier effects.
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Table 11.2.: Interfaces occurring in a FET, the according relation of the indices of re-
fraction and the resulting phase of the reflected wave at the interface (for
metal: 180° phase shift due to the properties of the metal not due to the
index of refraction.)

Interfaces Relation of the Phase between Phase between
medium 1 - indices of incident and incident and
medium 2 refraction medium | reflected wave reflected wave
1 - medium 2 [-] m-case [°] o-case [°]
PFET
p~-type Nsub < NSCR 0 180
substrate —
SCR
SCR — n-type NSCR > Nuwell 180 0
well
NFET
p -type Tsub > Naell 180 0
substrate —
p-type well
PFET and NFET
well — SCR Nwell < NSCR 0 180
(underneath
the gate or
the drain)
SCR — drain NSCR > Ndiff /chan 180 0
diffusion /
inversion
channel
drain Ngiff > NCoSi 180 0
diffusion —
silicide (CoSi)
silicide (CoSi) NCoSi > NSiN 180 0
— nitride
(SiN)
silicide (CoSi) NCoSi > MA 180 180
— interconnect
metal (Al)
channel — Tehan > NSiO, 180 0
oxide
oxide — nsi0, < Npoly 0 180
poly-Si gate
poly-Si gate — Npoly > NCoSi 180 0
silicide (CoSi)
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12. Simulations with the matrix formalism

First, this chapter will explain, how the modeling of the structures that were simulated -
NFET and PFET, drains and gates - was done. Then it will be discussed, how the matrix
formalism was used to perform the simulations of the reflectance. The simulations were
done for both wavelengths, 1319 nm and 1064 nm. The results will be analyzed in detail
and the main influencing parameters will be extracted.

12.1. Using the matrix formalism for reflectance simulations of
the active areas of a FET

As described in section 3.2.2, for the calculation of the overall reflectance of a structure,
it is necessary to define simple layers with interfaces and their according properties. This
chapter will analyze the active part of the signal, which is caused by the electrical activity
of the device and not by the background signals (compare to passive signal contribution
in chapter 10 and 11).

12.1.1. Modeling of the drains of the FETs

The only active signal source in the drain area can be reduced to the modulation of
the SCR width due to the drain voltage. This assumption leads to a structure with
only two interfaces: the well-to-SCR interface and the SCR-to-diffusion interface. Since
in chapter 11.1 the main effect that influences the properties of silicon was determined
to be the free carrier effect, the properties of these interfaces can be calculated from
equations number 4.5 and 4.4 and with the SCR thickness. The situation is shown in
the schematic in figure 12.1.

12.1.2. Modeling of the gates of the FETs

For the gates of the FETSs, there are two different situations that need to be taken into
account:

e if the gate voltage is lower than the threshold voltage, the only active signal source
is the SCR below the gate that is modulated in width. The according interfaces
then are: the well-to-SCR interface and the SCR-to-oxide interface. See figure
number 12.2.

e if the gate voltage is higher than the threshold voltage, the active signal source
is the modulation of the inversion charge carrier density in the channel, since the
SCR thickness stays constant for voltages above the threshold. The according
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tser = f(Vp)

well Ngcr=0 Nittusion

Figure 12.1.: Schematic diagram of the simplified diffusion structure for the simulation

interfaces then are: the well-to-SCR interface and the SCR-to-channel interface.
See figure number 12.3.

Both models assume that there is no electric field component at the right side of the last
layer (see boundary condition of the matrix formalism 3.2.2).

tser = (Vo) Noxide

Nyer Nscr=0

Figure 12.2.: Schematic diagram of the simplified gate structure for the simulation in
the sub-threshold regime
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tscr = f(Vo)

NweII NSCR:O Nchannel = f(VG)

Figure 12.3.: Schematic diagram of the simplified gate structure for the simulation (volt-
ages above threshold voltage)

The optical parameters of all layers can be calculated from the equations number 4.5
and 4.4, which determine the indices of refraction and the absorption coefficient (and
thus the extinction coefficient) of the layers due to free carriers. Note that for the two
wavelengths, dispersion needs to be taken into account, too. With the refractive index
and the extinction coefficient, the reflection and transmission coefficients of the interfaces
are calculable and hence the transfer matrices can be evaluated. For the propagation
matrix, the phase factor needs to be calculated, which includes the interference effects
due to the variations in the thickness of the layers: the SCR thicknesses. The equations
that were used to determine these values for the gate and the drain are explained in
section 7.4.

12.1.3. Modeling of mobility for various carrier concentrations

For the calculation of the absorption coefficient from equation number 4.4, the mobility
of the charge carriers is needed. Since the mobility is depending on the carrier density
and the material - i.e. the impurity (or doping) concentration and type of silicon, but also
the free carrier concentration - the according densities need to be determined. So when
the doping concentration and the inversion channel charge carrier density are known,
the mobility can be evaluated. In the literature, various sources for calculations of the
mobility from those properties can be found. For the calculations in this work, the data
from Wolf, which can be found in [Wol69], was used (formulas see appendix). Figure
number 12.4 shows the mobility versus charge carrier density for holes and electrons in p-
and n-silicon. The degeneracy of the semiconductor (very high charge carrier densities,
starting from around 2- 10! em™3) is taken care of by limiting the mobility at the lower
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end: 140 0(/”52 for electrons and 100 C(/”; for holes.
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Figure 12.4.: Mobility versus charge carrier density for holes and electrons in n- and
p-silicon after Wolf [Wol69]

12.1.4. Calculation of the refractive index and the absorption coefficient

With the calculated charge carrier densities and the mobilities for those values, the
changes in the index of refraction and the absorption coefficient for holes and electrons
for the two wavelengths used (1319 nm and 1064 nm) can be calculated from equations
number 4.5 and 4.4. Figures number 12.5 and 12.6 show the calculations and the ex-
tracted values from [SB87| for 1300 nm wavelength for comparison. As discussed section
4.5, the mentioned measurements do not agree exactly with the theoretical calculations,
but still, for the modeling, the extraction of the refractive index and the absorption co-
efficient from the equations was chosen. This enables simulations for both wavelengths
used here, whereas the measurements only predict the data for 1300 nm and 1550 nm
laser wavelength.

For one example (the varactor) of the calculation development see the diagram in
figure 12.7.

12.2. Simulation results: n"p-diode, reverse bias (NFET, drain)

Figure number 12.8 and 12.9 show the result of the simulated reflectances at the inter-
faces of the diode in reverse bias for the NFET versus the junction voltage for the two
wavelengths. The average of the diffusion doping concentration was set to 2-10%° ¢m =3,
the well doping concentration was set to 2 - 10'7 em ™3 - the extracted values from the
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Figure 12.5.: Changes in the index of refraction due to free carriers versus charge carrier
density for holes (red) and electrons (blue) and 1319 nm (solid lines) and
1064 nm (dashed lines) wavelength. The values extracted from Soref and
Bennett ([SB87]) for 1300 nm are shown as well.
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Figure 12.6.: Changes in the absorption coefficient due to free carriers versus charge
carrier density for holes (red) and electrons (blue) and 1319 nm (solid
lines) and 1064 nm (dashed lines) wavelength. The values extracted from
Soref and Bennett ([SB87]) for 1300 nm are shown as well.
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Figure 12.7.: Development of the calculations for the simulations: from charge carrier
density to the overall reflectance, calculation with the matrix formalism.
The blue parameters indicate the dependency on free carrier effects; red
parameters label the electrical data, which need to be evaluated first. The
SCR calculations are performed with the intrinsic data set (no free carrier
effects).

electrical simulation data (compare to section 7.3, referred to as the ”original values”
in the following). The reflectance of the 1319 nm simulation increases up to 0.6 V, but
then it decreases again. The maximum amplitude of the simulation is with 0.22 ppm
over a factor of 500 lower than the measured signal (the drain signal of the NF-L-120
was linear, positive and had an amplitude of around 125 ppm, see section 9.1.1). The
result of the 1064 nm laser wavelength simulation is linear with a negative sign, which
is comparable to the according measurement (see section 9.1.1), but the amplitude is
again lower than expected - this time it is a factor of around 60.

Since the simulations with the original values of the average doping concentrations
were not reproducing the results of the measurements, in the following, the well and the
diffusion concentrations were varied to investigate the dependency of the reflectance on
the doping concentrations. First, the well doping concentration was set to 2- 1017 em ™3
and the diffusion doping concentration was varied from 5 - 10! to 1-10%2 ¢m =3 for the
1319 nm laser and from 5- 1019 to 2- 10%! em ™2 for the 1064 nm laser (values as labeled
in the graphs). The results are shown in figure 12.10 and 12.11. For easier comparison,
the simulations with the original values are shown in the graphs, too.

The simulations for the 1064 nm laser are linear in shape (as the original signal) and
increasing in amplitude (absolutely, as the result is negative) for increased diffusion dop-
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Figure 12.8.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), well and diffusion doping concen-
tration set to the values extracted from the electrical simulations: 2 - 107
and 2 -10%0 ¢m ™3

Vo [V]
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Figure 12.9.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), well and diffusion doping concen-
tration set to the values extracted from the electrical simulations: 2 - 10'7
and 2 - 10% e¢m =3
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Figure 12.10.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), well doping concentration set to
2107 em ™3, diffusion doping concentration varied
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Figure 12.11.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), well doping concentration set to
2107 em ™3, diffusion doping concentration varied

ing concentrations. The maximum amplitude of the simulation reaches -472 ppm for a

diffusion doping concentration of 2 - 102! em™3. The results of the simulations for the
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1319 nm laser wavelength are of the same shape as the simulation of the original values,
but with amplitudes that are increasing with higher diffusion doping concentration. For
diffusion doping concentrations higher than 5 - 102" ¢m ™3 the shape of the simulation
is almost linear. With 2.76 ppm, even the strongest amplitude of the simulations (for
5-10% em™3) is still very weak compared to the measurements. For diffusion doping
concentrations above 5-10%! ¢m ™3 the amplitude of the simulation even decreases again.
To investigate, how the strongest amplitude of the simulation can be achieved, the dif-
fusion doping concentration was varied even further (see figure 12.12).
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Figure 12.12.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), well doping concentration set to
2107 em ™3, diffusion doping concentration varied at a very high level
The simulations for diffusion doping concentrations above 3-10%! ¢m ™3 are linear, but
decrease further for an increased doping concentration. For a doping concentration of
2-10%! em ™3, the slope of the simulation is very steep at voltages lower than 0.4 V, but
it decreases as the voltage increases. In opposition to the result of the simulations for
1-10%! ¢m ™3 the simulation does not reach 0 ppm at the nominal voltage, but reaches
around 2 ppm at 1.2 V.

Since the variations of the diffusion doping concentration already showed a strong
influence on the simulation results, in the following, the diffusion doping concentration
was held constant and the well doping concentration was varied to in investigate the
influence on the simulation result. The values of the diffusion doping concentrations
were set to 2- 102! ¢m ™3 in order to get the closest match with the measurements. The
results are shown in graph 12.13 and 12.14.
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Figure 12.13.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), diffusion doping concentration
set to 2-10%! em ™3, well doping concentration varied

Y

-100

-200

-300

AR [ppm]

-400

-500

-600

Figure 12.14.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), diffusion doping concentration
set to 2-10%! em ™3, well doping concentration varied

The simulation results of the 1319 nm wavelength vary a lot in shape, sign and ampli-
tude. From 2-10'7 to 4-10'® ¢m ™3 the amplitude increases drastically. For well doping

131



concentrations higher than 4-10'® em ™3 (e.g. see result for 7-10'® ¢m™3), the amplitude
of the simulation decreases again. For a well doping concentration of 1-10'7 ¢m™2 the
simulation even predicts negative values. All results of the simulations below and above
the original well doping concentration have quite linear signal-to-voltage correlations.
The closest match with the measurements results from the simulation with 4-10'8 ¢m=3
well doping concentration and 2 - 102! ¢m =3 diffusion doping concentration (labeled red
in the graph): the signal-to-voltage correlation is linear and the sign is positive, but with
an amplitude of 38 ppm, it is still a factor of 3.3 lower than the result of the measurement.

The 1064 nm wavelength simulation results predict a decreasing (negative) amplitude
for an increased well doping concentration. The signal-to-voltage correlation stays linear
for all values. For a well doping concentration of 1-10'® ¢m ™2 the amplitude of the sim-
ulation reaches -171 ppm, which compares well with the measurements: the measured
signal was linear, had a negative sign and an amplitude of around 150 ppm.

12.2.1. Influencing parameters

The sign, the shape and the amplitude of the simulation is influenced by different pa-
rameters. If the doping concentrations of the layers are varied, as in the simulations
shown above, the absorption due to free carriers Ac«, the index of refraction An and
the thickness of the space charge region tgor, but also the built-in potential and the
mobility of the charge carriers are influenced, since all of them depend on the carrier
density. This section investigates, how far and in which way, these parameters affect the
simulation. The investigation is based on two simulations with the same diffusion doping
concentration (2-102! ¢m=3) and different well doping concentrations: a) 2-107 and b)
4-10'® see black and red curve in figure 12.15. Starting at curve a), for a well doping
concentration of 2-10'7 ¢m ™3, the change in the reflectance due to the above mentioned
parameters is extracted. The entire reflectance calculation is done with 2 - 1017 ¢m ™3,
only the parameter of interest is calculated with the higher doping concentration 4 -10'®
em™3. For example, if the space charge region thickness is calculated with 4-10'® em =3,
the simulated curve shows the reflectance change due to the SCR thickness only. The
same is done for the index of refraction, the built-in potential and the mobility. The
direct influence on the absorption coefficient can not be determined in this way, because
the calculation contains the changes in the index of refraction and the mobility as well,
so the effects mix (equation 4.4 shows that the absorption coefficient is calculated with
the index of refraction and the mobility, both depend on the charge carrier density).
But the influence can be extracted indirectly, as will be shown below. The results of the
simulations for 1319 nm laser wavelength can be found in figure number 12.15. Note
that the simulations for 1064 nm follow the same pattern (no diagram).

The built-in potential and the mobility both influence the amplitude of the simulation

marginally and thus are not shown in the graph. The thickness of the SCR is mostly
influencing the shape of the simulation (from parabolic to linear signal-to-voltage corre-
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Figure 12.15.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (NFET, drain), diffusion doping concentration
set to 2- 102! em ™3, well doping concentration varied between 2 - 107 (a)
black curve) and 4-10'8 em =3 (b) red curve) and the influence of the well
doping concentration on the amplitude and shape of the simulation (via
dependencies of the SCR, index of refraction)

lation). The index of refraction has an effect on the amplitude, but the signal-to-voltage
correlation stays almost the same. The violet curve shows the combined effect of the
SCR and the index of refraction - it matches the goal simulation b) closely. Since the
built-in potential and the mobility only play a minor role, from the latter simulation,
the influence of the absorption coefficient can be extracted inductively: it affects the
amplitude of the simulation, but not as strong as the index of refraction.

The same evaluation has been done for two different diffusion doping concentrations
and a fixed well doping concentration, but the results predict that the thickness of
the SCR. has only a minor influence on the simulation, because a variation of the higher
doping concentration has only a small effect on the calculation of the SCR thickness. The
index of refraction causes the main influence on the simulation, whereas the absorption
coefficient again plays the minor role. The results are not shown here, due to the small
difference between the curves.

12.2.2. Summary

The simulation results are strongly depending on the well and diffusion doping concen-
trations. The results vary in amplitude, sign and shape. Graphs number 12.16 and 12.17
show the simulations, which match the measurements the best. The diffusion concen-
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tration was set to 2- 102! em ™3 for both wavelengths and the well doping concentration
was set to 4-10' e¢m ™3 for the 1319 nm and to 1-10'® ¢m ™3 for the 1064 nm wavelength
simulation. Both doping concentrations - for well and diffusion - are well above the
original values.
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Figure 12.16.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces
of the reverse biased diode (NFET, drain), diffusion doping concentration
set to 2-10%! em ™3, well doping concentration set to 4-10'® ¢m ™3, matches
the measurement in sign and shape, but has a lower amplitude

The main influencing parameters are the SCR thickness - changes the signal-to-voltage
correlation - and the index of refraction, which affects the amplitude of the simulation.
The absorption coefficient also influences the amplitude of the simulation, but not as
strong as the index of refraction. The built-in potential and the mobility only play a
minor role.

12.3. Simulation results: p*n-diode, reverse bias (PFET, drain)

The results of the simulated reflectances at the interfaces of the diode in reverse bias for
the PFET versus the junction voltage for the two wavelengths can be found in figure
number 12.18 and 12.19. As in section 12.2, the averages of the diffusion and well doping
concentrations were set to the original values (2 - 10%° and 2 - 10’7 em™3). The results
for both wavelengths are very similar to those of the NFET drain simulations (see figure
12.8 and 12.9). The amplitude of the 1064 nm wavelength simulation is slightly higher
here than in the simulation of the NFET.
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Figure 12.17.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces
of the reverse biased diode (NFET, drain), diffusion doping concentration
set to 2-102! em ™3, well doping concentration set to 1-10'® em ™3, matches
the measurement in sign, shape and amplitude
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Figure 12.18.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), well and diffusion doping concen-
tration set to the values extracted from the electrical simulations: 2-10'7
and 2-10% em =3
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Figure 12.19.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), well and diffusion doping concen-
tration set to the values extracted from the electrical simulations: 2-10'7
and 2 -10%0 ¢m™3

The measured drain signals of the PF-L-120 were linear and negative for both wave-
lengths and had amplitudes of around 75 ppm (1319 nm) and 150 ppm (1064 nm), see
section 9.1.1. Since the simulations above, with the original values of the average dop-
ing concentrations, were not reproducing the results of the measurements - as for the
NFET -, the well and the diffusion doping concentrations were varied to investigate the
dependency on the reflectance in the following. The well doping concentration was set
to 2-10'7 ¢m ™2 and the diffusion doping concentration was varied from 1-10%° to 1-10%2
em ™3 for the 1319 nm laser and from 1-10% to 2-10%! ¢m ™3 for the 1064 nm laser (val-
ues as labeled in the graphs). The results can be found in figure 12.20 and 12.21. For
better comparison, the simulations with the original values are shown in the graphs, too.

The results of the 1319 nm simulations are very similar to those of the NFET with 1319
nm: the shapes and the signs are the same for same diffusion doping concentrations, but
the amplitudes simulated here are a factor of two larger. The strongest amplitude was
found for a diffusion doping concentration of 4 -10%! ¢m ™3, the signal-to-voltage correla-
tion is almost linear, so this diffusion doping concentration was taken for the following
investigations of the influence of the well doping concentration. The simulations for the
1064 nm laser are also similar to those of the NFET; the signal-to-voltage correlation
is linear and the (negative) amplitude increases with increased diffusion doping concen-
tration, but the amplitudes of the simulations here are around half as high for same
concentrations. The simulation with 2-10?! em ™3 already matches the signal amplitude
of the measurements, which was about 150 ppm.
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Figure 12.20.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), well doping concentration set to
2107 em ™3, diffusion doping concentration varied
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Figure 12.21.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), well doping concentration set to
2107 em ™3, diffusion doping concentration varied

As in the simulations for the NFET, the variations of the diffusion doping concen-
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tration showed a strong influence on the simulations, so in the following, the diffusion
doping concentration was held constant and the well doping concentration was varied in
order to in investigate the effect on the simulation further. The values of the diffusion
doping concentrations were set to 4 - 102! ¢m ™3 for the 1319 nm simulations and 2 - 10%!
em™3 for the 1064 nm simulations to get the closest match with the measurements.
Graphs number 12.22 and 12.23 contain the results.
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Figure 12.22.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), diffusion doping concentration
set to 4 - 102! em ™3, well doping concentration varied

The (negative) amplitudes of the 1319 nm wavelength simulations increase for an in-
creased well doping concentration. The signal-to-voltage correlation stays linear for all
values. For a well doping concentration of 2- 10 e¢m™3 the amplitude reaches -71 ppm,
which compares well with the measurements: the measured signal was linear, had a
negative sign and an amplitude of around 75 ppm.

The (negative) amplitudes of the 1064 nm wavelength simulations increase for a de-
creased well doping concentration. The signal-to-voltage correlation stays almost linear
for all values. The simulation with the well doping concentration set to the originally
extracted 2 - 10'7 em ™3 still matches the measurements the best: the result is almost
linear, negative and with an amplitude of -147 ppm very close to the amplitude of the
measured signal, which was about 150 ppm.
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Figure 12.23.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), diffusion doping concentration
set to 2-10%! em ™3, well doping concentration varied

12.3.1. Influencing parameters

As in section 12.2.1, the effects of the absorption, the index of refraction, thickness of
the SCR, built-in potential and the mobility on the reflectance are investigated - again,
as an example, with the 1319 nm laser wavelength. All simulations were performed
with the same diffusion doping concentration (4 - 102! ¢m™=3) and different well doping
concentrations: a) 5- 107 and b) 2 - 101 em ™3, see black and red curve in figure 12.24.
Starting at curve a), for a well doping concentration of 5- 10’7 em ™3, the change in the
reflectance due to these parameters is extracted. The entire reflectance calculation is
done with 5 - 10’7 em™3, only the parameter of interest is calculated with the higher
doping concentration 2 - 10!? ¢m™3. The results of the simulations are shown in figure
number 12.24. Again, the simulations for 1064 nm follow the same pattern (see section
12.2.1).

As found in the simulations for the NFET, the built-in potential and the mobility af-
fect the amplitude of the simulation only marginally. The influence of the SCR thickness
and the index of refraction (and extracted from those the absorption coefficient) also fol-
low the same pattern as the simulations of the NFET: the thickness of the SCR mainly
has an effect on the shape of the simulation (from parabolic to linear signal-to-voltage
correlation) and the index of refraction affects the amplitude, but the signal-to-voltage
correlation stays almost the same. The absorption coefficient has an effect on the am-
plitude of the simulation, but not as strong as the index of refraction.
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Figure 12.24.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), diffusion doping concentration
set to 4 - 10?' em™3, well doping concentration varied between 5 - 1017
(black curve) and 2 - 10! ¢m™3 (red curve) and the influence of the well
doping concentration on the amplitude and shape of the simulation (via
dependencies of the SCR, index of refraction)

12.3.2. Summary

As the simulations of the NFET drain, the results of the PFET drain simulations are
strongly depending on the well and diffusion doping concentrations. The results vary
in amplitude, sign and shape. Graphs number 12.25 and 12.26 show the simulations,
which match the measurements the best. For 1319 nm wavelength, the diffusion concen-
tration was set to 4 - 10%! and the well to 2 - 10" ¢m ™2 and for 1064 nm wavelength to
2-10%" and 2- 107 em 3. Except the well doping concentration of the 1064 nm simula-
tion, all doping concentrations - for well and diffusion - are well above the original values.

As for the NFET, the main influencing parameters that affect the simulation were
extracted. The results are similar to those of the NFET. The SCR thickness mainly
changes the signal-to-voltage correlation, the index of refraction and the absorption
coefficient both influence the amplitude of the simulation, whereas the effect of the
latter is smaller. The built-in potential and the mobility only play a minor role.

12.4. Simulation results: NFET, gate

Section 12.1.2 described how the simulations of the reflectance at the interfaces of the
varactor will proceed. First, sub-threshold simulations will be shown, followed by the
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Figure 12.25.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), diffusion doping concentration set
to 4 -10%! em ™3, well doping concentration set to 2 - 10 ¢m ™3, matches
the measurement in sign, shape and amplitude
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Figure 12.26.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the reverse biased diode (PFET, drain), diffusion doping concentration set
to 2-10%! em ™3, well doping concentration set to 2 - 1017 em ™3, matches
the measurement in sign, shape and amplitude

141



simulations of the structure for voltages above the threshold voltage.

12.4.1. Sub-threshold simulations

Figures number 12.27 and 12.28 contain the results of the simulations for voltages below
the threshold voltage for 1319 nm and 1064 nm laser wavelength accordingly. The well
doping concentration was varied from 1 - 10! to 5-10'® em™3 (see annotations in the
graphs), which in this case, is the only parameter that affects the simulations, since the
oxide is described by determined properties.
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Figure 12.27.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the varactor for voltages sub-threshold (NFET, gate), well doping con-
centration varied between 1-10'6 and 5 - 10'® em =3

The shapes of the 1319 nm and 1064 nm wavelength simulations are similar: the
absolute amplitudes increase with with increased gate voltage, until the threshold voltage
is reached. The signal-to-voltage correlation is root-shaped. Since the threshold voltage
calculation depends on the well doping concentration (see equation 7.7), Vi, is shifted
to higher values as the doping concentration increases. Note that for a well doping
concentration of 5 - 10" ¢m™3 Vj,. is higher than 1.2 V, which does not make sense
in terms of describing the structure. After the threshold voltage is reached, the SCR
thickness, the only active signal source in this model, stays constant at the level reached
and hence the amplitude of the simulation is zero. The main difference between the
two sets of simulations - 1319 nm and 1064 nm wavelength - is the sign: the 1319
nm simulations predict a positive sign in opposition to the 1064 nm simulations. The
amplitudes of the simulations differ as well. For the originally extracted well doping
concentration (labeled black in the figures), the amplitudes of the simulations are 14.4
ppm for 1319 nm and -1274 ppm for 1064 nm wavelength.
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Figure 12.28.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces of
the varactor for voltages sub-threshold (NFET, gate), well doping con-
centration varied between 1-10'6 and 5-10'® ¢m ™3

12.4.2. Simulations above threshold

Figures number 12.29 and 12.30 show the result of the simulated reflectances at the
interfaces of the varactor in inversion for the NFET versus the gate voltage for the two
wavelengths. For the simulations of the varactor in inversion, the influencing parameters
of the active signal are the SCR and the inversion channel charge carrier density, which
are both influenced by the well doping concentration (influences the threshold voltage
and the SCR thickness). For both wavelengths, the well doping concentration was varied
between 1-10'® and 5-10'® ¢m ™3, which had little effect on the amplitude and the shape
of the simulation. However, the simulations for 1319 nm and 1064 nm differ in amplitude
for the same well doping concentration: for 2-10'7 ¢m ™3 the 1319 nm simulation had an
amplitude of 115.8 ppm at 1.2 V, whereas the 1064 nm simulation had an amplitude of
43.96 ppm at the same voltage. Figure 12.29 shows three simulation results as examples
for a variation in well doping concentrations (1319 nm wavelength): for all cases, the
simulation values stay at zero ppm, until the threshold voltage is reached (for simula-
tions of sub-threshold voltages see section 12.4.1). After reaching the threshold voltage,
the amplitude of the simulation increases slightly until a voltage of 0.8 V is reached,
then the amplitude increases rapidly. The amplitudes of the simulations at 1.2 V for
2-10'" and 1-10'"® em ™3 well doping concentration vary only slightly: 115.8 ppm and
117.5 ppm. The main difference between the two simulations is the threshold voltage,
after which the amplitude of the simulation increases. The estimated threshold voltage
for 5- 10" em™3 is 1.2023 V, this is the reason, why the values of the simulation are
zero for all voltages up to 1.2 V (compare to figure number 12.27; for calculations of
the threshold voltage see section 7.4.2). To investigate the influence of the SCR thick-
ness on the reflectance even further, the SCR thickness was varied by adding factors to
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it, but up to a factor of 10, the amplitude changes only slightly (results not shown in
the graphs). The remaining influencing parameter is the inversion channel charge car-
rier density, which was calculated from equation 7.5. The formula was extracted from
the electrical data simulation and hence might not represent the real inversion channel
charge carrier density too well: the values could be higher or lower. To investigate the
influence of the carrier density, it was multiplied by another factor. Two examples of
the simulations can be found in figure 12.30 (for 1064 nm). An increase in the inversion
channel carrier density by a factor of two increased the amplitude of the simulation by
a factor of around four for both wavelengths. All results of the simulations were positive.
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Figure 12.29.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the varactor in inversion (NFET, gate), well doping concentration varied:
2-10'7,1-10*%, 51018 em =3

12.4.3. Summary

The simulations for voltages above the threshold voltage of both wavelengths produce
very similar results: they are positive, and show a steep slope close to the nominal volt-
age. The 1319 nm wavelength simulations show a factor of 2.6 higher levels than the
1064 nm wavelength. Variations of the well doping concentration and adding a factor
to the SCR width had only little effect on the amplitude of the simulation. A large
effect made the factor for the inversion carrier density: the higher the inversion charge
carrier density, the higher the amplitude. An increase by a factor of two increased the
amplitude by little more than a factor of 4 for both wavelengths.

The two simulations, which match the measured signal amplitudes (1319 nm measure-
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Figure 12.30.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces
of the varactor in inversion (NFET, gate), well doping concentration set
to 2107 ¢m ™3, inversion channel charge carrier density calculated and
multiplied by a factor of two

ments: around 110 ppm, 1064 nm measurement: around 170 ppm, compare to 9.2.1) the
best are shown in the graphs 12.29 and 12.30, too: for both wavelengths the well doping
concentration was set to 2 - 1017 em ™3, for the 1064 nm simulation the channel carrier
density was multiplied by a factor of two in order to reach the amplitude. The resulting
maximum amplitudes of the simulations are 116 ppm (1319 nm) and 180 ppm (1064 nm).

The measured gate signals for the NF-L-120 had a "hump” for voltages below 0.5
V (1319 nm) and 0.3 V (1064 nm). At the nominal device voltage, the sign of the
measurement with the 1319 nm laser was negative, whereas the sign for 1064 nm was
positive. It can be assumed that interference is capable of changing the sign and the
amplitude of a signal. It is even possible that interference reduces the very strong sub-
threshold simulation levels (-1274 ppm for 1064 nm wavelength, see section 12.4.1) to
the signal levels, which have been measured at those voltages. So with these effects
(changing sign and amplitude), it is possible to explain the according measurement
results - including the "hump” - simply by interference of the simulation results shown
in section 12.4.1 and above.

12.5. Simulation results: PFET, gate

As explained in section 12.4, also for the PFET gate, the simulations of the reflectance
at the interfaces of the varactor will proceeded in two steps - sub-threshold simulations
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and simulations for voltages above the threshold voltage.

12.5.1. Sub-threshold simulations

The results of the simulations below threshold are identical - in amplitude, sign, shape
and effect of the well doping concentration - to those shown in section 12.4.1 and hence
are not repeated here.

12.5.2. Simulations above threshold

Figures number 12.31 and 12.32 contain the result of the simulated reflectances at the
interfaces of the varactor in inversion for the PFET versus the gate voltage for the two
wavelengths.
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Figure 12.31.: Simulation for 1319 nm laser wavelength - reflectance at the interfaces of
the varactor in inversion (PFET, gate), well doping concentration set to
2-10'7, inversion channel charge carrier density calculated and multiplied
by a factor of 1.1

The simulations of the PFET varactor are almost identical to those of the NFET (see
section 12.4 above): the well doping concentration and SCR thickness barely influenced
the amplitude of the simulation, the signal-to-voltage correlation is the same for both
wavelengths and as above, the amplitude of the simulation for 1319 nm is larger than
the result of the 1064 nm. Even the multiplication factor in the channel charge carrier
density affects the amplitude in the same way.
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Figure 12.32.: Simulation for 1064 nm laser wavelength - reflectance at the interfaces
of the varactor in inversion (PFET, gate), well doping concentration set
to 2107 ¢m ™3, inversion channel charge carrier density calculated and
multiplied by a factor of 1.7

12.5.3. Summary

With the simulations above, the overall signal amplitude at the nominal device voltage
of the measured signals (1319 nm measurement: around 130 ppm, 1064 nm measure-
ment: around 122 ppm, see section 9.2.1) can be reproduced by choosing the factor for
the inversion channel charge carrier density. The results that match the measured signal
amplitudes the best are also shown in the figures number 12.31 and 12.32. The well
doping concentrations were set to 2-10'7 em ™3 and the factors for the inversion channel
carrier density were set to 1.1 for the 1319 nm simulation (amplitude 141 ppm) and to
1.7 for the 1064 nm simulation (amplitude 130).

The PFET gate signal measured with the 1319 nm laser had a linear signal-to-voltage
correlation and a negative sign. The measurement with the 1064 nm laser showed a signal
that had a ”hump” at lower voltage levels and had a negative sign at the nominal voltage.
As assumed above, it is likely that the resulting signals of sub-threshold simulations and
simulations for voltages above the threshold voltage interfere with different sign and
amplitude, such that the measured signals can be reproduced, as well.
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12.6. Discussion and summary of the results

12.6.1. Reverse biased diodes

The simulations of the reflectance from the interfaces of the reverse biased diode, NFET
and PFET drains, produced a broad spectrum of results. The results vary in sign,
amplitude and shape over a wide range - from -600 ppm up to +40 ppm and from
linear to parabolic signal-to-voltage correlations -, depending on the well and diffusion
doping concentrations used for the modeling. The influencing parameters were extracted.
The investigation concluded that the SCR thickness influences mainly the shape of the
simulation, the refractive index and the absorption coefficient change the amplitude of
the simulation, whereas the latter had not such a strong effect. Other parameters (like
the mobility and the built-in potential, which also vary with the doping levels) played a
minor role. The simulations, which matched the measurements the best, were performed
with the following data sets:

e NFET, 1319 nm: diffusion doping concentration 2 - 10?! and well doping concen-
tration 4 - 108 ¢m =3,

e NFET, 1064 nm: diffusion doping concentration 2 - 10?! and well doping concen-
tration 1- 10" em ™3,

e PFET, 1319 nm: diffusion doping concentration 4 - 10?! and well doping concen-
tration 2 - 10" ¢m =3,

e PFET, 1064 nm: diffusion doping concentration 2 - 102! and well doping concen-
tration 2 - 1017 ecm 3.

The resulting simulations consisted of linear signal-to-voltage correlations with various
levels and signs (for details see sections 12.2 and 12.3). Except the well doping concen-
tration of the 1064 nm simulation for the PFET drain, all doping concentrations - for
well and diffusion - are well above the original values (well: 2107 and diffusion: 2-10%°
em™3).

12.6.2. Varactors in inversion

The simulations of the gates were proceeding in two steps: a sub-threshold simulation
and a simulation for voltages above the threshold voltage.

The simulations of N- and PFET were the same. The signal-to-voltage correlations of
the sub-threshold simulations were identical for the two wavelengths: the absolute am-
plitude increased root-shaped up to the threshold voltage, then stayed at zero, because
the SCR thickness is constant for higher voltages. The sign of the 1319 nm simulations
was positive, whereas the 1064 nm simulations produced a negative sign. For the orig-
inally extracted well doping concentration, the amplitudes were 14.4 ppm for 1319 nm
and -1274 ppm for 1064 nm wavelength.
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All simulations for voltages above the threshold voltage were very similar. The results
had a positive sign and showed a steep slope close to the nominal device voltage. Changes
in the well doping concentration and SCR. thickness made little effect on the amplitude
of the simulation, but adding a factor for the inversion carrier density increased the
amplitude of the simulation drastically. The best match between the amplitudes of
the simulations and the measurements was achieved with the following factors for the
inversion charge carrier densities (all well doping concentrations 2 - 107 ¢m ™3, because
it barely influenced the simulation):

e NFET, 1319 nm: no factor needed,
e NFET, 1064 nm: factor 2,

e PFET, 1319 nm: factor 1.1,

e PFET, 1064 nm: factor 1.7.

All results had the same signal-to-voltage correlation, but different amplitudes (for de-
tails see section 12.4 and 12.5).

The composition of sub-threshold simulations and simulations above V}j, cover the
gate voltage range completely.

It is important to note that the calculated reflectances only predict the active signal
contributions with their according amplitudes, signs and signal-to-voltage correlations
and do not determine the exact overall reflectance of the device under test (see discus-
sions about the waves that interfere within the structure and at the detector, chapter
10 and 11). It was assumed that interference of signals - taking passive signal contribu-
tion into account - is likely to cause signals of shapes and amplitudes as found in the
according measurements (various signal levels, ”hump”-shaped signals as well as linear
signal-to-voltage correlations).

12.6.3. Limits of the Modeling

Beside the fact that the simulation results partly match the measurements well, the
limitations of the modeling still should be considered. The strongest limitation of the
model lies within the approximations of the structure being evaluated: the doping pro-
files were approximated by using average doping concentrations, so the influence of a
profile-shaped ”layer” is not clear. Determination of a profile as a simple layer is ques-
tionable anyway. The SCR were assumed to be fully depleted, which is not the case in
a real device. And the SCR thickness and the other electrical parameters (section 7.3)
were calculated from simple formulas due to the lack of "real” data (even the electrical
simulation data would not help, because also these values are calculated and do not
exactly represent the real situation). Other ways of calculating those parameters might
influence the calculations of the reflectance. Note further that, for the calculations of the
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1064 nm laser wavelength, electron-hole pair generation has been neglected. All these
factors could influence the calculations of the overall reflectance and thus produce an
even more diverse spectrum of simulations.

The simplifications might as well be a reason, why e.g. results that matched the
measurements the best were achieved by using charge carrier densities beyond the values
that were originally assumed (e.g. diffusion doping concentrations as high as 4 - 10%!

-3
cm™?).
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Part VII.

Future prospects, summary and
conclusions
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13. Future Prospects

As outlined in the introduction, failure analysis tools can become obsolete quickly, if
they are not capable of adjusting to the needs of future technologies and scaling. It
can be assumed that failure analysis in the near future will mostly deal with SOI(silicon
on insulator)-devices and process technologies of 32 nm feature size. This chapter will
discuss the abilities of the LVP tool used in terms of these two future prospects.

13.1. Scaling of devices - future process technologies

Future process technologies will introduce feature sizes of 32 nm and less. This means
that the nominal gate dimensions will decrease by a factor of four in comparison to the
nominal test structures chosen for this work (the measurements were performed with the
nominal devices of the 120 nm technology). The measurements in sections 9.2.3 and 9.3.3
revealed that strong signals in the gate area of the nominal devices were detected with the
modulation amplitude maps, when both pins, gate and drain, were pulsed, otherwise the
signals in the gate area were barely measurable. The signal strengths were comparable
to, or even higher than, the ones of the according 10 pum structures. This indicates that
the two active signal sources of gate and drain interfere, due to the small area of origin,
and both, enhanced by the interference, contribute to the overall signal (the extracted
signal-to-voltage correlations of the nominal devices indicate this as well, because the
shape of the curves seemed to be some kind of a mixture of gate and drain signals). It is
likely that signals of even smaller devices follow the same signal contribution pattern and
hence will still be measurable. It might even be possible that the signal level increases
with the decreased feature size, because in addition to the interference effects that get
stronger, technology parameters - as e.g. higher channel doping - might increase the
signal strength (as an example for increasing signal levels due to higher inversion charge
carrier densities see section 12.4.2). Further, future process technologies might be built in
SOI technology, which will be discussed in the following section. However, it is important
to note, that signal extraction from the nominal structures was possible, because MAM
and MSM methods were used. Probing the nominal gates was a challenging task and
not always successful. This suggests mapping methods as the analysis tools of choice for
future technologies.

13.2. SOI

In an SOI device, the active areas of the FETs are built upon a buried oxide(BOX)-layer.
The advantages of SOI devices include improved MOSFET scaling due to the thin body.
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The sub-threshold swing is improved and the BOX-layer is a good isolation to reduce
the capacitance to the substrate, which gives rise to higher speed. A disadvantage that
comes along with a BOX-layer is the bad heat conduction in comparison to a bulk device
[SNOT].

From LVP modeling point of view, there are two main differences between a conven-
tional bulk device and an SOI device: the BOX-layer, which represents another layer
with the according properties and the fact that the development of the SCR thicknesses
in the drain and gate area is changed. For quantitative estimations of LVP signals from
SOI devices, a thorough investigation of the potentials, charge carrier densities and SCR
thicknesses need to be done, which is beyond the scope of this work. However, in the
following, basic assumptions will be discussed.

The reflections off the BOX-layer are assumed to be large, which results in a strong
static signal that influences the imaging of the structure. If the reflections get too high,
the image will saturate (for the setup described in this work, the image would be com-
pletely white). This can be avoided by reducing the incident power of the laser beam
or by simply adjusting the detection scheme the way that the static reflectance is sup-
pressed. As long as the modulation levels in the reflected light are still strong enough
to be detected, LVP measurements of SOI devices were still possible.

In addition, the BOX-layer causes changes in the modulations of the SCRs: since the
layer limits the thickness of the active areas, the SCRs are not longer capable of expand-
ing into the well, as it was the case for the bulk devices. This means that, for the SCR
underneath the gate, the SCR thickness is limited. In the diffusion area - if the SCR
thickness is modulated at all - the SCR, can only expand into the diffusion, so only into
the region of higher doping concentration, which results in smaller SCR thicknesses.

For the gate signals, which were modeled in section 12.1.2 (for simulation results see
sections 12.4 and 12.5), this meant that the signals at gate voltages below threshold
- related to the modulation of the SCR thickness - the signal strength is likely to be
distinct from the levels of the bulk device. However, it is not clear, whether the signal
will increase (smaller variations in the SCR thickness do not necessarily cause lower
signal levels, see discussion below) or decrease; it might as well be zero, if the signal
source, SCR modulation, is not existing for SOI devices. The signal level for voltages
above threshold could increase, if the charge carrier densities in the channel increase
(e.g. compare to section 12.4.2).

Smaller SCR thickness variations do not necessarily result in lower signal amplitudes.
This can be found in the simulations of the diodes in reverse bias in sections 12.2 and
12.3: the simulations contain results of a SCR, calculated from 2-10'7 ¢m ™3 well doping
concentration and 2 - 1020 ¢m ™3 diffusion doping concentration (Atgcp = 42 nm) and
7-10'® ¢m~3 well doping concentration and 2-10?! ¢m ™3 diffusion doping concentration
(Atscr = 7 nm) and the simulations predict signal levels of around 0.2 ppm and 40

153



ppm for 1319 nm respectively. Note that for SOI devices, the well is non-existing, such
that the SCR developments might be completely different from those of a conventional
bulk device. The SCRs could expand horizontally into the gate region, which might as
well change the signal contribution in that particular area.

In addition, interference effects might play an even more important role in the overall
signal generation of SOI devices, due to the high reflectivity of the BOX-layer. In-
terference could cause an increase or a decrease of the signal strengths. The worse
heat conduction in comparison to a bulk device might also increase the probability that
thermo-optic effects occur, as discussed in section 4.3.1, which in turn could cause higher
signal levels. The drastic changes in the layout of an SOI device, with all the changes in
the distributions and strengths of the fields, might lead to an even more complex system
of effects generating the signal (e.g. effects, depending on the electric field, see section
4.4).
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14. Summary and conclusions

This work used a modified LVP setup, which employed a cw laser. It was possible to
choose between two laser wavelengths: 1319 nm or 1064 nm. Measurements were per-
formed for both wavelengths. The test structures from Infineon Technology AG were
of 120 nm and 65 nm process technology. The sizes of the FETs were chosen to be 10
pm - in order to distinguish the different signal sources and study them separately -
and devices with nominal gate dimensions - to investigate the effects on structures with
decreased gate dimensions. To drive the devices, a function generator, instead of a tester
as in conventional tools, was used. Three new measurement methods were introduced,
all of them extracting frequency-information with a spectrum analyzer in opposition
to the time-domain measurements (waveform acquisition with an oscilloscope), which
are performed with the commercial LVP tools. Voltage sweeps were capable of deter-
mining the signal-to-voltage correlations. Modulation amplitude maps and modulation
sign maps showed signal levels and signs of various device areas. With the low-noise
frequency-domain measurement methods it was possible to acquire signals very fast: a
voltage sweep takes a few seconds, modulation maps a few minutes depending on the
size of the area that is to be investigated.

The modulation mapping methods enabled signal detection from an area of the IC.
Areas of around 20 pm times 20 pym were scanned. On large test structures, it was possi-
ble to achieve maps of gate and drain areas separately. The signal amplitudes varied for
the two wavelengths, the types of FETSs, the process technologies and the sizes. It was
found that device layers that seemed to be out of focus, especially metal, influenced the
sign and the amplitudes of the signals. Modulation sign maps, due to the evaluation of
a simple boolean information (reflection increasing or decreasing from the static value),
were capable of detecting even very faint signals. Modulation mapping enabled fast de-
tection of signal amplitudes from a small signal site. However, both methods were not
able to extract signal-to-voltage correlations as fast as the voltage sweep.

Voltage sweeps were found to be a useful tool for signal-to-voltage extractions from
gate and drain of the FETs. Except the devices with nominal gate dimensions, all drain
signals revealed a linear signal-to-voltage correlation. The source of the signals was as-
sumed to be the modulation of the SCR thickness. The gate signals indicated two signal
sources: the SCR underneath the gate, for voltages below threshold, and the inversion
channel for Vg > Vi, which vary in width and carrier density with the applied voltage.
The signal shapes varied between linear and ”hump-shaped” signals for the different test
structures. With the voltage sweeps, the gate areas of the nominal devices were hard to
probe. The signal-to-voltage correlations that were determined eventually suggested a
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mixture (interference) of gate and drain signals.

The measurements of both lasers revealed signals of various signs, shapes and am-
plitudes. It was found that 1064 nm measurements do not necessarily result in higher
signal amplitudes.

A concise model that described the interaction effects of laser light - for both wave-
lengths - and the device activity was built. Free carrier refraction and absorption were
determined to be the main effects influencing the reflectance of a device. Simulations of
drain and gate signals were performed, evaluating the free carrier effects and modula-
tions of the SCR (drain) and SCR and the inversion channel (gate), in order to explain
the signal sources and to forecast signal levels for future technologies and scaling.

The simulations of the reflectance from the interfaces of the drains revealed a broad
spectrum of results. The simulations varied in sign, amplitude and signal-to-voltage
correlation over a wide range, depending on the well and diffusion doping concentrations
used for the modeling. The influencing parameters were extracted. The investigations
concluded that the SCR thickness mainly influenced the shape of the simulation, the in-
dex of refraction and the absorption coefficient changed the amplitude of the simulation,
whereas the absorption coefficient had not such a strong effect. Other parameters, like
the mobility and the built-in potential, played a minor role. Simulations matching the
measurements in sign, amplitude and signal-to-voltage correlation were achieved using
doping concentrations well above the values extracted from the doping profiles of the

actual devices (e.g. diffusion doping concentration 4-10?! and well doping concentration
2101 em™3).

The simulations of the gates proceeded in two steps. First sub-threshold simulations
and then simulations for voltages above the threshold voltage were performed. In op-
position to the drain simulations, the simulations of the gate signals did not show such
diverse results. The signal-to-voltage correlations of the sub-threshold simulations were
concluding a signal produced by the modulation of the SCR thickness. The signal-to-
voltage correlations stayed the same for both laser wavelengths and variations in the well
doping concentration. All simulations for voltages above the threshold voltage revealed
very similar results: the simulations were of the same sign and revealed the same signal-
to-voltage correlations in all cases. Changes in the well doping concentration and SCR
thickness had little effect on the amplitude of the simulation, but adding a factor for the
inversion carrier density increased the amplitude drastically. Simulations that matched
the measurements in amplitude were found for slightly higher inversion channel charge
carrier densities (multiplied by factors up to two) than estimated from the electrical
simulation data set. The composition of sub-threshold simulations and simulations for
voltages above Vyp,. covered the entire gate voltage range. From those simulations of
the active signal source, it was possible to derive all measured signals, simply by taking
interference effects into account (passive signal contribution, see above: even layers out
of focus contributed to the signal).
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Signal levels for future process technologies, such as smaller feature size and SOI
technology, were predicted to increase in signal level rather than to decrease, due to the
process parameters and the interference effects that will likely enhance the signal.
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14.1. Free carrier absorption and refraction

The classical theory of dispersion in dielectrics predicts that the optical constants in
dielectrics depend on the wavelength and the frequency (compare to [MBET73]). The ex-
planation for this effect can be obtained from the simple classical treatment of Lorentz,
which considers the solid as an assembly of oscillators, which are set into forced vibration
by the radiation. The equation of motion of an electron can be written as in 14.1.

d?z dx ,
mOW + moga + mong = —qE, et (14.1)

Wherein E,e™? is the applied electric field (incident electromagnetic wave of radia-
tion), z is the displacement of the electron, mow3x is the restoring force, mog”é—‘f is the
damping, with the angular frequencies wy and g (g is called damping factor) and mg the
mass of the electron in vacuum.

A solution of this equation shows that z varies sinusoidally at the applied frequency
with the complex amplitude given by

7qEz

= —T0 14.2
o wd — w? +iwg (14.2)

With equation 14.2 the dielectric constant can be derived from:
D =¢eFE =¢ye B+ P, (14.3)

with €, = 1 when dealing with the fundamental electronic absorption band and e, = n3
in the infra-red absorption band. With the polarization P = Ng¢s this equation becomes:

eoerE = ege B + Ngs, (14.4)

and in a one-dimensional form, for a displacement of the electron against field direction
(i. e. negative sign):

Nqxq

= . 14.5
€ = €4 . ( )
With equation number 14.2 the dielectric constant becomes:

+ NgEs (n — ik)>2 (14.6)

€r = € : =(n-—1 .

" meo Bz (wi — w? + iwg)
N 2

e =n? — k> —i2nk=e, + a (14.7)

moeo(wg — w? +iwg)

Separation of the real and imaginary part gives:
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Ng? (wE — w?)
moeo  (wh — w?)? + (wg)?

nz—kQ—e*:

(14.8)
and

N¢? wy
moey (Wi — w?)? + (wg)?’

2nk = (14.9)

For absorption due to free carriers, there is no restoring force and hence wy = 0; and
since the electrons are not completely free as in vacuum, the mass must be replaces the
the effective mass m. Equations 14.8 and 14.9 thus become:

N 2 2
n?—k2—e = ——L . d (14.10)
mey  (—w?)? + (wg)?
and
N 2
ok = —L . -9 . (14.11)
meg  (—w?)? + (wg)?
. o e . . . _ _1 _
With 7, the collision time, the damping factor can be written as g = 77+ = uim
(1 being the mobility). The plasma frequency is defined as w, = i\; ‘f;. With the
simplification 72w? >> 1, the equations can be written as:
2
2 2 “p
K2, = _p 14.12
n € 2 ( )
and
wgg

From equation number 14.12; the change in the index of refraction (An) due to free
carriers (AN) is calculable as follows (by concluding that n? >> k? and w = 250 ):

N2 AN
An= . |nz_ : 14.14
n \/no 4(7{60)260 m 3 ( )

for the infra-red absorption band (our case!)

An = \/1 - 4((q’\>2 AN (14.15)

7TC())2€0 ‘ m

for the fundamental absorption band. And with n = ng + An - here, ng is the index
of refraction with taking dispersion into account (compare to section 4.2.2) - and An
from equations 14.14 or 14.15 and equation number 1.6, the change in the absorption
coefficient due to free carriers is then calculable, too:
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A3 AN

Aa = . .
4r2cdeg mmiu

(14.16)

In the presence of both charge carrier types, electrons and holes, AN becomes AN, +
AN},

14.2. Calculation of the mobility

Wolf describes the mobility p for holes and electrons in silicon depending on
e the lattice of the crystal - pyqstice
e the impurity concentration (doping concentration) - fimpurity and
e the density of free carriers (electrons or holes) - p freeCarrier-
The overall mobility is calculable as follows (see formula in [Wol69], section 2.3):
1 1 n 1

1
i 4 .
1% Himpurity Hlattice K freeCarrier

(14.17)
Wherein
2

Miattice,e = 2.1-102.7-25 [%]’

2
Hiattice,h = 2.3 109 . 727 [CV%]’

23'5-(€gi60)2(kT)1‘5

Wimpure = - 173 and
715 Nimpureq®m9-3in |:1+(3€Si€okT/q2Nimpu're)z]
_ -1 —1,0.5 3(esi€o0 2(kT)t-5 1
M freeCarrier = (me + my, ) 2145750.51(131)\7( ) - 7.
freeCarrier oarl/3
In |:1+46Si60kT/q Nf'reeCa'rrier

With Nimpure the doping concentration and Nypeecarrier the free carrier concentration
: -3
in [em™].

There are four cases, for which the mobility needs to be calculated separately:
e clectrons in n-type Si,
e electrons in p-type Si,
e holes in p-type Si and

e holes in n-type Si.
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For the calculations of these cases the according free carrier and doping concentrations
and the masses need to be taken into account.

To determine the mobility at very high doping concentrations, graph 2.3.1 in [Wol69]
was used. The according mobilities for electrons and holes are 140 (electrons) and 100

(holes) <22

14.3. Setup components - tool specification

The setup described in part III employed various components. The following sections
specify the most important equipment used for this work.

14.3.1. Oscilloscope

LeCroy

SDA 6000A XXL (serial data analyzer) !

Analog Bandwidth at 50 © (-3 dB): 6 GHz

Rise Time (Typical): 75 ps

Input Channels: 4

Input Impedance: 50 €2 +2.0 percent

Maximum Input Voltage: £4 Vjeu

Sensitivity: 2 mV to 1 V/div (fully variable, < 10 mV/div through zoom)
Time/Division Range: Real Time: 20 ps/div to 10 s/div

Single-Shot Sample Rate/Channel: 20 GS/s on 2 Ch.; 10 GS/s on 4 Ch.

Averaging: Summed averaging to 1 million sweeps; continuous averaging to 1 million
sweeps

Front Panel and Instrument Status: Store to the internal hard drive or to a USB-
connected peripheral device.

14.3.2. Spectrum analyzer

Advantest

AdvantestR3162 2

Low end frequency limit: 9.00 kHz

High end frequency limit: 8.00 GHz

Resolution Bandwidth Min.: 1 kHz

Resolution Bandwidth Max.: 3 MHz

Amplitude Range: 430 dBm to average noise level
Total Level Accuracy: Maximum 1.5 dB
High-speed GPIB, Effective for System Applications

a more detailed specification can be found here: http://www.lecroy.com/tm/products/analyzers/sda/default.asp
2a more detailed specification can be found here: http://www.testbuyer.com/pdf/specs.cfm?pdf;d =
550F570C BA
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High Speed Measurement: 20 traces per second
6.5-inch TF'T color LCD

Built-in Frequency Counter

Printer Port

20 dB Preamp

14.3.3. Function generator

Tektronix

Tektronix HFS9003 (Programmable Stimulus System) 3
Fully programmable

Number of Channels: 12

Frequency Range: 50 kHz to 630 MHz
Phase lock mode

Outputs:

Maximum HIGH level: +5.00 V
Minimum LOW level: -2.50 V
Accuracy: 2 percent

Impedance: 50 €2

Trigger Input Performance:

Input Resistance: 50 2

Input Voltage Range: £5 V maximum
Ports to Peripheral Devices: GPIB
Out of Production: Jul-11-2005

3a more detailed specification can be found here: http://www.testmart.com/webdata/mfr,dfs/TEK /T EK i FS.pdf
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