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Introduction

The eagerness for improvement of performance in the microelectronic industry through
miniaturization of components, has considerably encouraged extensive research in the field
of manufacturing techniques. Nowadays, Fully-Depleted Silicon-On-Insulator (FD-SOI)
wafers provide a very promising path for the next generations of CMOS architecture. A
FD-SOI wafer consists of an ultrathin (~ 10nm) silicon layer sitting on top of a buried
oxide layer itself on a thick (~ 750 um) silicon «handle» wafer. Physical characteristics of
FD-SOI provide important benefits for low power consumption and high performance appli-
cations. Indeed, transistors processed on extremely thin SOI substrates demonstrate several
advantages compared to those fabricated by the classical «bulk technology». Furthermore,
devices can continue to be scaled without radically changing the transistor architecture [1,2].
Besides, they are not subjected to random dopant fluctuation in the channel which has

historically been the major contributor to the threshold voltage variability.

However, the thickness variations of the top silicon layer can introduce additional
variability of the threshold voltage of a single transistor. Additionally, the matching of this
voltage for different transistors on the wafer depends on the thickness uniformity of the
silicon film across the wafer as well as on the transistors spacing and size [3,4]. Thus, the
capability to control and improve the thickness uniformity of the top silicon layer and its
characterization over a wide spatial bandwidth, from single transistor to the whole wafer

scales [10nm - 300 mm| are major issues for the future of FD-SOI technology.

The purpose of this thesis is twofold, on the one hand, we seek to develop the metrological
machinery allowing the multi-scale surface characterization over the whole spatial bandwidth
of interest and, on the other hand, we apply the developed methodology to investigate
the impact on the thickness uniformity of the technological steps involved in the SOI

manufacturing.

Among the SOI fabrication techniques, the most mature and the widest used is the
Smart Cut™ technology. Actually, this process can be used for the transfer of a thin
crystalline layer of few tens of nanometers up to few micrometers from a «donor» wafer
onto a new handle substrate. This is particularly advantageous when a thin monocrystalline

layer is required onto a substrate which does not allow epitaxy of this layer.

The Smart Cut™ process can be seen as the combination of several technological steps
as described hereafter. In general, the silicon donor wafer is thermally oxidized so as to

provide the future buried oxide layer. Then, light ions are implanted on the donor wafer
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through the oxide layer already grown on the wafer. Ion implantation induces the formation
of an in-depth weakened layer. Afterwards, the donor and the handle wafers are cleaned and
bonded together by direct wafer bonding. Once the wafers are bonded together, a thermal
annealing is performed. The thermal evolution of the implantation induced defects results
in the fracture of the donor wafer allowing the effective transfer of the thin layer on the
insulating layer (buried oxide). The thickness of the transferred layer is then adjusted by a
sacrificial oxidation followed by the dissolution of the grown oxide layer. Finally, the surface
topography of the transferred layer is improved by thermal treatment or by polishing the
surface. Figure 1 shows a schematic illustration of the basic process flow composing the

Smart Cut™ technology.

1. Initial Si wafers (A4, B)

== o 2. Oxidation
- (1&‘ 3. lon implantation

>

A

-

) 4. Direct Bonding
L <o

<

ceeecccccccccceeeD>
>

5. Splitting

' Donor wafer =

' Becomes a new ‘ ]

wafer A < 6. Surface
------------ " — E Smoothening

SOI wafer

Fig. 1: Basic processing flow of the Smart Cut™ technology.

In chapter 1, we firstly discuss the origin of thickness variations and its relation with the
topography of the boundary interfaces which delimit the top silicon layer. After an overview
of different metrology techniques allowing the characterization of thickness and roughness,
we present a new data processing method, based on the use of the Power Spectral Density
(PSD) function, to describe both roughness and thickness variations over a wide spatial
bandwidth. Then, we describe some improvements performed to complement the panoply
of the metrology techniques.

Then, based on the characterization techniques presented in this first chapter, we
investigate the impact, on the thickness uniformity, of the principal technological steps
involved in the SOI manufacturing by Smart Cut™ process.

In chapter 2, we review the state of the art of the fundamental understanding of the
splitting process. We tend to present the principal proposed scenarii, based on fundamental

physics, describing the thermal evolution of the implantation induced defects. From
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the generation of ion implantation induced defects at room temperature to the fracture
propagation leading to the splitting. Then, we study the impact of the implantation
conditions on the topography of post-splitting surfaces. We will focus on the relationship
between the post-splitting topography and the thermal evolution of implantation induced
defects.

In chapter 3, we investigate the surface smoothening through high temperature annealing.
In this aim, the atomic-scale mechanisms driving thermally activated self-surface diffusion
are examined. Indeed, the spectral evolution of surface topography is characterized by AFM
and quantified by means of the PSD functions. We propose a predictive model describing
the evolution of the surface topography of silicon during thermal annealing as a function
of time and temperature. Finally, after discussing the limitations of this smoothening
technique, we presented a simulation code allowing to predict the surface evolution for any
thermal budget.

In chapter 4 we investigate the evolution of the thickness uniformity and the surface
roughness during thermal oxidation. We present experimental results on dry and wet
oxidations. We also consider the impact of the initial morphology of the oxidized surface

on the oxidation process.

Finally, in chapter 5 we consider the impact of chemical-mechanical polishing on the
thickness uniformity and on the surface roughness. We study experimental parameters,
such as the nature of the slurry and the initial surface topography. We also consider the

impact of the presence of the implantation induced damage zone on the polishing kinetics.
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Transistors processed on extremely thin SOI substrates demonstrate several advantages
compared to those fabricated by the classical «bulk technology» [1,2]. Besides, they are
not subject to random dopant fluctuation in the channel which has historically been the
major contributor to the threshold voltage (V;;,) variability. However, the non-uniformity
of the SOI film thickness can introduce additional V};, transistor variability depending on
transistor sizes and distances between them [3,4]. Thus, the characterization of thickness
variations of the top silicon layer over a wide spatial bandwidth [10nm - 300 mm)] is a key
issue for the future of FD-SOI technology.

The thickness of a layer is equal to the distance separating the two interfaces which
define the boundaries of a layer. In general, thickness variations of the layer can be described
by the surface topography of only one of its boundary interfaces if one of them is much
rougher than the other. The roughness of a surface is most commonly quantified through
its Root-Mean-Square (RMS) value. This value describes the surface variations regardless
of the surface area and the sampling frequency [5-7]. Besides, the Power Spectral Density
function (PSD) provides a complete statistical description of the surface since it represents
a frequency decomposition of the power of a signal [8-11]. Thus, it is more suitable for

multi-scale characterization by different measurement techniques. In the past, Samyn et
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al. [9] compared non-contact profilometry (NCP) and Atomic Force Microscopy (AFM)
measurements to evaluate the roughness of paper coatings in the [1nm - 1 mm]| spatial
bandwidth. Yoshinobu et al. [10] studied the scaling behavior of the Si/Si0, interface
roughness while Kaznatcheev et al. [11] characterized the roughness of optical surfaces from
the macroscopic to the microscopic scales using optical interferometry at visible wavelengths
and AFM measurements. The formalism of the PSD function is a mathematical tool which
is not restricted to the assessment of roughness. However, the application of the PSD
function formalism to the multi-scale characterization of the thickness of thin layers has

not been reported up to now.

In this chapter we will firstly define thickness characteristics from the topography of
the boundary interfaces which delimit the top silicon layer. We will review the different
metrology techniques which permit the characterization of thickness and roughness. After
that, we will propose a new data processing method able to describe both roughness and
thickness variations of thin layers over a wide spatial bandwidth. Then, some metrology
improvements developed during this thesis will be described. Finally, this characterization
methodology will be applied to the study of the topography and thickness variations of

SOI wafers fabricated using the Smart Cut™ process.

1.1 | Introduction

1.1.1 | Definitions of thickness and topography

In the case of SOI wafers, the thickness of the top silicon layer is defined by the distance
between the top surface (Si/air interface) and the buried oxide (BOx) surface (Si/5i04
interface) (see Fig. 1.1).

Topograph
Top Boundary Layer : I VaFiiagtiOESY
Si/air interface )
Thickness

variations

Bottom Boundary Layer : /\/\J\/\/\_J\/\/\/

Si/SiO, interface

Fig. 1.1: Schematic illustration describing the definition of the thickness of a thin layer.

Hence, in order to measure the thickness of a layer, one can follow two different
approaches; the first one consists in directly measuring the distance between the two
interfaces while the second one consists in measuring the topological variations of each
interface and then make the subtraction. When the roughness of the top interface is much
higher than that of the bottom one, thickness variations of a layer reduces to topological

variations. However, when the roughnesses of the two interfaces are of the same order of
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magnitude, the independent description of the topography of the interfaces is not sufficient

and direct thickness measurements are required. (see Fig. 1.2 (b)).

One can then point out two additional cases, i) when the two interfaces are well-correlated
and thus thickness variations are significantly smaller than topological variations (see
Fig. 1.2(a)) and ii) when the interfaces are completely uncorrelated and thus topological
variations are smaller than thickness variations (see Fig. 1.2(c)). Whether thickness
variations can be investigated through topography measurements or not, thus depends on

the correlation between the boundary interfaces of the layer.

(@) AThickness < AR(:tughness AThickness = ARoughness () AThickness > ARoughness
W
Top Si Layer Top Si Layer Top Si Layer
Oxide Layer Oxide Layer Oxide Layer
Bulk substrate Bulk substrate Bulk substrate

Fig. 1.2: Dependence of the correlation between top and bottom interfaces of silicon
layer on the observation scale.

Furthermore, this correlation must be investigated through a large spatial frequency
bandwidth, what may not be accessible using only one single experimental technique. In the
following, we will define the different concepts necessary to quantify topographic variations

of a surface.

1.1.2 | Mathematical background

Topographical variations refer to the deviations of the surface from planarity. Depending
on their spatial frequency, these deviations can be arbitrarily classified into roughness,
waviness, and form [12]. Waviness is generally associated to variations with horizontal
spacings of the order of 1 mm to 10 mm. Surface deviations with smaller spacings are
attributed to roughness, while form is used to describe surface height variations on much

larger lateral scales (see Fig.1.3).

In this work, the term roughness will refer to all these topographical variations. In
general, roughness is quantified through a statistical approach using parameters such as, the
average height variations of the surface (Ra), the equivalent root-mean-square (RMS) and
the skewness (Sk). Nevertheless, these parameters only refer to the vertical variations and
thus horizontal information relevant of spatial positions lacks. In order to analyze surface

features from a multi-scale point of view, it is necessary to include position, i.e., horizontal
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a) Form —_—

Original Profile

W\WW b) Waviness A VAVAVAVAVAN

¢) Roughness v

Fig. 1.3: Definition of roughness, waviness and form of a surface.

information. Two different approaches can be used. On the one hand, the spectral approach
which uses the PSD function, and thus characterizes the roughness through its spatial
wavelength components and its auto-correlation function. On the other hand, the fractal
approach which characterizes the «geometric irregularity» of surfaces. Let us now present
the mathematical machinery used to describe roughness characteristics along these three

approaches.

1.1.2.1 The statistical approach

A surface can be described by a height function (h(z,y)) which represents the height
deviations with respect to the surface mean line at every (x,y) point. This function can be
recorded in a continuous (h.(z,y)) or discretized (hq(x,y)) way. From this function we can

define several parameters.

Average deviation (Ra): For continuous profiles, Ra is given by the following equa-

tion,

Ly/2 Ly/2

|he(z,y)| do dy (1.1)

L,L
TV )2 -Ly)2
where L, and L, are the transverse lengths over two horizontal directions. If the profile is

discrete, (Eq. 1.1) rewrites,

1 N, Ny

NN > [(ha)il (1.2)

Y i=1j=1

Ra =

where, N, and N, now represent the number of points in the profile (one dimensional case)
or in the area (two dimensional case), and h;; is the height deviation at the surface point

(1,7) with respect to surface mean line .

Root-Mean Square (RMS): The RMS surface roughness describes the fluctuations

of the surface heights around an average surface height and for a continuous profile is
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defined as,

Lp/2 Ly/2
RMS — / / B2(z, y)| dz dy (1.3)
—Ly/2—Ly/2

The RMS can also be defined as the standard deviation of a discretized height function
regardless of the spatial distribution of variations and of the sampling frequency. For a

discrete profile (Eq. 1.3) rewrites,

1 N Ny

NN, 22

Y =1 j=1

RMS =

(hd)zzj

(1.4)

Despite the usefulness of the information provided by these two parameters, one must
realize that two very different surfaces can have the same Ra and RMS couple. Further
refined quantification are thus required, and it may be improved by using the skewness of
the distribution.

Skewness (Sk): The Sk is classically used to describe the «asymmetry» of a function.
Here, on a surface positive values of skewness indicate smooth surfaces dominated by hills,

whereas negative values generally account for a majority of holes. The skewness is defined
by,

L2/2 Ly/2
sk= | [ ] ia.y)l dedy (1.5)

—La/2 —Ly/2

which again, for a discrete function rewrites,

1 1 N
3
— 5 1.
Sk VR NmNy;jz::l (ha);; (1.6)

More parameters may be used to refine the description of h(z,y) but will not be reviewed

in this work.

1.1.2.2 The spectral approach

Two functions are important to characterize the surface while keeping the information
on the position of height variations: the auto-correlation and the power spectral density

functions.

Auto-correlation function (ACF): The ACF function describes how accurately one
can deduce the height of a point from the knowledge of this height at a first point. It is

clear that for non-periodic surfaces, the correlation between two points decreases as the
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distance between them increases. The correlation length is usually defined as the distance
at which the ACF reaches an arbitrary fraction of its maximal value (often 1/e), and is
representative of the variations of the surface profile as a function of its position. The ACF

can be calculated by the following expression [13]:

z—I

l/hr(x)hr(anl)dx (1.7)

0

1

xr —

ACF(f) =

In the discrete case, the AFC can be estimated through:

Ng— ’LNy J

NN Z Z hd mn hd)m—l—zn—i—j (18)

Y m=1 n=1

AFC(iA,, jA)

where A represents the sampling period and N the number of points sampling the height

function.

Power spectral density function (PSD): The PSD function of a two dimensional
signal h(z,y) can be expressed by the average of the Fourier Transform magnitude squared,
over a large spectral interval (see Eq. 1.9). The PSD function may also be calculated as

the Fourier Transform of the auto-correlation function.

2

h(z,y) exp[—2mi(zf, + yf,)] dz dy (1.9)
Lp/2—Ly/2

Ly/2 Ly/2

PSDQD(fa;,fy) = lim

In the discrete case, the PSD function can be estimated by the following expression:

2

iy A, A,
PSD —ry
5 QD(NxAJ;’NyAy N, N,

(1.10)

Ny y n
Z Z Zd m,n€ILP [27” <1$Nx +jy%>1

m=1n=1

The PSD function provides a complete statistical description of the surface since it represents
a frequency decomposition of the power of a signal [8,11]. Because of the spectral decom-
position of the signal, the PSD function is more suitable for multi-scale characterization

through the use of different measurement techniques.

Since PSD function provides a complete description of the surface, the RMS value can
be calculated from the PSD function by,

z Ny

1 v
RMS? = L S ,‘PSDQD(NA NyA ) (1.11)
Y m=1n=1

This formula can be used as a cross-check asserting the validity of the PSD function
calculation by comparing the RMS value calculated from equation 1.11 with the value

computed directly from the raw height data using the equation 1.4.
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1.1.2.3 Fractal characterization and Dynamic scaling

The term «fractal» was introduced by Benoit Mandelbrot in the 70’s [14]. It comes from the
Latin fractus, meaning «broken» or «fractured». The notion of fractal permits to take into
account the degree of regularity of the organizational structure related to the characteristics
of a physical system [15,16]. A fundamental characteristic of fractal objects is that their
measured metric properties, such as length or area, are related to the scale of measurement.

A classical example to illustrate this property is the «length» of a coastline [15,17].

The principal interest of fractal geometry lies in its ability to describe the irregular
or fragmented shape of natural features as well as other complex objects that traditional
Euclidean geometry fails to analyze. This characteristic is often expressed by spatial-domain
statistical scaling laws and is mainly characterized by the power-law behavior of physical
systems. The fractal approach is widely used to analyze surface roughness to study physical

phenomena such as: hydrophobicity [18], fracture [19,20] or growth [21-23].

Scaling exponents: In the case of a ballistic deposition growth process, the value of
Ra (defined above) increases linearly with time if the deposition rate is constant [23]. A

typical plot of the RMS value during such a process is shown in figure 1.4.

Roughness evolution E
l.......E RMSsat
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= .
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I
%101- ¢ AE s st RMS)
= | 3 3
o | t
[
%) 12 *
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0 " o
10 Fou = R Lol : P P S e d
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Fig. 1.4: Evolution of the RMS value with time in the case of ballistic growth of a
interface. One observe two regimes: (a) increase following a power law (straight line in
log-log plot) and (b) a saturation after ¢'.

On the beginning, the RMS value increases following the relation,
RMS(L,t) ~ t° (1.12)

The exponent [ is named the growth exponent and characterizes the time-dependent

dynamics of the roughening process during the first stage. This increase of the RMS is
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followed by a saturation regime, which value RM S,,; depends on the size of the system [23],
RM Sst(L) ~ L® (1.13)

where the exponent « is named the roughness exponent. Furthermore, the value of t,, at

which the RMS saturates depends on the system size (L) as,
t.(L) ~ L? (1.14)

where z is the dynamic exponent. From the previous equations, one obtains the Familiy-
Viesek scaling relation [23,24],
8
RMS(L,t) ~ L*f I (1.15)
where f (z—i) is called the scaling function and f(v) = v when (t << t,) and f(v) = constant
(when t >> t,). Finally, the continuity of the RMS value implies that t? ~ L®, hence we

have,

2= (1.16)

this relation, which links the three scaling exponents, is valid for any growth process that
obeys the Family-Vicsek scaling relation. These exponents permit the classification of the
physical processes which influence the surface evolution through the study of continuum
equations. To go further, we recommend reading of the book Fractal concepts in surface
growth by Barabasi et al. [23].

Fractal objects can present two principal characteristics: self-similarity and self-affinity.
Self-similar fractals are invariant under isotropic scale transformation, whereas self-affine
fractals are invariant under anisotropic transformations. Real surfaces generally belong to

the second class of fractals.

Fractal dimension: In order to quantify the fractal character of an object, we have
to define its volume. Lets dg be the smallest Euclidean dimension of the space containing
the object. The volume of the object can be defined by V() = N(1)I%, where [?¢ is the
elementary volume in the dg-dimensional space. It means that N(l) elementary volumes
are needed to cover the considered object. The fractal dimension (dy) is defined as,

In N(1)

d; =i 1.1
1= 50 m(1/1) (1.17)

d; can be seen as the quantity which describes the space-filling capacity of an object.

For example, we can consider the Sierpinski triangle which is a self-similar fractal. It is

built by successive iterations. Lets k£ be the iteration number. Increasing the size of the
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dotted box (see Fig. 1.5 (k = 4)) by a factor of two, leads to the triangle with £ = 3. Then,
the triangle of generation k can be covered by N(l) = 3* triangles of linear size [ = (1/2)".
Thus, the fractal dimension of the Sierpinski triangle is dy = In(3)/In(2) = 1.58, what is

smaller than the Euclidean dimension dp = 2.

Fig. 1.5: Sierpinski gasket. (k=0) the object construction starts with a filled triangle,
(k=1) a triangle whose area is one fourth of the total is removed, (k=2) the procedure is
reproduced for the remaining filled triangles, then the procedure is repeated indefinitely.

The scale transformation we described for the Sierpinski triangle is isotropic. Real
fractal objects must often be rescaled using some anisotropic transformation. The scaling
relation of anisotropic fractals is described by single-valued functions called self-affine

functions, given by,
h(z) ~ b~ “h(bx) (1.18)

where « is named the self-affine exponent (also called the roughness exponent) and char-
acterizes the «roughness» of the function h(x). Actually, relation 1.18 gives the formal
expression of the difference between the horizontal and vertical rescaling of the function.
A part of a self-affine object must be expanded vertically by a factor b, and horizontally
by a factor b, in order to overlap with the entire object. It is thus possible to define the

roughness exponent as:
by

T

Let us consider a surface having a fractal dimension of d; = 2.5 (see Fig.1.6 (a)). If

a (1.19)

we randomly extract a profile from this surface, we obtain a profile with the same fractal
properties and a fractal dimension of dy = 1.5. Figure 1.6 (b) shows that by expanding
the horizontal and the vertical scales by a factor of 2 and 1 respectively, we obtain a new
profile (see inset in the figure 1.6 (b)) similar to the initial profile. Hence, using Eq. 1.19, it
is possible to calculate the roughness exponent and one obtains o = 0.5. Indeed, Euclidean
and fractal dimensions are related by df = dg — «.

In case of fractal surfaces, the roughness exponent can also be estimated through the
PSD function. Indeed, the PSD function of a fractal surface can be approximated by a
power law given by [23]:

PSDp,(f) = f~2+P) (1.20)

where Dr is the topological dimension, i.e., 1 in case of lines (profiles) and to 2 in case
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Fig. 1.6: (a) 3D representation of a fractal surface of dimension d; = 2.5. (b) Profile
extracted from this fractal surface. (inset) Rescaling of the profile using vertically a
factor b, and horizontally a factor by,.

ETT T T
10° 3 E
ms. 1
S 10E E
o
c% 10° ¢ E
& :
10" ¢ : 5
Power Spectral Density
fractal surface (d, = 2,5)
107k ! i
E 3

R L
Spatial Frequency [a.u. ]

Fig. 1.7: PSD function describing the topographic variations of the simulated fractal
surface presented in figure 1.6.

of surfaces. If we calculate the one-dimensional PSD of 1D profiles, the curve one obtains,
shown in figure 1.7, can be fitted by a straight line corresponding to equation 1.20 in a
log-log plot. In this example, the slope obtained by fitting is S = —2. The value of the
roughness exponent is a = 0.5. In conclusion, the fractal analysis of a surface may be done
through the PSD function.

1.1.3 | Metrology

Hereafter, we introduce the metrology techniques which we have used to characterize

thickness and topological variations of thin silicon layers.
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1.1.3.1 Topography measurements

Atomic Force Microscopy (AFM): AFM operates by measuring the force between a
probe and the sample [25,26]. The instrument is composed of a cantilever fixed on one
side (fixed end), and with a sharp tip allowing to scan the topography of the surface on
the other side (free end). The cantilever is usually made of silicon, silicon oxide or silicon
nitride and is typically 100 pm long, 20 pm wide, and 1 pm thick (see Fig. 1.8). The vertical
sensitivity depends on the cantilever length. For topographic imaging, the tip is brought
into continuous or intermittent contact with the sample and scanned across the sample
surface. Depending on the microscope design, piezoelectric scanners translate either the

sample under the cantilever or the cantilever over the sample.

Free end of Fixed end of
the cantilever the cantilever
.
! ”l, over
1 t’

Directionoftip | N7 = Ve
Probe

displacement ‘f(’/i :
Nt Probe width
i | <—>|
4

Probe
height
Sample Surface —

Tip of the
probe

Fig. 1.8: Schematic of the atomic force microscopy.

In this work, only the intermittent contact mode, also called tapping mode, was used.
Tapping mode imaging is useful for soft, adhesive, or fragile samples. The cantilever
oscillates at, or near to its resonant frequency using a piezoelectric crystal. The oscillating
cantilever lightly touches the surface intermittently. By measuring the amplitude reduction
due to the tip contacting the surface, it is then possible to identify and measure surface
features. The oscillation amplitude of the tip is measured and the feedback loop adjusts the
tip-sample distance maintaining a constant amplitude and force on the sample. For a more
detailed description of AFM, we suggest to read Non-Contact Atomic Force Microscopy by
S. Morita [27] and/or the review by F. Giessibl [28].

AFM permits imaging the surface topography of silicon wafers at the micrometric scale
with a spatial resolution on the (z,y) plane of few nanometers. Thus, it is possible to
characterize the surface topography over areas from few nanometers up to few tens of
micrometers. In order to cover a spatial bandwidth as large as possible using standard
AFM platforms, we record images with different scan sizes but always with an identical

number of points (512x 512 pixels). Figure 1.9 shows typical images obtained by AFM on
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standard SOI wafers.

(a) RMS=147A Ra=117A (b) RMS=195A Ra=1554A (c) RMS=249A Ra=198A
Z Range = 127 m1 0.50 nm Z Range = 1.85 nm 0.75 nm Z Range = 2.08 nm 1.0 nm

-

-0.50 nm ) ‘ ©-0.750m -1.0 nm
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-1 pm 1 pm -5 um 5 um =15 pm 15 pm

Fig. 1.9: Surface topography recorded by AFM (512 x 512 pixels). Three different scan
sizes are recorded (a)S; = 2x2 um?, (b)Sy = 10x 10 um? and (c) Ss = 30 x 30 um?.

According to the Nyquist sampling theorem [29], the spectral bandwidth that can be
characterized by AFM is limited by the number of recorded points (N?) and by the scan
size of the image (S) (N is the number of measured points by recorded profile). These

spectral limits can be written,

2 N N
fmin = § and fma:c = 2% S = fmmz (121)
ST T = T 9T T T T T
10 || ——PSD,, from APM image | ‘Ox I[ =+=PsD,, from AFM image ! ] 10"F || —-—PSD,, from AFM image | 1§
10* /\/(2x2<iwith 512x512 pixels) | | 4 0| (ox10 um? with 512x512 pixels) || 3 10°F 1| (30x30 um? with 512x512 pixels) | 14
| | 10k i 1 5 [ !
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Fig. 1.10: PSD5p functions obtained from AFM images. Three different scan sizes are
recorded (a) S; = 2x2 um?, (b) Sy = 10x10 um? and (c) S3 = 30x30 um?. Relevant
bandwidths are delimited by the vertical dashed lines.

From the recorded AFM images, we can calculate the PSD functions corresponding
to the spatial bandwidth covered by the images. We have plotted in figure 1.10 the PSD
functions obtained from the images shown in figure 1.9. The pertinent bandwidth is

delimited by the vertical green dashed lines representing f,.;, and frae-



1.1. INTRODUCTION 17

Scanning White Light Interferometry (SWLI): SWLI is a contacless technique
where quantitative vertical variations of the surface are detected using Phase-Shit Interfer-
ometry (PSI). SWLI methods are largely used in the semiconductor industry for measuring

engineering surfaces [30)].
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Fig. 1.11: Schematic representation of a Mirau interference microscope.

Interferometric microscopy can be implemented in several ways, one of these is used in
the Mirau interference microscope schematically illustrated in figure 1.11. The incident light
is splitted in the microscope objective into two different beams. One is transmitted towards
the sample surface, and the other one is reflected towards a reference mirror surface. Beams
reflected by the sample and the mirror surfaces are combined at the plate beam splitter
and interfere. The interferogram resulting from the interaction of these two beams consists
of light and dark fringes. These fringes results from the phase shift due to the difference
between optical paths of the beam coming from the sample surface and that coming from
the reference mirror. The reference mirror, the objective lens, and the beam splitter are
attached to a piezoelectric transducer (PZT) translating the reference surface to vary the
phase of the reference beam [31]. Phase modulation techniques allow one to analyze the
fringes and deduce the height variations of the sample surface. In order to unambiguously
determine the height of the sample surface, one combines the results obtained using several
wavelengths. Typically, the sample is imaged using a microscope, thus giving a maximum
lateral resolution, i.e. x and y, of ~ 0.5A/N A, where A is the incident wavelength, and N A
is the numerical aperture of the objective. The z resolution, however, is determined by the
ability to «interpret» fringes using phase modulation techniques. The vertical resolution is
around 1 nm but can be as good as 0.1 nm. For further discussion on interference microscopy
we recommend reading of the book Optical Shop Testing by Malacara [30].

In order to cover a spectral bandwidth as large as possible, the objective is used at
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Fig. 1.12: Surface topographies recorded by SWLI (640 x 480 pixels). Three different
magnifications are used (a) 20x corresponding to a image size of S} ~ 700x 530 um?,
(b) 50x corresponding to a image size of Sy ~ 280x210 um? and (c) 100x corresponding
to a image size of S5 ~ 140 x 100 um?.

magnifications of 20x, 50x and 100x. Typical surface images are shown in figure 1.12. As
for AFM measurements, one can calculate the PSD functions corresponding to these images
using Eq. 1.10. Figure 1.13 shows the one dimensional PSD functions obtained from the

images shown in figure 1.12.
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Fig. 1.13: PSD;p functions obtained from SWLI images. PSD;p functions are
calculated from images with different sizes (a) S; ~ 700 x 530 um?, (b) Sy ~ 280 x
210 pm? and (c) S3 ~ 140 x 100 um?. Relevant bandwidths are limited by vertical
dashed lines.

However, SWLI microscopy presents some limitations. The optical properties of the
sample must be known since the interferogram directly depends on the optical thickness
of the sample. For example, when very thin or transparent samples are examined, the
reflected light used to obtain the interference fringes may comes from the bottom interface
of the sample. In the case of SOI wafers, the top silicon layer should be thicker than few
hundreds of nanometers. However, coating the surface sample with a reflective material

eliminates this problem.
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1.1.3.2 Thickness measurements

Spectroscopic Ellipsometry (SE): SE is a contact-less, non-invasive technique measur-
ing changes in the polarization state of the light reflected from a surface. It is principally
used to deduce the thickness of thin dielectric films on absorbing substrates, their line
width, and the optical characteristics of films and substrates [32]. Rather than directly
measuring the thickness of films, it measures several optical characteristics from which the
thickness and other parameters can be extracted. SE measurements have extended the
field of application of ellipsometry by using more than one wavelength [33]. Furthermore, it
is possible to vary not only the wavelength but also the angle of incidence (¢). This allows
non-invasive and real-time process measurements such as layer growth monitoring during
MBE [34], and in situ diagnostic and process control [35]. SE is sensitive to thickness
changes of the order of a monolayer. For a more detailed description of this measurement
technique we recommend the reading of the book Ellipsometry and Polarized Light by
Azzam and Bashara [32]. Here, we will limit the discussion to the description of how to
use SE in order to cover the maximum achievable spatial bandwidth when measuring the

thickness of a thin Si layer.

(a) (b)

©

Fig. 1.14: Schematic illustrations showing the location, across the wafer, of points
composing profiles for thickness measurements using three different sampling periods
(a) Azy =30 um, (b) Axe =300 um and (c) Axz = 2420 pum.

In this work, SE measurements are carried out using an Alerist» Rotating Analyzer
Ellipsometer (RAE) from KLA-Tencor. The measurement spot size is approximately 30 um?.
Then, according to Eq. 1.21 the highest spatial frequency for which thickness variations can
be measured by SE is fiae ~ 0.015um =, Otherwise, the lowest spatial frequency depends
on the number of measured points. It is thus possible to characterize thickness variations
over a whole 300 mm-in-diameter wafer using a very large number of points. Indeed, to
measure the thickness variations of the top silicon layer over a diameter of the SOI wafer,
10000 points separated by 30 um are required. In order to characterize the thickness of
the layer over the whole wafer, several profiles along different diameters are required. This
approach is thus extremely time consuming.

Actually, to cover a quite similar spatial bandwidth using much less measurement points,

we can characterize the thickness variations through profiles using different sampling periods.
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Fig. 1.15: Thickness profiles (composed of N = 121 measurement points) measured by
SE using three different sampling periods: (a) Az = 30 um, (b) Azy = 300 wm and
(c) Aws = 2420 pm. The size of the measurement spot is approximately 30 x 50 pim?.
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We have set three sampling periods at, Az, = 30 um, Az, = 300 pum and Axsg = 2420 um.

The number of measurement points per profile has been arbitrary fixed to N = 121. To

fully describe the thickness variations over 300 mm-in-diameter SOI wafers, 14 profiles are

recorded for each sampling period (see Fig. 1.14).
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Fig. 1.16: PSD;p functions describing thickness variations of the silicon top layer of a
SOl wafer measured by SE. Three different sampling periods are used: (a) Ax; = 30 um,
(b) Azy =300 um and (c) Azs = 2420 um.

Typical experimental profiles obtained by this method, are shown in figure 1.15. Fur-

thermore, we can calculate the PSD functions corresponding to each sampling period. Then,

the 14 PSD functions can be averaged in order to decrease the noise. Figure 1.16 shows
the typical PSD functions we have obtained on standard SOI wafers. On figure 1.16 (c)

we can note three peaks corresponding to harmonics of the fundamental peak located at

approximately 7x 1076 ym=!

. These peaks are artifacts introduced by the calculation.

It can be observed in figure 1.17 that SE measurements may cover a large spectral

bandwidth. The experimental results are consistent with those obtained using a fixed

sampling period and a very large number of points. Nevertheless, an offset between the

PSD functions corresponding to different sampling periods is observed. This offset, is due

to differences of sampling periods and the fixed spot size used to make the measurements.
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Fig. 1.17: Comparison between PSD;p functions obtained from: SE measurement
with a fixed sampling period (Az; = 30 um) (green line) and using different sampling
periods: Azz = 2420 um (red line), Azy = 300 um (blue line) and Az, = 30 um
(black line).

Indeed, changing these parameters results in changing the transfer function of the apparatus.

In the next section, we will discuss this issue.

1.1.4 | Data processing

The main goal of this section is to introduce a data processing method based on the use of the
PSD function, allowing the comparison of results obtained from different characterization

techniques, each one using different spot sizes and different sampling periods.

In the case of SOI wafers fabricated by Smart Cut™ technology, we can assume that
the roughness and thickness variations of the St top layer are homogeneous and isotropic
through the wafers, due to the isotropic nature of involved processes. Hence, surface
variations can be characterized by one-dimensional PSD (PSD;p) functions. Therefore,
we intentionally restrict the following discussion to the calculation of PSD;p from surface
profile measurements.

Figure 1.18 shows the case of measurements carried out with the same spot size (S) and
different sampling periods (Az; and Azs). Note that, in this example, both signals are not
continuous since the sampling period is larger than the resolution (Az > S).The measured

signal, z,,(k), where k = Azn and n = 1... N, can be described by

Zm(k) = 2.(2) @ IIg x Uk (1.22)
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Fig. 1.18: lllustration of two different measurements, where the spot size is fixed to S
while the sampling period is different for each measurement (Az; < Ax,).

where z.(x) is the real signal, the transfer function can be approximated by Ilg which is
a rectangular function whose width has the size of the measurement spot (see Eq. 1.23),
Uk is a sampling function constructed from Dirac delta functions and whose length is

L = NxAz (N is the number of measured points).

0 for|z| > S/2
g =9 % forl|z| =S5/2 (1.23)
1 for|x| <S/2
%
VX, = > Oas (1.24)

Any other IIg and W% couples can be considered since they describe the transfer function
of the measurement. The PSD;p function is defined by the following expression [36], which

corresponds to Eq. 1.9 but for the one-dimensional case,

2

PSDip(f) = lim 1 ‘ / v 2, (x)e*™ " d (1.25)

L—oo [ |J-L/2

Nevertheless, experimental data are generally sampled. In such a case, considering N values
of z.(z) and a sampling period Az > S, the PSD;p function can be estimated by Equation
1.26 , where f;=jAf is the discrete spatial frequency and jeN*,1 < j < N/2.

N 2

Z Zm (nAx)e(%ﬂ)jn/N

n=1

2 X Az
N

PSDip(f;) = (1.26)

The values of the PSD,p function for negative spatial frequencies are equal to their
corresponding values of positive frequencies and do not provide any additional information.

Thus, we can doubled the values of the PS D, function of positive frequencies in Eq. 1.26 to
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take into account the values corresponding to the negatives frequencies. Moreover, PSD;p
is defined over a limited spatial frequency bandwidth given by: frim—2/r and frae—1/(2s)-
The PSD;p function can be calculated using a standard Fast Fourier Transform (FFT)

algorithm, using the following equation,
Ax 9
PSDlD(fj) ~ W ‘FFT<ZCon(xk))| (127)

As explained above, PSD function contains all the statistical information of the signal, it
can then be related to the RMS-Roughness value through,

N

ol ~ ]ifnzz:l(zm(nAa:))Q (1.28)
The RMS-Roughness value obtained in this way is commonly named the one-dimensional
RMS-Roughness (01p). In order to directly compare PSD functions obtained from different
signals, it is necessary to built a continuous signal (z...(xx)) that can be obtained from a
discontinuous one by convolution with a rectangular function whose width corresponds to

the sampling period,

Zeor(Tk) = Zm(Tnk) @ Uz (Tnk) (1.29)
Which can be rewritten as,
Zeor(x) = Zm(Tpr) X FFT (I ag(Tar)) (1.30)
and thus,
PSD{B(fr) = PSDYp(far) x [sinC(wAz (fur))]’ (1.31)

Thus, from the PSD7}, function calculated from a discontinuous signal one can calculate
a «corrected» PSD{ function describing the «equivalent» continuous signal. Actually,
the use of different sampling periods allows covering the same spectral bandwidth using a

reduced number of data points without losing information (see section 1.1.3).

Figure 1.19 shows the comparison between a PS D p function obtained from a continuous
signal and the corrected PSD{%, obtained from a discontinuous signal. Again, the bumps
between 4x 107° um~! and 2x 1074 um~! on the red curve, are artifacts which should not
be taken into account. We can observe that the obtained PSD;p functions overlap and

show a good continuity over the whole spectral bandwidth.
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Fig. 1.19: Comparison of raw and corrected PSD functions describing SOI film thickness
variations measured by ellipsometry. Raw PSD is obtained from a continuous signal with
10000 data points (green line). Corrected PSD are obtained from a discontinuous signal
with 121 data points with a sampling period Az = 2420 pum (red line), Az = 300 um
and (blue line) and Az = 30 wm (black line). The measurement spot size is S = 30 um
for all measures.

1.2 | Experimental methods

1.2.1 | Topography

The roughness of 5 rough SOI wafers was measured using the metrology techniques presented
in section 1.1.3. Figure 1.20 shows the PSD functions obtained from these measurements.

The overlapping of the PSD functions obtained by AFM and SWLI shows the consistency
of the experimental results. We can also observe that there is a region in the low spatial
frequencies domain [from 7x 107% up to 3x 10~2um '] not covered by these techniques.
Metrology techniques able, in principle, to cover this spectral domain, such as for example
mechanical profilers do not have the required accuracy needed to investigate sub-nanometer

variations at this scale.

1.2.2 | Thickness

Thickness variations of the top silicon layer of 5 standard SOI wafers was measured using
the SE technique (see section 1.1.3).

Typical PSD functions describing the thickness variations of the top silicon layers are
shown in figure 1.21. Even if this method allows to characterize the thickness over a large

spatial bandwidth [from 7x 1075 up to 2x 1072 um™!], we can note that the high frequency
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Fig. 1.20: PSD:p functions describing surface topological variations of a SOl wafer
which are measured by AFM (red lines) and by SWLI (blue lines). AFM images are
recorded with different sizes: S; = 2x2 um?, Sy = 10x 10 wm? and S3 = 30 x 30 um?.
SWLI measurement are done using three magnifications: 20x, 50x and 100x.
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Fig. 1.21: Corrected PSD;p functions describing thickness variation of the silicon top
layer of a SOl wafer measured by SE. Sampling period used for these measurement are
Axy = 30 um, Axy = 300 pm and Axz = 2420 um.

domain is not covered because the spot size of the employed equipment is too large. Actually,
the use of SE for the thickness characterization is limited by the measurement spot size. In
order to describe thickness variations over the high spatial frequency domain, we thus need

a technique with higher spatial resolution.
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1.2.3 | Metrology developments

It has been demonstrated that conventional metrology techniques do not permit the
thickness characterization for spatial frequencies higher than 2x 1072 um~!. Hereafter, we
will introduce metrology techniques developed during this work in order to overcome the

limitations of the metrology techniques presented above.

1.2.3.1 Thickness measurement by AFM

To study the thickness variations of the top silicon layer in the high spatial frequency
domain [from 5x 1072 up to 1x10?um 1], we have developed a characterization method
combining AFM measurements and selective chemical etching. This technique consists in
recording AFM images of the topography of the top and the bottom boundary interfaces
of the layer and then to extract its thickness variations (see section 1.1) from the height

differences.

Actually, after recording an AFM image of the top interface, the silicon layer is removed
using a selective chemical etching and then the topography of the bottom interface of the
layer is captured by AFM. The silicon film is selectively etched using a potassium hydroxide
(KOH) solution (20% concentration) at 60°C. Using these experimental conditions, less
than 2 seconds are needed to dissolve the 12 nm-thick silicon layer [37,38]. Despite the high
selectivity between Si and SiO, of the KOH etching (~ 500), it is necessary to verify that
this chemical etching does not modify the roughness of the bottom interface of the silicon
layer (Si/Si0; interface). In other words, it must be verified that SiO, is not etched by
KOH solution in our experimental conditions. In this aim, an oxidized silicon wafer was put
in an etching bath. AFM images of the surface were recorded before and after few seconds
of chemical treatment. The PSD functions corresponding to the Si0O, surface topography
before and after the KOH treatment were extracted from these AFM images.

It can be observed in figure 1.22 that the PSD function is not modified by the etching
process up to a spatial frequency of approximately 30 ym~! meaning that the SiO, surface
perfectly reflects the roughness of the Si/Si05 interface for spatial frequencies lower than
that.

In order to accurately estimate the thickness variations of the top silicon layer, it is
important to record the AFM images (top et bottom interfaces) of exactly the same area.
The alignment of the two images is made with the help of focused ion beam (FIB) marks
(0.2 pm-wide and 1 um-deep holes). Figure 1.23 shows typical images obtained by this
method. We can note that FIB marks are not located at the same position in the images.

We have thus developed an image processing code using MatLab®, allowing us to resize
and replace the images until they superimpose. The precision of alignment is approximately

0.1 pm, implying that thickness variations can be correctly estimated for spatial frequencies
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Fig. 1.22: PSD;p functions describing the roughness of the BOx surface before (blue

line) and after (red line) KOH etching. Some difference is observed up to a spatial
frequency of 28 ym™".
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Fig. 1.23: AFM images of (a) top surface of the layer (Si/air interface) and (b) bottom
interface of the layer (Si/Si0O, interface).

(a) Top Surface of SOI layer (b) Bottom surface of SOI layer (¢) Thickness measurement by AFM
air/Siinterface 1.0 nm Si/SiO- interface 1.0 nm of silicon top layer of SOI 1.0 nm
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Fig. 1.24: AFM images obtained after resizing and centring of interfaces of the top
silicon layer: (a) top and (b) bottom interface. (c) thickness variations image obtained
by subtraction of height values.

lower than 10 um~!. Values obtained at lower frequencies are considered as noise introduced
by the method and must not be taken into account in the analysis. Figure 1.24 shows the

images of the top (a) and bottom (b) interfaces after alignment. Thickness variations of
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the top silicon layer are then extracted by subtracting the height values corresponding to

the two images (see Fig. 1.24 (c)).
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Fig. 1.25: Superimposition of the PSD functions describing topological variations of
the Si surface (black line) and the Si/SiO; interface (blue line) and of the resulting
thickness variations measured by AFM (red line).

Finally, the PSD function describing the thickness variations over the high spatial
frequency domain [from 5x 1072 up to 1x10? um™!] can be calculated and is shown in

figure 1.25 along with the topological variations of both the top and the bottom interfaces.

1.2.3.2 Differential Reflectance Microscopy

Differential Reflectance Microscopy (DRM) is based on the dependence of the optical
reflectivity of a layer on its thickness. This dependence can be calculated using the transfer
matrix formalism [39-41]. This method permits thickness measurements with high spatial

resolutions [down to 0.5 um] corresponding to a standard optical microscope.

In the case of SOI wafers, the situation is not trivial because the reflectivity of the wafer
also depends on the thickness of the BOx layer. The transfer matrix formalism must thus
handle a two layers stack.

Figure 1.26 (a) shows the reflectivity spectrum of SOI wafers for four different top silicon
layer thicknesses (from 11nm to 14nm) and the same the BOx thickness of 12nm. We
note that, for these particular stacks, the sensitivity of the technique is the highest for a
wavelength around 500 nm. The optimum wavelength of about 515 nm insures that the
signals contain information only related to the variations of the thickness of top Si layer

(see Fig. 1.26 (b)). Hence, one can obtain a thickness map of the top Si layer by recording
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a bright field image of the surface of a SOI wafer using an optical microscope equipped

with an appropriate interferometric filter.
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Fig. 1.26: (a) Reflectivity variations for different top silicon layer thicknesses. (b)
Sensitivity values obtained for a thickness variation of 1A of the top silicon layer (black

line) and of the BOx.

The experimental setup used to implement this method consists in a Zeiss Axiotron 2

optical microscope equipped with a 100x objective (NA = 0.9) and with a normal halogen

illumination which provides a non-polarized white light. The surface sample is illuminated

through an interferometric filter which nominal wavelength is A = 515 £ 5 nm.
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Fig. 1.27: (a) Reflectivity coefficient evolution as a function of the top silicon layer
thickness using the optimal wavelength. (b) Calibration curve (red line) obtained from
experimental values of 5 SOI wafers (Si layer thickness measured by SE. Grey scale
obtained by DRM).

Figure 1.27 (a) shows the variation of the reflectivity coefficient as a function of the top

silicon layer thickness. Actually, DRM measures light intensities, thus, in order to calibrate

the conversion from intensities into thickness values, we have fabricated SOI wafers with

incremental top layer thicknesses and covering the thickness range of interest. Several DRM

images of each wafer were recorded and averaged. The intensity values plotted as a function
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of the thickness of the top Si layer measured by SE. Finally, it is possible to calibrate the
intensity of DRM images (grey level) against the thickness of the silicon top layer using
some fitting (see Fig 1.27 (b)).

The spatial bandwidth covered by this technique is defined by the field of view and the
optical resolution offered by objectives lens. Different magnifications can be used with the
microscope (100x, 20x and 5x) but optical deformations induced by the 5x objective are

too important to allow precise measurements.
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Fig. 1.28: DRM image obtained with a Zeiss Axiotron 2 microscope with a 100x
magnification objective (N A = 0.9), using a green interferometric filter (515nm) and a
CCD camera (1292x968 pixels). (a) 88.6x66.6 um? image where the grey level of each
pixel represents the thickness of the top silicon layer. (b) Thickness profile obtained
from the image shown in a).

Figure 1.28 shows a typical image and an extracted thickness profile obtained with
a 100x objective. The repeatability of the measurements and the noise level have been
analyzed by conventional methods, for example recording several images from a test sample
in order to evaluate the noise amplitude. The noise level of the DRM technique is estimated
to be smaller than 1.5A. This compares well to the noise level of a high performance
AFM (~ 3.0 A). Moreover, it is worth noting that the stability of the light source has a
considerable influence on the repeatability of the measurement. Then, it is suitable to

repeat the calibration procedure before each series of measurements.

Figure 1.29 shows the PSD function obtained from the thickness image shown in
figure 1.28. The PSD function corresponding to a DRM measurement using a 20x objective

is superimposed.

In conclusion, DRM permits the characterization of thickness variations over a spatial

bandwidth [from 2x 1072 up to 2 um~!] which was inaccessible by other techniques.
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Fig. 1.29: Superposition of PSD functions corresponding to DRM measurements using
a 100x and a 20x objectives. Images are recorded using the same sample than that
shown in figure 1.28.

1.2.3.3 Thickness measurement by Off-axis Holography

Transmission electron microscopy is widely used for the characterization of the micro and
nano structure of materials. There are several imaging techniques, but most of them does
not give access to the information transported by the phase shift of the high energy electron
waves. Electron holography was introduced by Dennis Garbor [42], and is able to image
the magnetic and electric fields in materials with very high spatial resolution (nanometer
scale), using phase shift information [43]. Off-axis electron holography is based on the
interference between electron waves that have passed through the vacuum and through
an object, forming the resulting interference pattern (hologram). Figure 1.30 (a) shows a

schematic illustration of the off-axis electron holography technique.

An hologram contains two parts. The first, reference part, is formed as a result of the
interference between waves both passed through vacuum. The second part is generated by
the interference between a wave passed though vacuum and the one that has been phase
shifted due to its interaction with an object. The analysis of the hologram fringe distances
with respect to the reference ones allows the local phase shift of the electron beam to be
recovered [43]. In a nonmagnetic sample, the phase shift (¢(z,y)) of the electron wave is
proportional to the local changes of the electrostatic potential projected along the electron
pass. For a Si film, the electrostatic contribution to the phase shift is associated solely with

the mean inner potential (MIP) of the matrix, i.e. the local composition, and thickness of
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Fig. 1.30: Schematic illustration of the standard setup for off-axis electron holography

using: (a) vacuum as zero phase-shift reference and (b) the mean phase-shift as
reference.

the sample, t(z,y) and is given by the expression,

o(z,y) = CeVot(z,y) (1.32)
where (z,y) lie in the plane of the sample, Cp = 2{% is a wavelength-dependent

constant [44] (Cr = 6.5x10%radV"'m™! at 300kV) and V; is the mean electrostatic
potential of crystalline S equal to 12.1 £ 1.3 V. Thus, an absolute value of the local sample
thickness can be extracted from the measurement of the local phase shift of the electron

beam with respect to vacuum with a very high spatial resolution (few nanometers).

As it follows from the previous description, the necessary condition to obtain absolute
sample thickness measurement is the presence of vacuum near the edge of the sample.
However, if the hologram is formed by the interference between electron waves that have
both passed through an object (see Fig.1.30 (b)), the absolute zero reference is not present
in the hologram but the mean phase can be taken as a zero reference. In this case, the
phase variations are directly related to the local sample thickness variations around the

unknown mean sample thickness value.

Our contribution to the development of this method is essentially focused on the sample
preparation. Indeed, the experimental procedure for recording holograms as well as the
theoretical analysis of the recorded images were carried out by Nikiolay Cherkashin at
Centre d’Elaboration de Matériauz et d’Etudes Structurales (CEMES, Toulouse).

The main objective of the sample preparation procedure I had to set up is to extract the
top silicon layer from a FD-SOI wafer while its nominal thickness is about 12nm. Actually,

in the Smart Cut™ technology the final thickness of the top silicon layer is adjusted through
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oxidation /etching steps. In this work, we do not dissolve the superficial SiO, layer to use
it to protect the Si surface from chemical etching (see Fig. 1.31(a)). Then, the sample
preparation consists in the following steps (see Fig. 1.31). Firstly, the bulk silicon substrate
is mechanically thinned using a disc grinder which produces good quality parallel-sided thin
sample (approximately 50 gum thick). Then, a dimple grinder is used to generate a large
and thin area (approximately 3 um thick) in the center of sample surrounded by thick rims
(see Fig. 1.31 (b)). After that, the sample is soaked in a KOH bath. This chemical etching
selectively etch Si and is then stopped by the BOx layer (see Fig. 1.31 (¢)). Finally, both
Si0y layers are dissolved by a wet HF bath (see Fig. 1.31(d)).

(a) (b) (c) (d)
Initial Sample Mechanical Chemical Chemical
Thinning Si Etching Si0, Etching

Sacrificial Oxide

Top Si Layer
Bulk Oxide Layer

alals

Fig. 1.31: Schematic illustration of different steps involved the preparation of a free
film for thickness measurements by electronic holography.

Bulk Silicon

As explained before, off-axis electron holography measurements require a reference
electron wave propagating in the vacuum to obtain absolute sample thickness value. Thus,
FIB is used to create holes through the sample. However, this sample preparation procedure
is very delicate and most of films are broken at the last steps of the preparation and/or

contaminated during the fabrication of holes by FIB.

Fig. 1.32: Image obtained by off-axis electronic holography for thickness measurement
using the mean phase as zero reference.

Off-axis electron holography experiments were carried out on the Hitachi I2TEM-
Toulouse (in situ interferometry TEM), an HF3300 equipped with CFEG, double stage for
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Lorentz microscopy, imaging aberration corrector (CEOS Aplanator) and multiple biprisms.
The second specimen stage is located just above the objective lens that can serve as a
powerful Lorentz lens coupled to the state-of-the-art aberration corrector. Holograms were
obtained with a resolution of 2nm. The multiple biprisms allow more flexibility in choosing
holographic fringe spaces and field of view, and Fresnel fringes can be eliminated [45]. Any
additional phase shifts of the beam due to the effect of the microscope optic elements are
removed acquiring a reference hologram and subtracting it following the method described,
for instance, in [46,47]. The holograms have been recorded in the mode corresponding
to figure 1.30 (b). Off-Bragg conditions have been carefully maintained during hologram
acquiring to avoid dynamical effects of the electron beam-object interaction [43]. Figure 1.32
shows an image of local thickness variations of a typical silicon top layer extracted from

holography measurement.

Figure 1.33 shows the PSD function obtained from the off-axis holography image
shown in figure 1.32. In conclusion, off-axis holography allows characterizing the thickness
variations over a spatial bandwidth [from 6 um ™" up to 200 um~'] which was inaccessible
by other techniques. However, to render the technique a «routine», considerable effort

should be put on improving the sample preparation procedure.

quenc
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Fig. 1.33: PSD function corresponding to off-axis holography thickness measurements.

To summarize, we have now in hands new characterization techniques allowing us to
investigate thickness variations over the whole spatial bandwidth of interest, from the
single transistor scale to the whole wafer scale [from 3x107¢ ym ™! up to 1x10* um~']. In
the next section, we present principal results on the thickness and roughness multi-scale

characterization of SOI wafers.
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1.3 | Experimental results

Combining the techniques introduced in the previous paragraphs, we are now able to
characterize thickness variations over a very large spatial bandwidth. In this section, we
will study the correlation between thickness and roughness variations of standard SOI
wafers. Then, we will analyze thickness variations in the new generation SOI wafers and
will evidence the impact of some of the technical steps involved in Smart Cut™ technology

onto the final characteristics.

1.3.1 | Thickness - Roughness

Several SOI wafers with a top silicon layer thickness of 88 nm and BOx thickness of 145nm
have been characterized using the techniques presented in the previous sections. Cumulating
these results, figure 1.34 shows the typical PSD functions describing the thickness and

roughness variations of the top silicon layer of these SOI wafers.

PSD [A? um]
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107 — —+— Roughness

0

Spatial Frequency [um']

Fig. 1.34: PSD;p functions describing thickness (red open-circles) and roughness
(black points) variations of a top silicon layer. Three spectral domains are observed, (a)
low-frequencies [from 1x 1073 um ™! to 0.17! um™'] roughness larger than thickness
variations, (b) middle-frequencies [from 0.1 um ™" to 1 um™'] roughness and thickness
variations are similar and (c) high-frequencies [from 1pum™! to 30 um™'] thickness
variations larger than roughness variations.

It can be observed that there are three different spectral domains. At low-frequencies
[from 1x 1073 upm =" up to 1 x 107! um™!], roughness variations are larger than thickness
variations. The top silicon film conformably follows the BOx roughness; thereby the two
surfaces are correlated in this frequency domain. In the intermediate frequencies region
[from 1x10~! ym ™" up to 1 um 1], roughness and thickness variations are similar, indicating

that the top surface roughness variations are much larger than the bottom interface ones.
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In this case, thickness variations can be estimated by measuring only the roughness of the
top surface. Finally, at high-frequencies [from 1 um™ up to 30 um™!] thickness variations
are larger than roughness variations. The top and the bottom interfaces are not correlated
and the roughness variations of the bottom interface are, at least, of the same order of

magnitude than the roughness variations of the top surface.

Frequency Band [um™"] | Spatial Band [um] | Roughness RMS [A] | Thickness RMS [A]
1-100 0.01-1 1.01 1.62
0.1-1 1-10 2.95 2.95
1x1073-0.1 10 - 1000 7.3 2.94
1x1073-1x1073 1x10% - 1x10° — 1.32

Tab. 1.1: Summary of the statistical parameters describing roughness and thickness
variations.

The equivalent RMS of thickness and roughness variations can be estimated from the
PSD,p function for each frequency bandwidth (see Eq. 1.28). The obtained RMS values,
describing the amplitude of thickness and roughness variations, are in agreement with the

observations reported above. The results are summarized in Table 1.1

1.3.2 | Smart Cut and thickness variations

Hereafter, we will analyze thickness variations of silicon layers of SOI wafers over a very
large spatial bandwidth [from 6.8 x 107% ym™"! up to 1x10% um™!]. Figure 1.35 shows the
PSDp function characteristic of the thickness of the top silicon layer of the new generation
of SOI wafers. It is obtained by averaging the thickness spectra from five representative
wafers.

We can observe different behaviors on the PSD function. In region I, corresponding to
the lower frequency part of the spectrum [from 3x 1078 um ™" to 2x1073um™'], the PSD;p
describing the thickness variations decreases as a power-law (linear on a log-log scale), what
is characteristic of fractal surfaces. In fact, this PSD;p exhibits a fractal behavior with a
scaling exponent equal to 0.3 £ 0.1 (obtained from the slope of the PSD;p function, see
section 1.1). This exponent is much smaller than the typical values (0.5 — 0.8) obtained in
the case of fractured surfaces [48,49]. Indeed, over this frequency range, thickness variations
result from fracture propagation in silicon single crystal along weak path predefined by the
micro-cracks involved in the ion cut process. As the depth-distribution of micro-cracks is
very tight (few nanometers) therefore, the low frequency thickness variations we evidence
may result from some «non-uniformity» of the implantation used for SOI manufacturing and
thus do not show the classical fractal characteristic of fractured surfaces. In region II [from
2x1073 um™! to 2x 1072 um ™!, the amplitude of the PSD;p remains constant, meaning

that the thickness varies randomly over this frequency range. The bump visible in the region
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Fig. 1.35: PSD;p function representing the top silicon layer thickness variations,
measured by: (left) Ellipsometry (three different sampling periods: Axz; = 30 um,

Azxy = 300 um and Azz = 2420 um. (center) Differential Reflectivity Microscopy
(image size: 66.6x88.6 um?) and (right) AFM (scan-size: 30x30 um? and 10x10 um?).

I [from 2x 1072 um~! to 0.3 um™'] corresponds to the size of the micro-cracks formed
by hydrogen precipitation just before the catastrophic splitting. Their size-distribution
depends on the implantation conditions (dose, energy) and thermal budget used for wafer

splitting [50].

The higher frequency part of the spectrum exhibits two different fractal behaviors. In
region IV [from 0.3 um ™! to 0.1 um™1], the observed scaling exponent is equal to 1.2 4- 0.1
which agrees well with the surface diffusion phenomenon described by the Mullins-Herring
equation [51]. In region V [from 1pum~' to 10 um™!] the value of the scaling exponent
0.2 £ 0.1 suggest that this roughness originates from silicon oxidation. Indeed, two different
models have been proposed in the literature to describe the roughness evolution of the
Si/Si04 interface during oxidation. The first is based on the Kardar-Parisi-Zhang equation,
whose typical values of scaling exponent are between 0.2 and 0.3 [52,53]. The second
states that silicon oxidation can be described by the Edward-Wilkinson growth model, with
a scaling exponent equal to 0 [54,55]. The limited accuracy of our data does not allow
us to discriminate between these two models. Thus, in this very high frequency range,
thickness variations are impacted by the topography of the two Si/SiO, interfaces, the
BOX/top silicon interface resulting from thermal oxidation and the top silicon surface
which results from the removing of the sacrificial SiO, layer used as the finishing step in

the SOI manufacturing process.
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Conclusions

In this chapter, we have explained why a multi-scale characterization of thin films is required
over a very large spatial bandwidth [from 7x107% ym="! up to 1x10% um~!]. Some standard
metrology techniques, such as AFM, SWLI and SE, commonly used for the characterization
of films are introduced. We have also discussed the analysis methods and their limitations in
terms of spatial resolution. It shows that thickness characterization over the whole spatial
bandwidth of interest is not possible using only these techniques. We have thus introduced
new characterization techniques allowing to overcome these limitations. We have also
studied the correlation between thickness and roughness on standard SOI wafers. Finally,
we have discussed the origin of thickness variations. Indeed, the analysis of the thickness
variations permits the identification of the frequency bands over which thickness is not
uniform. Then, we have determined the spectral foot-prints of the principal technological
steps involved in the Smart Cut™ technology influencing the thickness uniformity of the

top silicon layer of SOI wafers.
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The Smart Cut™ process, aimed at fabricating SOI wafers, is essentially based on
the combination of ion implantation, direct wafer bonding and layer splitting processes
applied to the transfer of a thin single crystalline St layer from a «donor» wafer onto a
new «handle» Si substrate. In general, the silicon donor is thermally oxidized in order to
provide the future buried oxide layer. It is implanted with H* ions at room temperature
and then bonded onto the handle substrate. Then, a thermal annealing leads to the splitting
of the donor wafer. Splitting is one of the macroscopic results of the thermal evolution of
microscopic lattice defects resulting from the Ht implantation. Specifically, high dose ion
implantation of hydrogen and/or helium in S7 (which are hardly soluble in most materials)
leads, after a brief thermal treatment, to the formation of disk-shaped structures in the bulk
substrate (platelets and/or micro-cracks). Further annealing favors the lateral expansion of
these crack-like structures through the increase of gas pressure within these structures and
generates stress in the implanted region. This stress plays a crucial role, at different length

scales, on the thermal evolution of the micro-structure [1-7].

At this point, the material response depends on the presence or not of a stiffener (handle
wafer). Actually, when there is no stiffener and since the implantation depth is typically
less than 1 pum, elastic stress relaxation at the «free-to-move» implanted surface leads to
blistering (see Fig. 2.1 (a)). It is worth noting that blistering is a threshold phenomenon,
the on-set of surface blistering depending on the implantation conditions (i.e., dose and
energy) [8]. It has been reported that there are lower and higher limit doses (approximately

1x 10 em™2 and 1 x 10*" em™2 respectively) giving rise to blisters depending on ion

43
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energies [9].

Besides, the presence of a rigid stiffener above the implanted region blocks the vertical
relaxation of the stress and favors its propagation parallel to the wafer surface leading to
the exfoliation of a large area (see Fig. 2.1 (b)). It is then possible to induce the fracture
of implanted layer across the whole wafer and finally to transfer thin crystal layers onto a
handle substrate [10].

(a)

Fig. 2.1: SEM top view images of implanted and annealed silicon wafers. (a) Dome
shaped blisters (adapted from [1]). (b) exfoliated region (adapted from [11]). Annealing
at 350°C was performed.

In this chapter, we will firstly review the current state of understanding of the splitting
process. Understanding splitting means establishing a scenario, based on fundamental
physics, able to describe the thermal evolution of the implantation induced defects leading
to the fracture. It involves a number of successive steps: the generation of ion implantation
induced defects at room temperature, their thermal evolution (transformation), the crack
initiation and finally its propagation during annealing. Secondly, we will use the characteri-
zation techniques presented in chapter 1 to study the impact of the implantation conditions

on the topography of post-fracture surfaces.

2.1 | Fracture in Smart Cut~ technology

Since the first publication Silicon on insulator material technology [10] and despite the
publication of many papers in the field, a complete picture of the underlying physical
mechanisms involved in the splitting process is still lacking. Ion implantation induced
defects evolves during annealing through different length scales (from few A to several mm).
Figure 2.2 shows the different defects involved in this process [1]. Actually, it is a great
challenge to identify all physical mechanisms and phenomena playing a role during this

multi-scale transformation.

2.1.1 | Ion-induced defects: As-implanted Si wafers

2

After H* implantation, using doses in the range of a few 10'® to 10" H*tem ™2 and

energies from few keV up to tens of keV, a heavily damaged and strained zone around
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Multi-scale Transformation
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Micro-cracks

SEM

Exfoliation

Fig. 2.2: Scheme illustrating the thermal evolution of ion implantation induced defects
at different stages on the splitting process: (a) gas filled platelets, (b) nano-cracks, (c)
micro-cracks, and (d) exfoliated surface resulting from cleavage assisted micro-cracks
coalescence. (adapted from [1]).

the ion projected range (Rp) whose depth is defined by the ion acceleration energy, is
observed [10,12]. This damaged zone, largely supersaturated with hydrogen atoms, has
been studied by different techniques (TEM, X-ray scattering, etc.) [5,7,13]. In this region,
several hydrogenated complex defects are produced in large concentrations. Indeed, H"
implantation generates self-interstitials (/g), and vacancies (Vg) (Frenkel pairs) which diffuse
at room temperature and recombine with the implanted H atoms. These reactions result
in different types of hydrogen-vacancy and hydrogen-interstitial complexes.

Figure 2.3 shows the typical spectra obtained by Fourier Transform Infra Red - Mul-
tiple Internal Reflection (FTIR-MIR) and Raman spectroscopies, from H* as-implanted
silicon at room temperature. Both of them evidence the contribution of stretching modes
corresponding to H-related complexes.

Indeed, wavenumbers between 1880 cm ™! and 2050 cm ™! correspond to multi-vacancy
complexes (V},H,,) while higher wavenumbers (> 2100 cm™') correspond to mono-vacancy
complexes (V H,). In other words, the FTIR-MIR spectrum is dominated by stretching
modes associated to Vo Hy and Si-H while modes related to VoHy and V Hs are evidenced
in the Raman spectrum. For a more detailed description of the H-related complexes formed
in Si, we recommend reading the Ph.D. theses of Personnic [16] and Daix [15] and the

review paper by Terreault [9].

A direct effect of the introduction of H-related complexes, is the appearance of an
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Fig. 2.3: FTIR-MIR (a) and Raman (b) spectra of the Si-H stretching modes in
H-implanted Si before thermal annealing. (adapted from [14] and [15]).

in-plane stress and an out-of-plane strain in the implanted region. This strain can be
characterized by X-ray diffraction (XRD) analysis [6,7]. Figure 2.4 shows typical curves
obtained on H* as-implanted Si at room temperature. All of them show a main diffraction
peak corresponding to the (004) reflection of Si (at 205 = 69.14°). For the implanted
samples, the interference structure on the left-hand side of the peak allows the determination
of the strain profile. The measured interference fringe pattern is characteristic of a tensile
strain gradient of Gaussian-like shape [17]. It suggests that the vertical strain distribution

in as-implanted S7 is intimately linked to the implanted ion depth profiles.
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Fig. 2.4: 0/20 XRD scans close to the (004) reflection of Si obtained from: (a)
samples implanted at fluences &7 = 2,6 and 10 x 10'® cm =2 (adapted from [7]) and
(b) &7 = 1x10' cm™2, the simulated curves are obtained assuming that the strain
distribution is related to the H depth distribution, or, using depth distribution of strain
measured by DFEH (adapted from [5]). Both with a reference curve from a pristine
sample. (c) High resolution X-ray scattering intensity around (004) Bragg peak, sample
implanted at fluence @7 = 3x10'% cm 2. (adapted from [6]).

More recently, Cherkashin et al. [5] have studied in detail the mechanical strain within H*
as-implanted Si. They used the dark-field electron holography (DFEH) technique to observe
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two-dimensional (2D) direct information on the in-plane and out-of-plane components of

strain field in the damaged region [18,19].
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Fig. 2.5: Dark-field electron holography of a (001) Si crystal implanted at 10*® H*cm =2
(a) Conventional bright-field TEM image under two-beam condition for the (111)
diffracted beam; (b) out-of-plane ¢, and (d) in-plane ¢,, strain maps obtained by
DFEH:; (c) and (e) the corresponding strain components calculated from a FEM model.
(f) Vertical strain profiles of the two components of ., and ¢,,, extracted from the
experimental and simulated images. Zero depth corresponds to the surface of the
sample. The inset compares the H depth distribution (by SRIM) and the strain profile
(by DFEH). (adapted from [5]).

Figure 2.5 (a) shows a conventional bright-field TEM micrograph where the dark contrast
region corresponds to the damage produced by H' implantation in the Si crystal. The
width of the damage region is about 100 nm. Figures 2.5 (b) and (d) show the DFEH
maps of the out-of-plane (normal to the surface, ¢.,) and in-plane (parallel to the surface,
£zz) Strain components. Figures 2.5 (¢) and (e) present out-of-plane and in-plane strains
obtained by simulation. The vertical profiles (depth = 0 at the surface) extracted from
the experimental and simulated images of ,, and e,, are compared in figure 2.5 (f). The
maximum out-of-plane strain is e,, ~ 0.4% at a depth corresponding to Rp (in their
experimental conditions Rp ~ 300nm). The in-plane strain e,, oscillates around zero
with amplitude of about 10™* [5]. The inset on the figure 2.5 (f) shows the proportionality
between the H* depth distribution calculated by Stopping and Range of Tons in Matter
(SRIM) code [20] and the measured strain profile [5].

At this point, we note that most of authors agree that H-related complexes, induced by
ion implantation at room temperature, give rise to an in-plane stress and an out-of-plane
strain in the implanted region of Si.

Nevertheless, the origin of mechanical strain in H-implanted St is still matter of
discussion. Recently, two different models have been proposed to physically describe it.
On the one hand, Cherkashin et al. [5] found that strain fields measured by DFEH can be
correctly simulated by modelling the overlapping and averaging of discrete fields generated

by sub-nanometric H-related structures, such as mono-hydride multi-vacancies and H;-
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complexes. These defects define of gas-vacancy clusters. On the other hand, Rieutord et
al. [6] claim that the level of expansion of the lattice spacing is inconsistent with any kind of
direct mechanical action (e.g., of the hydrogen gas) on the silicon because they found that
the corresponding volume increase per H* would be 5 A Instead, this expansion value
can be attributed to a variety of H species which have been observed using IR spectroscopy
such as H%, Hy .pcap, and HY.pcap [2].

All these configurations share a bond center location for one hydrogen, possibly associated
to a hydrogen in anti-bonding position forming the Hj-complex. Then, they suggest that
the effect of one or two charged H™ hydrogen in BC' site inducing higher volume expansion

may be consistent with the observed slope increase.

In conclusion, HT-implantation produces a micro-structural modification of the Si
matrix. This modification is associated to the introduction of H-related defects, essentially
represented by hydrogenated species such as VoHs, V Hs, and Si-H complexes. Most
of authors agree that, during the implantation or at low temperature/very short times
annealing, implanted Si can be described as a two phases material (Si:H ), where the second

phase, dipped in the Si matrix, is composed of plate-like cavities named platelets [5,6].

2.1.2 | Platelets nucleation

Many authors have observed platelets in the implant-induced damage zone [2-4,21,22].
Figure 2.6 (a-b) shows typical images obtained by TEM, under Fresnel contrast, of (001)
platelets. Typical platelets sizes are around few tens of nanometers in diameter and few

nanometers thick [3, 13].

Fig. 2.6: Cross section TEM image in «out-of-Bragg» conditions of platelets [2,23].
Typical sizes are around few tens of nanometers in diameter and few nanometers thick.
(adapted from [3]).

It can be noted that atomic planes of the crystal are interrupted in the vicinity of platelets

and therefore it is not a pure interstitial defect. Platelets result from the co-precipitation of
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vacancies and hydrogen atoms (see also Fig. 1 in Ref. [3] and [24]).

It has been also experimentally shown that (001) platelets are dominant in implanted
(001) Si [4,9,21]. As implied by its notation (001), not {100}, dominant platelets are located
in a plane parallel to the surface. Same behavior has been observed in case of implanted
(111) Si where (111) platelets unsurprisingly dominate [25]. Indeed, spatial orientation of
platelets is the major result of the strain, on their nucleation [4,9,11].

Moreover, Personnic et al. [23] investigated the evolution of the H depth distribution
during the first stages of the annealing by secondary ion mass spectrometry (SIMS). They
observed a reduction of the wideness of the concentration plateau around Rp region (see
Fig. 2.7 (a)). In a previous work [14], they also proved that the decrease of the SIMS signal
amplitude seen in figure 2.7 (a) is not due to the out-diffusion of H from the implanted
region but to some rearrangement of the H atoms in a form not detectable by SIMS, e.g.,

molecular H,.
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Fig. 2.7: (a) Hydrogen SIMS profiles before and after isothermal annealing (400 °C) [23].
(b) FTIR spectra of the Si-H stretching modes in H implanted Si before and after
isothermal annealing at 450°C [14].

More recently, N. Daix has observed the Raman spectrum of a as-implanted Si [15]. It

! evidencing that there

has been unambiguously observed peak at a frequency of 3825 cm™
is molecular Hy trapped within platelets. These experimental observations are consistent a
rapid transformation of hydrogen complexes into molecular Hy [2,23].

Let us now present the principal theoretical models proposed to describe the nucleation

of platelets.

2.1.2.1 VH, aggregation mechanism

According to several authors, the V H, defects are supposed to be the precursors of
platelets [2,26]. The increasing contribution of V H,, in the FTIR spectra and the platelet

volume fraction measured by TEM are additional evidences that tend to confirm the V H,
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precursors theory [23]. The signature of this nucleation can be seen in the F'TIR modes
assigned to hydrogenated mono-vacancy defects (V H,) (see Fig. 2.7 (b)).

Reboredo et al. [26] proposed a model of platelet nucleation based on calculations of
configuration energies using the density functional theory. Assuming that the pre-platelet
species are the highly stable V H,; and mobile H,, they show that platelets can grow
progressively through chemical reactions giving rise to hydrogenated internal surfaces.
Controversial issues of this model are the high activation energy (2.5eV) required by some
of these reactions as well as the limited mobility of Hs. Indeed, it is difficult to explain the
presence of platelets at room temperature [26], unless we consider that local heating occurs

during the implantation process.

2.1.2.2 Stress induced platelets nucleation

Swadener et al. [27] studied the effect of strain on vacancy clusters and platelet formation
through molecular dynamics (the strain was simulated by applying a 1% in-plane compressive
strain and allowing the structure to relax). They have compared the nucleation energies
of planar (100) platelets to those of (111) and spherical cavities, with and without strain.
Figure 2.8 shows the difference in energy between (100) planar and spherical clusters, with

strain present.
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Fig. 2.8: Differences in total energy of formation between (100) planar and spherical
vacancy clusters (full circles), and between (111) planar and spherical vacancy clusters
(open squares) under bi-axial compression in the (100) plane (adapted from [27]).

It can be noted that, for cavities with 20 vacancies or less, planar (100)-oriented cavities
are favored. Assuming that planar vacancies are stable only for small sizes, they proposed
that hydrogen platelets are formed by a multi-step process. Firstly, the vacancies aggregate
into small planar clusters. The clusters could be oriented in (100) or (111) planes depending
on the stress state. Secondly, H atoms diffuse to the vacancy clusters and satisfy the

dangling bonds on the cluster internal surfaces. Then, the driving force for larger clusters
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to take a spherical shape would be eliminated. The platelets can then grow by Ostwald
ripening, i.e. by the addition of free vacancies and hydrogen [3,23,27].

The stress-induced vacancy platelet model correctly accounts for some experimental
observations. For example, in (100) Si wafers, which induces a state of bi-axial stress in
the (100) plane, (100) platelets are formed in the region of highest strain around Rp, while
(111) platelets are nucleated in lower strain regions in the wafer [4,5,28,29] . In implanted
(110) Si wafers, where strain is induced in the (110) plane, both (100) and (111) platelets
are observed in the high stress region [5,30,31] in agreement with this model. Nevertheless,
an objection to this model is that experimental observations show platelets with much more

vacancies (~ 100 vacancies).

2.1.2.3 Vacancy-less formation of hydrogenated internal surfaces

Martsinovich et al. [32] investigated possible structures of (100) platelets by analyzing
the energies of well-developed platelets. They compare the stabilities of (100) platelet
structures with the energies of (111) platelets presented in their previous work [33]. There
is some experimental evidence for the 2x1 and 1x 1 internal surface structures in (100)
platelets induced by H™' implantation in silicon. Indeed, infrared spectra of platelets
during annealing at temperatures above 450 °C indicate vibrational modes with frequencies
assigned to atomically rough and atomically smooth dihydride-terminated (100) Si internal
surfaces [34].

Martsinovich et al. [32] propose that hydrogen passivated (100) platelets do not require
vacancies or stress to nucleate. Using density functional total energy calculations, they show
that (100) platelets are as stable as the (111) platelets. The basic structure consists of Si—-H
or Si—H, decorated (100) planes that are separated by a dilation of the crystalline network.
Their formation requires the breaking of Si—S7 bonds by H insertion. In implanted material,
many broken bonds are already present, thus minimizing the apparent activation energy.
More important, these calculations show that these platelets can accommodate Hy molecules
exothermally in the interstices. Figure 2.9 shows the formation energies obtained by their
calculations for the monohydride (Si — H) and for symmetric and canted (not straight)
dihydride (Si — Hj) structures [32].

It can be observed that, with an optimal dilation of around 2.7 A, stable structures
are obtained (the most stable being the dihydride structure). One can also note that Ho
molecules can be absorbed in all three structures without destabilizing them. Finally,
concerning the vacancy models, these calculations show that they have energies very similar
to those of the optimized vacancy-less structures. They also show that a canted structure

(not considered by Reboredo et al.) has the lowest energy.

In terms of stability, one cannot select vacancy or vacancy-less models. However, the

latter have the great advantage of not requiring the high activation energies implied by
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(adapted from [32]).

chemical reactions. Nevertheless, TEM studies show the presence of vacancies. Both types

of models also result in platelet thicknesses < 0.41nm, compared to a measured value

of ~ 1nm. In the following, we review proposed models to explain physical phenomena

leading to the platelets growth.

2.1.3 | Platelets evolution

It has been widely observed that once platelets are formed, they develop and grow during

annealing. Annealing at 350 - 500 °C results in the growth of these platelets yielding to the

formation of micron-sized cracks roughly parallel to the surface [3,21].

[(a) 450°C

<~— ®m  Diameter
® Density —

Platelet diameter (nm)

[) 1 2 3 4
Annealing time (min)

(U ;01X) ANSudp 127210]J

Volume /surface (x107 cm3/cm?)

(b) 450°C - VS
5k
4}
3t
»
2 ¢ e .
¢
1F
ol— . . A A .
[ 1 2 3 a 5

Annealing time (min)

Fig. 2.10: (a) Evolution of mean diameter and surface density of (100) platelets as
a function of the time for T,,, = 450 °C annealing, the implantation dose was of few
10 em 1. (b) Variation of platelet volume fraction per unit area with annealing time.

(adapted from [23]).

N. Cherkashin have performed detailed observations of the platelets thermal evolution,

this work having been reported by Personnic et al. [23]. Beyond diameter and density
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evolutions, they studied the evolution of the volume and the surface fractions occupied
by the platelet populations. They observed that this surface fraction increases during
the first stages of the annealing (less than 1min) while the platelets density does not
increase, meaning that, under their experimental conditions, the nucleation stage of the
platelets is already completed after implantation. Hence, platelets are involved in a «pure
growth» regime during which the existing platelets grow by «pumping» H from other
less stable defects in the matrix, invisible by TEM. This model of platelet evolution is
consistent with the FTIR and SIMS results showing an important decrease of the signal
intensities during the same transient stage [14,23]. Only the IR band corresponding to
the mono-vacancies defects V Hj 4 increases with time. They estimated that 3% of the
implanted dose is used for formation of new platelets during the transient stage of annealing.

For longer annealing, platelets can undergo a conservative Ostwald ripening process
during which the platelets interchange the species they are composed of (hydrogen atoms and
vacancies) [3]. Other observations tend to confirm the evolution of platelets by an Ostwald
ripening process [23]. Aspar et al. [22] studied the case of 6x10'® H* /cm? implantation
at around 70 keV and they showed that the firsts steps of thermal treatment lead to the
growth of platelets while their density decreases, as expected for a conservative Ostwald
ripening type growth mechanism (see Fig. 2.10). It can be inferred that the Hs molecules are
produced mostly following the dissociation of hydrogenated point defects and the migration
of H toward the platelets during a transient period. As the platelets grow by the injection
of H from other less stable defects, the internal pressure quickly increases leading to their
lateral propagation. Then, the average diameter of the platelets still increases and their
density decreases in such a manner that the surface and volume fractions per unit area
remain nearly constant (see Fig. 2.10 (b)). These observations are consistent with the model

of a conservative Ostwald ripening mechanism.

Fig. 2.11: Schematic representation of the lattice distortion resulting from a H-
terminated Si atoms of a platelet. The cavity is filled with Hy molecules and the
internal surfaces are decorated with H atoms captured by dangling bonds. (adapted
from [35]).
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The most accepted model of platelets growth explains that the post-implant annealing
cause the hydrogen diffusion in the vicinity of the platelets and then H is trapped and
accumulates within them (see Fig. 2.11). This occurs at first stage of the annealing and is
correlated to a abrupt decrease of hydrogen (shown by SIMS analysis in previous section).
Platelets minimize their energy by forming a circular shape. These nanometric crack-like
cavities contain pressurized Hs gas [3,22,23,35]. As a result of thermal annealing, pressure

build-up and chemical action of H atoms at the crack tips may cause their lateral expansion.

An alternative scenario of platelets growth is given by Moras et al. [36]. Using molecular
dynamics (MD), they simulate the thermal evolution of a realistically sized (100) platelets.
Based on a dynamical «quantum-classical embedding» technique [36,37], they model the

growth of 10nm-wide and 1nm-thick platelets composed of two dihydride-terminated

internal facing. Each platelet is embedded in a bulk silicon matrix, leading to model system
sizes of up to 35000 atoms (see Fig. 2.12(a) and (b)).

Fig. 2.12: Left : (a) Atomistic model of a (100) platelets at the center of a 35x35nm?
bulk S7i model system using periodic boundary conditions. The «quantum-classical
embedding» region contain the Si atoms depicted in red and all H atoms. (b)
Enlarged picture of a platelet left edge [36]. Right : Stress-corrosion mechanism for
the platelets growth. (1)-(4) Snapshots of the bond-breaking reaction from an 800 K
hybrid quantum/classical molecular dynamics simulation. (adapted from [36]).

The MD simulations at 800 K show that the presence of unsaturated dangling S7 bonds
triggers a dihydride-to-monohydride reconstruction of the internal surfaces, accompanied
by the formation of Hy molecules inside the platelets. It suggests that H, formation
occurs spontaneously, sustained by H diffusion into the platelet from the surrounding
H-supersaturated Si matrix. They argue that pressure-induced supercritical growth does
not take place for platelet diameters smaller than approximately 1 um. Further simulations
show that some of the Hy molecules reach the platelet edges. Then, one of the strained
Si-Si bonds (connecting the red atoms in Fig. 2.12(1)-(4)) breaks, while a Hy molecule
diffuses close to the two Si atoms (blue in Fig. 2.12(1)-(3)). The molecule eventually
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dissociates irreversibly saturating the newly formed Si dangling bonds (Fig. 2.12(4)).
This model, based on a stress-corrosion mechanism, is consistent with the remarkably slow
platelet growth observed experimentally [3,21].

Nevertheless, an objection to this model is that, in contrast with the model presented
previously, the irreversible character of the stress-corrosion model is not consistent with a
conservative Ostwald ripening mechanism experimentally observed by Grisolia et al. [3] and

more recently by Cherkashin et al. [38].
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Fig. 2.13: (a) Ratio of edge to edge distance and platelets size as a function of the
depth for different annealing duration at 7;,, = 360°C. (b) Schematic of the platelets
growth by coalescence process. (adapted from [24]).

Besides, it has been observed that larger micrometer-size micro-cracks appear at some
stage in the platelet assembly. N. Daix has clearly demonstrated that this micro-cracks
cannot be obtained by the extrapolation of the growth laws of platelets [15]. Moreover,
it has been shown that the probability of interaction between neighboring platelets takes
a maximum value when the distance separating two platelets is approximately equal to
their diameter (see Fig. 2.13). It has then be suggested that micro-cracks spontaneously
nucleate in platelet-rich regions by a coalescence process when the ratio distance/diameter

is about 1 [15,23]. This result is in agreement with mechanical simulations [39].

Furthermore, plan view TEM observations (see Fig. 2.14) [15,24] show unambiguously
that there is no platelets visible within micro-cracks, confirming that micro-cracks result
from the collective mechanical interaction of a population of platelets. The driving force
of this phenomenon would then be the minimization of the elastic energy of the system,
obtained by forming a single extended defect from several platelets [15,40].

The suggested scenario explains that platelets which are close to the maximum hydrogen
concentration undergoes a very fast growth because of the «pumping» of molecular hydrogen

combined to the geometric coalescence.
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Fig. 2.14: Plane view TEM images of implanted and annealed Si samples at 360 °C
during (a) 11 min where only platelets can be observed, and (b) 67 min showing a
micro-crack [24]. (c) High-magnification SEM micrographs showing the exfoliation
morphologies for implanted and annealed Si samples (the dashed circles highlight the
circular feature observed in the bottom of the exfoliated region. (adapted from [40]).

2.1.4 | Micro-cracks evolution

After longer annealing micro-cracks with sizes ranging from a few to several micrometers
have been clearly evidenced by optical profilometry [23]. The evolution of this micrometer-
size defects during the thermal annealing leading to the layer splitting is still matter of
controversy. On the one hand, Personnic et al. [23] observed an almost conservative growth
process based on Ostwald ripening mechanism until coalescence process takes place. On
the other hand, Penot et al. [41] point out a non-conservative growth process supposedly

driven by the vertical collection of the available gas from small platelets.
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Fig. 2.15: Optical microscope images of buried micro-cracks after an annealing at
350°C for 20% (a), 30% (b), and 50% (c) of ts(7"). The images illustrate the Ostwald
ripening and the coalescence mechanisms. (d) Time dependence of the fraction of
surface covered by micro-cracks [23].

Actually, Personnic et al. [23] investigated the thermal evolution of the micro-cracks
at 350 °C through optical interferometry (see Fig. 2.15 (a)-(c)). They have observed two
distinct phenomena. First, small micro-cracks dissolve, while larger ones grow (circles in

Fig. 2.15). This behavior suggests that micro-cracks are also involved in Ostwald ripening,
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i.e., interchange the vacancies and hydrogen atoms they are composed of. However, it can
be observed that the growth of the largest micro-cracks also occurs through the coalescence
between neighboring, already large, micro-cracks (squares in Fig. 2.15). This phenomenon
does not involve the motion of these defects but instead appears as the result of the
sudden overlapping of their strain fields as they grow by the regular Ostwald ripening
mechanism. Such a geometric coalescence leads to the random formation of large micro-
cracks with the size up to tens of micrometers after annealing for 50% of ¢5(7). This growth
mechanism gives rise to the formation of micro-cracks of irregular shapes, in contrast with
the circular shape of the platelets. The study of the size distributions of the micro-cracks
for different isothermal annealings, shows that the distribution becomes bimodal indicating
the contribution of mechanical coalescence to the overall growth of the micro-cracks at the
end of the annealing, just before fracture. Experimental observations by N. Daix [15], on

other samples and using optical microscopy, confirms this behavior.

The most important conclusion from this analysis is that micro-crack coalescence
occurs after and in parallel to their «regular» growth by Ostwald ripening and so that this

coalescence process is almost conservative until fracture occurs.

More recently, Penot et al. [41] investigated micro-cracks using optical microscopy
techniques (standard and near infra-red radiation). They observed that the mean diameter
of micro-cracks increases while their density decreases, which is in agreement with the
previous observations [23]. Additionally, the dispersion of sizes is quite large suggesting that
coalescence between micro-cracks is dominant in the growth process. A typical example

micro-crack development is shown in figure 2.16.

A quantification of the surface area covered by micro-cracks is made from the optical
images (see Fig. 2.16 (a)). It shows an increase of the surface area with time in contrast with
Personnic’s observations. They also consider the absolute measurements of the interfacial
gas released when propagating a crack through the micro-cracks (see Fig. 2.16 (b)). It
can be noted that the amount of gas released increases with annealing time, in apparent

contradiction with conservative mechanisms.

The proposed interpretation is that micro-cracks do not grow by Ostwald ripening,
i.e., interchanging vacancies and hydrogen atoms between micro-cracks but grow through
vertical diffusion of hydrogen from small size high pressure platelets to larger size lower
pressure micro-cracks. Indeed, when a large micro-crack is close to a highly pressurized
small size platelet, there will be flux of hydrogen due to the large gradient of chemical
potential between these two objects. As the depth distribution of hydrogen is concentrated
around Rp, only vertical diffusion from platelets to micro-cracks is to be taken into account.
The amount of hydrogen present in a micro-crack is proportional to the area that it cover.
Hence, it is proposed that micro-cracks «pump» all the available hydrogen in platelets

below and above the micro-crack plane. Actually, this model does not explain that small
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Fig. 2.16: Top: Typical evolution of micro-cracks as a function of annealing time observed
by optical microscopy. Bottom: (a) Fraction of surface covered by micro-cracks. (b)
Amount of hydrogen released from the interface opening. (adapted from [41]).

micro-cracks «disappear» during annealing.

Although different models are proposed to explain the thermal evolution of micro-cracks,
most of authors agree that in the last stage of annealing, the larger micro-cracks under
high hydrogen gas pressure strongly interact through the overlapping of their strain fields
leading to some sudden coalescence process. This «catastrophic» behavior results in the
fracture propagation across the micro-cracks plane and hence the splitting of the implanted

layers allowing the full layer transfer of Si.

2.1.5 | Splitting and topography

Splitting induced by H™ implantation followed by annealing leads to the formation of two
new surfaces through the mechanisms described above. The morphology of these surfaces
has been much less reported in the literature than the fundamental mechanisms involved in
the splitting process. Chabal et al. [34] investigated post-splitting surfaces by AFM and
observed that the RMS value is typically of about 5-10 nm.

Even if this layer is transferred by implantation induced splitting is suitable for wide-scale
production, the improvement of the post-splitting roughness is required for the optimization

of the process. Some approaches have been proposed to obtain a better selectivity of the
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«fracture propagation pathsy, through micro-cracks and/or platelets, in order to reduce the
post-splitting roughness. The tight control of the H-implanted dose, the co-implantation
of HT and He™ and the spatial confinement of fracture by boron doping, are among the

principal solutions investigated for this propose.

2.1.5.1 HT" implantation dose

Chabal et al. [34] observed that the roughness of the post-splitting surfaces decreases as
the implanted dose increases. Indeed, for 5x 10 H*/cm? the obtained RMS value is equal
to 11 nm while it is only 5nm after 1x10'"H* /em?. These observations are in agreement
with those from Aspar et al. [22]. Bourdelle et al. [30] have shown that the orientation of
the implanted wafer does not have any influence on the roughness or on the morphology
of post-splitting surfaces. In all cases, these small values of roughness evidence that the
fracture front propagates through micro-cracks located at approximately the same depth.
We thus infer that the roughness of the post-splitting surfaces is related to the depth

distribution of the micro-cracks.
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Fig. 2.17: Depth-distribution of diameter (a-d), densities (b-e) and H concentrations
(c-f) for platelets with different orientations ((001), 010 and 111). Two different
implanted fluence are investigated (1x 10'® top and 3x10'® bottom). In (c) and (f),
the H profiles predicted by SRIM are superimposed. (adapted from [42]).

Cherkashin et al. have investigated the depth-distribution of platelets formed in a (100)
Si wafer [42]. Figure 2.17 shows an example of the analysis that they have performed. It
can be noted that platelets size decreases linearly from the surface toward the substrate for
any type of platelet.

Increasing the implanted dose favors the nucleation of (100)-platelets against the nucle-

ation of (111)-platelets. Since (100)-platelets show a narrower depth-distribution than other
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types of platelets, the micro-cracks nucleate with a smaller vertical dispersion when the
dose increases. Hence, the resulting post-splitting roughness tends to be lower when the
implantation dose increases [17,21]. It can then be suggested that roughness differences
are intimately related to the depth-distributions of the micro-cracks which depends on the

initial depth-distributions of the platelets.
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Fig. 2.18: Left: Surface topography recorded by optical interferometry of post-splitting
surfaces fabricated using different temperatures. Right: PSD functions describing the
topographic variations of these post-splitting surfaces. (adapted from [43]).

Besides, it has been demonstrated that the post-splitting roughness also depends on the
annealing temperature [43]. Figure 2.18 shows images obtained by optical interferometry
of post-splitting surfaces using different annealing temperatures. The corresponding PSD
functions are also plotted in the same figure. It can be observed that, for spatial frequencies
between 10 mm~! and 100 mm ™!, the amplitude of the PSD functions decreases with the
annealing temperature. This suggests that the lateral size of micro-cracks just before
splitting does not depend too much on the temperature while their depth-distribution

increases with increasing temperature [43].

2.1.5.2 H-He Co-implantation

Agarwal et al. [44] have observed that H and He co-implantation produces splitting for
much smaller total doses than any of the individual elements alone (see Fig. 2.19). Under
their specific experimental conditions, the best results, in terms of splitting kinetics, were
obtained by implanting H first, then He [44,45]. However, there are controversial reports
about the role and benefit of the implantation order and we recommend reading the Ph.D.
thesis by Reboh [11] and Daix [15] for further information concerning splitting kinetics in
the co-implantation case. Today, best results are obtained by using He first.

In terms of roughness, it has been observed that it is possible to obtain post-splitting
surfaces with RMS values down to 5-8 nm after using co-implantation [15] . Figure 2.19

shows the RMS values obtained from AFM measurements of surfaces after splitting using
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Fig. 2.19: (a) Total (H + He) implantation dose necessary for blistering vs. fraction
of H (adapted from [44]). (b) RMS value extracted from AFM images of post-splitting
surfaces as a function of the implantation conditions. (adapted from [15]).

different co-implant conditions. When He is implanted first, the post-splitting roughness is
considerably reduced comparing with that obtained when H is implanted first.

Hence, appropriate co-implantation conditions can lead both to the reduction of the
total implanted dose needed to split the implanted layer [44,46], and to an improvement in

the roughness of the transferred Si layers.

2.1.5.3 Buried Boron Layer

Tong et al. [47] have investigated the splitting kinetics of Si wafers which have been
first implanted by BT and then implanted by H"™. They have found that the splitting
temperature for B-H co-implanted wafers is significantly reduced compared to the H-only
implanted ones. Figure 2.20 (a) shows the changes of the blistering temperature as a
function of the B dose when the annealing time is fixed to 1 min. Sequential implantation
of B and H ions into Si favor the growth of (100) platelets against the growth of (111)
platelets during annealing (see Fig.2.20 (b)-(c)) [47,48].

It has also been observed that the roughness of the post-splitting surfaces obtained
by B-H co-implantation is much smaller than those obtained after a standard H-only
implantation (see Fig.2.21). Since the B depth distribution is narrower than that of H,
and because it is though that defects induced by B implantation can adsorb the H ions, so
the latter is concentrated in a limited depth range and splitting is confined into this band
contributing to the decrease of the roughness of the obtained surfaces.

It is also possible to use buried layers, heavily doped with B grown by CVD, to decrease
even more the post-splitting roughness. Kilanov et al. [50] have investigated the effect of
a very narrow B layer (1-2 monolayers-thick) buried at 500 nm from the surface on the
exfoliation of Si layer after H implant. They observed that the composition of H-induced
defects, after annealing, is not affected by the presence of the B buried layer. They also
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Fig. 2.20: (a) Required temperature to form optically detectable surface blisters in
H-implanted Si for a fixed annealing time as a function of the dose of boron ions
implanted. Cross-sectional HRTEM images of (b) H-only implanted and (c) B-H

co-implanted Si wafers. (adapted from [47]).
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Fig. 2.21: AFM images of post-splitting surfaces obtained from: (a) post-splitting wafer
with B-H co-implantation (adapted from [49]). (b) from a wafer containing a buried
doped layer and (c) from a wafer without buried layer. (adapted from [50])

note that micro-cracks are formed in a region close to the buried layer. As shown in figures

2.21 (b)-(c) roughness obtained using this kind of buried layer is reduced by a factor of 2.

The approaches presented above may be considered as candidates to improve the Smart

Cut™ technology, providing both reduced implantation doses and smaller roughnesses than

those obtained by H-only implantation.
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2.2 | Experimental results

Hereafter, we will study the influence of the total dose, in both the H-implantation and
H-He co-implantation, on the surface topography after splitting. The experiment consists
in recording AFM images of post-splitting surfaces and then analyzing their roughness, in
terms of amplitude variations (RMS values) and in terms of spectral «foot-prints» through
their PSD functions.

2.2.1 | Sample preparation

(100)-oriented Czochralski (Cz) grown p-type 300 mm-in-diameter Si wafers with high
surface and warpage qualities were used. A 145nm-thick oxide was formed by thermal
oxidation and then the Si wafers were implanted through the oxide layer using two
different protocols. The first one, consists in implanting H* ions with an energy such that
Rp ~ 300nm (few tens of keV) at doses of 5.5, 6, 8 and 10 x 10'® cm?. The second one,
consists in co-implanting H and He ions, in order to study the impact of the He implanted
dose and of the order of implantation. Implantation order and doses used in this experiment
are summarized in table 2.1. H™ ions were always implanted with an energy of few tens of
keV while the He™ ions were implanted with energies such that the corresponding Rp is
located slightly deeper than that of H* (LE = low energy). In order to test the influence
of the implantation energy, an additional sample was prepared using an energy of about
10 keV higher (HE = high energy), i.e., implanted even deeper. Note that He' is always

implanted deeper than H™ in our experimental conditions.

Sample ‘ Co-imp 1 ‘ Co-imp 2 ‘ Co-imp 3 ‘ Co-imp 4
Fisrt Implant(x10'° cm=2) H:10 H:10 He:15;LE | He: 1.5 ; HE
Second Implant(x10*®cm=2) | He : 1.5 ; LE | He : 1.5 ; HE H:1.0 H:1.0

Tab. 2.1: Summary of the implantation doses and energies of H-He co-implantation
experiment (LE = low energy ; HE = high energy).

After implantation, the wafers were cleaned by standard RCA process and then bonded
with St wafers by hydrophilic direct wafer bonding. Then, thermal treatments were
performed in the temperature range 7,, = 400 — 500 °C during several tens of minutes
(enough for splitting). Finally, the roughness of the post-splitting surfaces were measured
by AFM.
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2.2.2 | H*-implantation

Images with different sizes have been recorded in order to investigate the topographic
variations of the surface at different scales. Figure 2.22 shows typical 2x2 um? AFM images
of the topography of the post-splitting Si surfaces for increasing implanted doses (H™
implant only).
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Fig. 2.22: Surface topography of post-splitting surfaces recorded by AFM (Scan size:
2x2pum? ; 512x 512 pixels). Corresponding implanted doses are: (a) 5.5x10'¢ cm =2,
(b) 6x10% cm™2, (c) 8x10' cm~2 and (d) 10x10'® cm 2. The bottom insets show
height profiles for each image.

Figure 2.23 shows the RMS values obtained from 2x2 um? and 10x10 um? AFM images
of the post-splitting surfaces. The RMS values continuously decrease as the implanted dose
increases. Indeed, increasing the implanted dose favors the nucleation of (100)-platelets and
thus the nucleated micro-cracks are better confined (see section 2.1.5). It is worth noting
that roughnesses lower than 4 nm are not attainable because higher doses do not lead to

splitting [9].
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Fig. 2.23: RMS values calculated from recorded AFM images of post-splitting surfaces.

From the recorded AFM images, one can calculate either the one-dimensional PSD
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function (PSD;p) or the two-dimensional function (PSDyp). Since the post-splitting
surface is considered as isotropic, both of them give similar results. Figure 2.24 shows the
PSD;p functions calculated from the AFM images shown in figure 2.22 superimposed with
PSD;p functions calculated from the 10x 10 um? AFM images of the same samples. The
PSD functions obtained from 10x10 um? images well overlaps those obtained from 2x2 m?
images evidencing the consistency of the measurements.

We can distinguish two different behaviors. On the one hand, for spatial frequencies
higher than 10 um ™!, the amplitude of the PSD functions decreases as a power-law of the
spatial frequency. This is a typical behavior of self-affine fractal surfaces (see section 1.1.2).
The scaling exponent is found to be o = 0.85 4 0.10 close to the value predicted for brittle
fracture surfaces (around a = 0.8) [51-53] and to that obtained for a fracture resulting from
the coalescence of numerous micro-cracks described by an «avalanche behavior» (around
a = 0.7) [54,55]. On the other hand, for spatial frequencies lower than 2um™', the
amplitude of the PSD functions remains almost constant. This means that each spatial
frequency equally contributes to the total height variations, what is typical of a random

phenomenon.

~4 ' M ' ' T
10 3 10 x 10 AFM images

10 —'\/’\ : _§
(i|<_:| s i i e g R )
= 107 F E
=
a10' -
a
78! [
A o 16 2
10" —~—sSample1:H:5.5x10" cm
b . ——Sample 2: H:6.0x 10" cm™
1ot L ——Sample3:H:8.0x10"cm”
E Sample4: H:10.0x 10" cm®
(o1 N | N | N
0.1 1 10 100

Spatial frequency [um'l]

Fig. 2.24: PSD;p functions (obtained from 2x 2 and 10 x 10 um? AFM images)
describing roughness variations of post-splitting silicon layers after H-implantation with
different doses. Two spectral domains are observed, (a) low-frequencies [lower than
2 um '] where the amplitude remains constant and (b) high-frequencies [higher than
10 pm 1] where amplitude decreases as a power function of the spatial frequency.

Besides, from such curves, we can extract the characteristic spatial frequency f. which

corresponds to the crossover length A = f ! separating the two different characteristic

regions describing the post-splitting surfaces (see Fig. 2.25). This characteristic length
quantifies the larger lateral dimensions of the topographical features measured on the

post-splitting surfaces which shows a fractal characteristic.
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Fig. 2.25: PSD;p functions corresponding to the higher and lower limit doses. For the
low-frequencies [lower than 2 zm™!] the amplitude oh the PSD function remains constant
and for high-frequencies [higher than 10 um™!] the observed roughness exponent is
a = 0.85£0.10.

Figure 2.26 shows the evolution of this characteristic length as a function of the implanted
dose. We observe that, whatever we use the PSD;p or PSD,p functions, the characteristic

length decreases (from 180 nm down to 140 nm) when the H-implanted dose increases (from
5.5x10' to 10x 106 em™2).
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Fig. 2.26: Characteristic length estimated from PSD functions describing roughness of
post-splitting surfaces

Indeed, the growth of the platelets results from a Ostwald ripening mechanism, which
has been modeled by J. Grisolia [56] following the work by Bonafos et al. [57]. The
extrapolation of this growth law (3 h annealing) leads to an average diameter equal to
140 nm, which is consistent with values obtained hereinabove. Thus, we can infer that

the lateral dimensions of the topographical structures observed by AFM on the post-
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splitting surfaces, are intimately related to the diameter of the platelets when the splitting
occurs. Since typical size of micro-cracks, after splitting, is about few tens of microns

(see section 2.1.4), the AFM images performed in our experiments do not permit their

characterization.
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Fig. 2.27: Evolution of platelets during annealing using high and low implanted doses.
Ly represents the initial diameter of the platelets (just after nucleation). L; and Lj
are the initial edge to edge distances between platelets in the case of the low and
high implanted doses respectively. According to the implantation dose, the coalescence
criteria (ratio distance/diameter ~ 1) is reach at L = Ly and L = L; respectively.

Figure 2.27 shows a schematic illustration of the evolution of platelets in the case of
high and low implanted doses. Indeed, a higher implantation dose leads to an increase of
the density of the nucleation sites for the platelets (see section 2.1.2). Because the platelets
density is higher, the average distance between platelets is shorter for higher implanted doses
(see Ly in Fig. 2.27). Since the platelets growth follows an Ostwald ripening mechanism,
the initial supersaturation (given by the implanted dose) has no influence on the initial
size of platelets or on the growth kinetics [38]. Thus, initial size of platelets is similar in
both cases as observed experimentally and expected from the Ostwald ripening theory (see
Ly in Fig. 2.27). Then, platelets grow until they reach the critical size giving rise to their
coalescence (ratio distance/diameter ~ 1). We can thus suppose that the diameter of
platelets, at the onset of the micro-cracks nucleation, is strongly related to the implanted
dose (see Ly vs. Ly in Fig. 2.27).

In summary, we have observed that vertical height variations of the post-splitting surfaces
decrease when the implanted dose increases, and this results both in a narrower depth
distribution of platelets and micro-cracks and the decrease of the density of (111)-platelets.

Besides, the mean diameter of the features observed on the surface also decreases when the
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implanted dose increases, this arises from the increase of the platelets density.

2.2.3 | Het-H* Co-implantation

Figure 2.28 shows typical AFM images of the post-splitting surfaces after He™-H™ co-

implantation.
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Fig. 2.28: Surface topography of post-splitting surfaces after co-implantation recorded
by AFM (Scan size: 10 x 10 um? ; 512 x 512 pixels). Implanted doses were: H :
1.0x10% em™2 and He : 1.5x 10%em™2. (a)-(b) Helium last-implanted with low
(LE) and high (HE) energy respectively. (c)-(d) Helium first-implanted with LE and HE
respectively.

Figure 2.29 shows the RMS values obtained from the AFM images presented above. It
shows that the roughness obtained by first implanting He ions is significantly lower than that
obtained by implanting H ions at first. We also note that the change of the He implantation
energy does not impact the RMS value, in agreement with the literature [44-46].
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Fig. 2.29: RMS values calculated from AFM images shown in figure 2.28.

Figure 2.30 shows the PSD;p functions characteristic of the post-splitting surfaces. We

note that, as for H-only implantation, two domains are observed. However, the roughness
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exponent extracted from the slope of the PSD;p functions over the high spatial frequencies
domain, is slightly larger (« = 0.95 £ 0.5) than that obtained in the case of H-only
implantation.
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Fig. 2.30: PSD;p functions (obtained from 2x2 and 10x10 zm? AFM images) describing
roughness variations of post-splitting silicon layers after He™-H™ co-implantation with
different conditions. Two spectral domains are observed, (a) low-frequencies [lower than
2 um 1] where the amplitude remains constant and (b) high-frequencies [higher than
10 pm 1] where amplitude decreases as a power function of the spatial frequency with
a roughness exponent o = 0.95 + 0.5.

Furthermore, the crossover length extracted from the PSD functions is found to be
approximately constant at A = 187 nm. Thus, this characteristic length is constant although
the roughness changes (see Fig. 2.29). This implies that the final mean diameter of the
platelets, is approximately independent on the co-implantation conditions.

Besides, the roughness of the post-splitting surfaces is significantly higher when H ions
are implanted at first. It has been suggested that when He (which is implanted deeper)
is implanted after H, the He implantation «breaks» the hydrogenated complexes (V H,,)
which are the precursors of the platelets. Moreover, it has been shown that this interaction
leads to a larger wideness of the nucleation sites depth-distribution [15]. Then, fracture
propagation takes place over a larger depth distribution an this results in larger height
variations (rougher surfaces). This hypothesis may explain that post-splitting surfaces

obtained by first implanting H are rougher than those obtained by first implanting He.
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Conclusions

In this chapter we have reviewed the principal physical mechanisms involved in the fracture
process induced by light ion implantation and annealing. We have evidenced that fracture
results from the multi-scale transformation of defects induced by implantation. Indeed, ion
implantation produces point defects in the crystal matrix which transform into complexes
at room temperature. Then, during annealing these defects precipitates leading to extended
defects (platelets and/or micro-cracks) which grow during annealing. The interactions

between these micrometric objects leads to their coalescence and finally to the splitting.

Besides, we have studied the influence of the implantation dose in the case of the
H™*-implantation as well as the influence of the implantation order in the case of Het-H™
co-implantation, on the roughness of the post-splitting surfaces. For H-only implantation,
we observed that the roughness of the post-splitting surfaces decreases when the implantation
dose increases, because high doses favor the nucleation and growth of (100)-platelets in a
narrow band, this ultimately resulting in a better confinement of the produced micro-cracks.
Moreover, we have shown that a characteristic length, we have supposed to be related to
the platelets mean diameter, decreases when the implantation dose increases. This suggests
that the coalescence criterion is reached «earlier» for higher implanted dose. In the case of
the Het-H* co-implantation, the post-splitting surfaces are rougher when H is implanted
at first. Since He' is implanted deeper than H™, it is though that the increase of the
roughness results from the interaction between H-induced defects (already formed) and the

He implanted ions.
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As discussed in chapter 2, Si surfaces obtained by splitting show high topographic
variations especially at high spatial frequencies (at the atomic level). Thus, one important
step in SOI fabrication is the reduction of surface roughness. To this end, two processes are
commonly used in the SOI manufacturing, the chemical-mechanical polishing (CMP) and

the smoothening by thermal annealing at high temperature.

In this chapter, we will investigate the roughness evolution, by means of AFM, of
silicon surfaces during annealing. Again, we will quantify the spectral evolution of surface
topography through the PSD functions. Then, we will propose a predictive model, based
on the Mullins-Herring (M-H) diffusion equation, to describe the evolution of the surface
topography of silicon during thermal annealing as a function of time and temperature. We
will also discuss the influence of the experimental conditions (annealing atmosphere, initial
surface morphology) onto the smoothening of these surfaces during rapid thermal annealing
(RTA). Then, we will explore the limitations of this smoothening technique. Finally, a
MatLab® code allowing the simulation of the surface evolution for during thermal treatment

(couple time - temperature) will be presented.

3.1 | Surface self-diffusion

Providing thermal energy to a crystal by heating, under appropriate atmosphere conditions,

leads to the reconstruction of its surface so as to reduce its free surface energy [1]. Surface

7
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morphology can be modified through the transport of material based on several mechanisms
which have been listed and investigated by Herring [2] and Mullins [3]. Figure 3.1 shows a
schematic of the different possible transport mechanisms: surface self-diffusion, evapora-
tion/condensation and volume (bulk) diffusion. As the atmosphere is never perfectly pure,
chemical reactions of the surface with external molecules may alter its morphology, thus

they must be taken into account (see Figure 3.1 (d)).

Evaporation Reaction with
Gas Condensation contaminant
Surface diffusion g o-..‘, % () o®
R S (b ° %
O (a Py - “ °
, o o o o8¢
. (C) e
Silicon Bulk diffusion
y
X

Fig. 3.1: Schematic of different matter transport mechanisms: (a) Surface self-diffusion,
(b) Evaporation/condensation, (c) Bulk diffusion and (d) Chemical reaction with external
molecules.

The relationship between time and characteristic lengths of the changes on the surface
through those mechanisms can be described by simple scaling laws [2]. Indeed, the
characteristic time 7 associated to the surface evolution depends on the system size L,
according to the scaling law 7 ~ L?, where z is named the dynamic exponent and is usually
written as z = «/f, o being the roughness exponent and § being the growth exponent
which respectively describe the evolution of the RMS value as a function of the system
dimensions and of time [4]. A maximum value of the dynamic exponent, z = 4, is obtained
for surface self-diffusion while z = 2 and z = 3 for evaporation/condensation and bulk
diffusion, respectively. This means that surface self-diffusion is the most efficient mechanism
for material transport to reduce surface roughness. Hence, most of the techniques used to
reduce surface topography variations at high spatial frequencies (up to few microns length)
are based on surface self-diffusion. One of them consist in annealing at high temperature in
inert or reducing atmosphere [5-7]. Thus, the understanding of the atomic-scale mechanisms
describing surface self-diffusion on silicon surface, at high temperatures is of great scientific

and technological interest.

Surface self-diffusion was macroscopically described by Mullins in terms of the continuum
surface model [8]. Mullins’ theory treats the shape evolution of surfaces under the capillary
forces arising from surface curvatures, in the case of surfaces of low curvature and isotropic
surface energy [8]. Indeed, when surface diffusion is supposed to be the only mechanism
operating, shape transformation occurs through atoms flux (j) along the surface which

is driven by the surface gradients of the Gibbs-Thomson chemical potential, (k) = k€2,
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where k is the local curvature, v is the surface tension, and {2 is the atomic volume. The

flux of atoms, at the surface, is thus given by,

. DA\ Ok
_ O 1
J ( kBTcm> ¢ (3:1)

where D, the surface diffusion coefficient, v, is the surface energy, €2 is the molecular volume,
vs the number of atoms per unit area of the surface, ( is arc-length along the surface, T,
is the annealing absolute temperature and kg is the Boltzmann constant.

Since the increase in the number of atoms per unit area is given by —dj/9¢, we obtain

the normal velocity v, = ahgf’t), which describes the vertical displacement of the surface,
D AQv, 0
y, = PO R (3.2)
kgT OC?

Indeed, the normal velocity v, at a given point of the surface, is proportional to
the Laplacian of k and thus rewrites as v, = 1/43%’;. The parameter v, depends on
both the material characteristics and the annealing temperature through the relationship:
vy = Dy 02 /kpT, where v is the atomic density. It is worth noting that this constant is
directly proportional to D;.

Now, assuming that the surface profile is defined by a function h(Z,t), where & is the
horizontal coordinate and ¢ is time, Mullins [8] has shown that equation 3.2 can be written

as a nonlinear, fourth-order partial differential equation for h(Z,t)), as follows,

oh(Z,t) E 2 3 0*h(T, 1)
ot _V48x [X(?J: (X Ox? (3.3)

L2112
with, x(Z,t) = {1 4 (2420) }

In most crystalline systems, 5 is much larger than typical interfacial energies ~;. Then,
the small-slope approximation, x ~ % (x ~ 1), may be used, resulting in the following
linear equation for the evolution of the surface profile h(Z,t), named the Mullins-Herring

(M-H) equation [4,8,9].

oh(@,t) O'h(dt)
o v gt

(3.4)

This simple model allows one to describe how an isotropic crystalline surface showing
asperities of low aspect ratios (low curvatures) evolves during thermal annealing. Actually,
this model is still valid for surface asperities whose aspect ratio is smaller than 8% [10, 11].
Although this theory is valid only for isotropic surfaces above the surface roughening tem-
perature T, it has been used to interpret phenomena below T'r, because of its mathematical

convenience in analyzing experimental data [6,12,13].
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Even if the M-H equation (Eq. 3.4) is deterministic, there is some inherent randomness of
the system. Indeed, surface self-diffusion can be seen as adatoms jumping between adjacent
adsorption sites on the surface and thus it is a probabilistic process. This randomness
can be described by a stochastic term (n(Z,¢) added to the right-hand side of the M-H
equation) [4,14],

Oh(Z.t) . O*h(Z,t)
ot Y Oat

+n(Z,t) (3.5)

where 7)(Z, t) is a non-conservative noise (NCN) which is uncorrelated in space and time
(Eq. 3.5 is commonly called the «noisy M-H equation»). In case of rapid thermal annealing
(RTA) at high temperature, this term can be related to the surface evolution due to the
oxidation-evaporation of silicon, which is due to the presence of some oxygen contamination
at the atmosphere [14]. Since this phenomenon is considered to take place randomly at the
silicon surface, it can be described by the NCN term. The space-average of this NCN must
be zero ((n(Z,t)) = 0). Its correlator, describing the spatial correlation of the NCN, can be
written as (n(Z,t)n(7,t')) = 2AnenO% (T — )04t — t') [4,14].

Many authors have experimentally studied surface self-diffusion through the shape trans-
formation of periodic superficial silicon structures during annealing at high temperatures.
The first experimental study of the kinetics of surface evolution during annealing at high
temperature of such periodic surfaces was performed by Blakely et al. [15]. Afterward, Keeffe
et al. [12] investigated the gradual change of periodic atomic step arrays on (001)-oriented
St surfaces caused by annealing. The evolution of the steps amplitudes were studied through
different microscopy methods. They observed that it decays following an exponential law of
the fourth order, indicating that under their experimental conditions, self-surface diffusion
was mainly responsible for the mass transport.

More recently, Kuribayashi et al. [16] investigated the shape transformation of micron-
sized silicon trenches during high temperatures (between 900 and 1100 °C) in hydrogen
ambient using scanning electron microscopy (SEM) and AFM. The time dependence of
the curvatures of the upper corners of trenches, observed by SEM, is consistent with

)_1/ * as expected for the Mullins’ theory. Moreover, a dramatic decrease of the

Ko (vgt
surface roughness (analyzed by AFM and comparing RMS values) is observed. The shape
transformation of silicon trenches under equivalent experimental conditions (temperatures
commonly used are between 900 and 1150 °C and pressure varies from 10 to 40 T'orr) has
been studied by many authors, yielding very similar results [6,17]. Figure 3.2 shows typical
trenches evolution during annealing at high temperatures.

Furthermore, numerical simulations based on Mullins’ theory have been performed in
order to treat the shape transformation of an entire trench profile [13, 18]. Figure 3.2
(c) shows typical profiles obtained by simulation of the thermal evolution of trenches

compared with the experimental observed profiles. All simulations confirm that surface
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Fig. 3.2: Cross sectional SEM micro-graphs of Si trenches, (a) before and (b) after
hydrogen annealing at 1100°C and 10Torr for 5min [17]. (c) Calculated trench
profiles (solid curves) are compared with experimental profiles (open circles) extracted
from SEM images. Trenches were annealed in Hy at 1000°C for (1) 30s, (2) 180s, and
(3) 600s [13].

self-diffusion is the dominant mechanism driving shape transformation. These simulations
also show that the low curvature approximation does not hold for micron-sized trenches
with high aspect-ratios (> 8%). Moreover, these simulations show that the high aspect ratio
patterns, after a transient stage, adopt a specific «universal» shape which is mathematically
well-specified [18].

Even if these investigations are pertinent to describe the kinetics of Si trenches during
annealing, only one spatial frequency, corresponding to the period of structures, is actually
studied. Hereafter, we propose an original and general approach allowing the assessment
of the thermal evolution of S7 surfaces of given roughnesses. Indeed, our work takes into
account the spectral evolution, over a large spatial bandwidth, of the surface roughness due

to surface self-diffusion mechanisms.

3.2 | Smoothening by Rapid Thermal Annealing

3.2.1 | Experimental procedure and samples

Silicon surfaces can undergo a roughening transition from a faceted to a rough surface above
the roughening temperature (Tg), where surface self-diffusion can be seen as isotropic [19,20].
For example, for (001)-oriented Si surfaces, Tx is approximately 1050°C [21-23]. The
thermal treatments investigated here are done at high enough temperatures so that surface
diffusion can be assumed to be isotropic. Considering annealing times of few seconds (typical
RTA duration), thermal annealing above Ty leads to characteristic lengths (Ap = /vat
where v, is the surface diffusion rate of adatoms for a given temperature) of at least a
few micrometers [12,24]. Thus, in order to observe the evolution of a surface topography
during RTA at high temperatures, it is important to use a starting material whose initial
topography shows high vertical variations at those characteristic lengths.

In the Smart Cut™ process, the fracture of silicon induced by ion implantation is used
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to transfer thin silicon films. This fracture leads to a surface showing fractal characteristics
with a low roughness exponent (o = 0.85 £ 0.1, see section 2.2 in chapter 2). Moreover,
as discussed previously, the evolution of hydrogenated defects induced by implantation
and responsible for the silicon fracture, lead to the formation of micro-cracks with size-
distributions in the range of a few micrometers which determine the roughness of the
post-fracture silicon surfaces [25]. It makes post-fracture SOI surfaces a very suitable object
to study the impact of rapid thermal annealing on the surface topography.

A set of 300 mm-in-diameter SOI wafers was fabricated by the Smart Cut™ process.
All «finishing steps» were omitted in order to obtain post-splitting SOI wafers. The
implantation induced damage region was removed by a thermal oxidation followed by the
chemical etching of the oxide. Thus, the initial surfaces present typical morphological
features of post-splitting surfaces, but the implantation induced damages were removed
when the oxide layer was chemically etched. Then, wafers were annealed in a mixture of
hydrogen and argon ambient (20% and 80%, respectively) at a pressure of 760 Torr and
annealing temperatures of 1050 °C, 1100°C, 1150°C, 1200 °C and 1250 °C, for six different
durations, from 0s-plateau to 90s. Actually, the equivalent thermal budget of the 0s-
plateau, corresponds to that of ramp-up to the target temperature followed by ramp-down.
The wafers were fed into the annealing chamber at 700 °C, the temperature ramp-up and
ramp-down were both 50°C/s. Experiments were performed in a rapid thermal processing

system Helios XP from Mattson.

3.2.2 | Results

The surface roughness of each annealed wafer was characterized by means of AFM. In order
to cover the spatial bandwidth of interest (from 0.067 um ™! to 128 um~"') multiple images
with sizes of 2x2 um?, 10x 10 um?, and 30x 30 um? (512 x 512 pixels) were recorded.

Figure 3.3 shows typical AFM images in 30 x 30 um? obtained from the samples before
and after the RTA process. In figure 3.3 (a) we can observe that before RTA the fractured
silicon surface presents a micro-roughness with a high vertical amplitude. Moreover, profiles
from the figure evidence that topography variations present characteristic lengths between
100 nm and 4 pm. Additionally, figure 3.4 shows typical AFM images of 2x 2 um?.

Figure 3.3 (b) shows the roughness of fractured silicon wafer after 0 s-plateau RTA process
at 1200°C (ramp up to 1200 °C followed by the ramp down). We note that the amplitude
of vertical variations of the surface considerably decreases while the lower characteristic
length increases up to 0.5 um. Figure 3.3 (c) evidences a larger decrease of the vertical
variations amplitude of the surface after 90s RTA process, while its characteristic length
increases up to 3 pm.

The roughness of a surface is usually described by its RMS value. RMS is the standard

deviation of h(Z,t) which is composed of discrete points describing the local height surface.
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Fig. 3.3: Images obtained by AFM of the surface roughness: (a) before any thermal
annealing (just after surface preparation), (b) after thermal annealing corresponding
to Os-plateau at 1200°C and (c) after 90 s-plateau annealing at 1200°C. (Scan size:
30 x 30 um? with 512x 512 pixels). Bottom insets shows profiles extracted from the
AFM images and show the characteristics lengths of each images.
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Fig. 3.4: Images obtained by AFM of the surface roughness: (a) before any thermal
annealing (just after surface preparation), (b) after thermal annealing corresponding
to Os-plateau at 1200°C and (c) after 90 s-plateau annealing at 1200°C. (Scan size:
2% 2 im? with 512 x 512 pixels). Bottom insets shows profiles extracted from the AFM

images evidencing the characteristics lengths of each images.

This well-known quantity provides a measurement for the overall roughness of the surface

regardless of its spatial distribution and relevant lengths (see section 1.1.2 in chapter 1).
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Figure 3.5 shows the variation of the RMS values of surfaces as a function of the annealing
duration, at 1200°C. It can be observed that the RMS decreases as a power-law of the
annealing time with a growth exponent § = —0.25+0.02. This value is in perfect agreement

with self-diffusion theory which predicts an exponent equal to = —1/4 [4,8,9].

Roughness evolution by RTA @ 1200°C

® Experimental Data (30x30um?)
Fit

RMS value [A]

5 -0.25+0.02 ]

| RMS = (10.50.1) t
i R2=0.997

1 10 100
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Fig. 3.5: Evolution of the RMS surface roughness as a function of annealing duration.
RMS values are obtained from 30 x 30 um? AFM images. The RMS value decreases as
a power-law of the annealing time with an exponent equal to —0.25 4 0.02 which is in
perfect agreement with self-diffusion theory (5 = 1/4) [4,8,9].

Figure 3.6 shows the time-evolution of the two-dimensional PSD (PSDsp) functions
obtained from AFM 30 x 30 um? images of the annealed surfaces. Basically, we can observe
two different behaviors. On the one hand, the amplitude of the PSD,p functions rapidly
decreases with the spatial frequency roughly from 0.5 um ™! up to 2 um=1. On the other
hand, we can note an asymptotic behavior of the PSDyp function amplitude. Indeed, the
PSDsp amplitude still decreases with increasing the spatial frequency but much more
slowly.

Furthermore, we can observe at least two characteristic cut-off frequencies; the first one
(between 0.3 um ™' and 1 um™'), which will be named diffusion-frequency (fp), corresponds
to the lowest spatial frequency impacted by the thermal smoothening. In fact, for lower
spatial frequencies the amplitude of the PSD,p function remains unchanged, implying
that surface variations whose characteristic length corresponds to spatial frequencies lower
than diffusion-frequency are not altered by the thermal annealing, under our experimental
conditions. Indeed, fp corresponds to the frontier between this unchanged region and
another region in which PSDyp amplitude decreases rapidly (see regions [ and I in
Fig. 3.7). The value of fp depends on the annealing conditions and corresponds to the
diffusion length of the system for a given thermal budget.

The second cut-off frequency (between 0.7 um ™' and 2.5 um 1), named noise-frequency
(fn) below, is also defined as a limit between two regions (see region II and III in Fig. 3.7)

with different diffusion behaviors. Indeed, for frequencies lower than fy (and higher than
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Fig. 3.7: Schematic representation of the P.SD,p, function of annealed surface (2 at
1200 °C). Four regions with different scaling behaviour are evidenced. These regions are
separated by : diffusion-frequency (fp), noise-frequency (fx) and conservative noise
frequency (fon).

the diffusion frequency, see region II in Fig. 3.7), we observe a dramatic reduction of the
PSD,p amplitude as function of the spatial frequency. The observed roughness exponent
a (calculated from the slope of the PSD,p function) in this region, is equal to 1.5 + 0.1
and agrees well with a surface diffusion phenomenon which belongs to the MBE (Molecular
Beam Epitaxy) universality scaling class [4, 14]. Indeed, this scaling class predicts scaling
behavior with exponents a« = 3/2, § = 3/8 and z = 4 [26,27]. Besides, for frequencies
higher than fy, the amplitude of the PSDyp function of surfaces after thermal annealing,
progressively decreases with the spatial frequency, reaching values considerably lower than

the initial PSDyp function amplitude. It means that surface variations with very small
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characteristic lengths are efficiently smoothened during thermal annealing. However, the
observed roughness exponent is much smaller than the one corresponding to a surface
self-diffusion phenomenon (see region III in Fig. 3.7). This suggests that, for spatial
frequencies higher than fy, some additional thermally activated phenomena takes place at

the surface. The possible origin of such phenomena is discussed below.

From the noisy M-H model (Eq. 3.5), one can calculate the PSDyp functions describing
the spectral evolution of a surface during annealing. Let H(f,t) be the Fourier transform
of the height functions h(x,t), where f is the spatial frequency, the general solution on the

Fourier space of Eq. 3.5 can be written as,

OH(f.1)

S =~ H (1) (3.6)

we can thus solve Eq. 3.6 for h(Z);—9 = ho and then we have,
t
h(Z,t) = hoe " + / n(Z, e =) gy (3.7)

Now, the mean square can be estimated as follows (note that (h(Z,t)) = 0 permits to

eliminate the cross term),

t1 t2

(W(E, 1) (E, b)) = h2e " / / (T, 0)0(T, 1)) e O+20 gy qr,(3.8)
writing t, = t; + 7, we obtain,

= = —2v. 1 —1/ T
(A ) = R (1= ) [ e @) ot (39
0

Now, knowing that (n(7,t)) = 0 and (n(Z,t)n(2,t')) = 2Ancnd%(Z — &)0%(t — t'), Eq. 3.9

rewrites,

(W3(,1)) = hZem2 " 4+ Bxew (1—e2™) (3.10)

V4f4

Finally, we can estimate the evolution of the PSD,p function. It gives the explicit form
of PSDsp, describing the time-evolution of the surface height as a function of the spatial

frequency (Eq. 3.13).

. A ’
- o — —2u4 f5t _ 2w f%t
PSD[h(Z,1)], = PSD (h(Z,t)),_, € Mo (1-e ) (3.11)

where A = (Ax)?Aycn. Ar is the sampling period of the Fourier transform and is used as



3.2. SMOOTHENING BY RAPID THERMAL ANNEALING 87

a normalization term for the PSDsp functions. It is worth noting that the evolution of the
PSD,yp function of a surface in the simple M-H model is given by the first term on the
right hand-side of the Eq. 3.11.
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Fig. 3.8:  PSD,p spectra of silicon surfaces annealed by RTA at 1200°C during
different times. Experimental data (points) are compared to the M-H model (dashes)
and to the noisy M-H model (solid lines).

Figure 3.8 shows a comparison between the P.SDsp functions obtained from the experi-
mental data (points), those from the simple M-H model (dashes) and those from the noisy
M-H model (solid lines). We can note that, for spatial frequencies lower than fy, PSDyp
functions obtained experimentally are well-approximated by both, simple and noisy M-H
models. Nevertheless, for spatial frequencies higher than fy, the amplitude of the PSDyp
functions obtained from a simple M-H model, decreases too fast and does not describe
the actual evolution of the annealed surfaces. Whereas, the noisy M-H model accurately
describes the evolution of the amplitude of the PSD,p functions over the whole spatial
bandwidth, for annealing durations up to 2s. However, it can be noted that the noisy M-H
model does not describe the PSD,p functions at high frequencies for annealing duration
larger than 2s. This suggests that the NCN term introduced in the noisy M-H model
well-described the physical phenomena taking place during the thermal smoothening process
at the early stages of the RTA, but not for longer times. Therefore, further investigation
seems to be necessary to understand the physical mechanisms driving the smoothening

behavior at spatial frequencies higher than fy.

3.2.3 | Extended M-H model

Figure 3.9 shows a zoom on the high frequencies domain (higher than fy) of the PSDsp
function of a surface annealed at 1200 °C during 2s. It can be observed that the PSDyp

function has two different slopes over this spatial frequency range, separated by a charac-
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teristic spatial frequency which will be named conservative-noise frequency (foy) in the
following. This suggests that two different phenomena drive the surface evolution at such
high frequencies. The slope values of the PSDsp functions are equal to —4 for frequencies
lower than fon (see region (a) in Fig. 3.9) and equal to —2 for frequencies higher than foy
(see region (b) in Fig. 3.9). These slopes can be related to non-conservative and conservative

processes, respectively [26, 28, 29].
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Fig. 3.9: High frequency range of the PSD,p function of annealed surfaces (2s at
1200°C). Two scaling regimes are evidenced, separated by a characteristic frequency

(fon).

Thus, to describe the evolution of the full PSD,p spectrum, we propose to introduce
a second stochastic term into the noisy M-H diffusion equation (Eq. 3.5). The proposed

model is described by the following equation.

On(i, 1)

ek —uV(W(Z, 1) + n(Z, 1) + 1a(Z, t) (3.12)

Where the stochastic term 7y(Z,t) defines a «mass conservative» noise (CN) in the
system. Indeed, thermal fluctuations change the height of the surface at a given position (by
moving adatoms into or away from that position). Every increase (decrease) of the surface
height in a particular position is associated to the opposite in another nearby position on
the surface. Therefore the integral of the CN over the surface must remain zero at every
time. It can be easily verified that any noise term with zero-average ((n;(Z,t)) = 0) and
with correlator (ng(Z,t)na(@, ")) = 2venV254(Z — 77)5%(t — t') satisfies the requirement of
mass conservation [4,30,31]. In conclusion, the added CN term describes the evolution
of the surface due to the thermal fluctuation of the adatoms on the silicon surface. We
can solve Eq. 3.12 in Fourier space, following the same procedure than that used to solve

Eq. 3.5, we can thus write,
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4 A 4
- o — —2u4 f5t _ —2u4 f5
PSD[h(,t)], = PSD (h(Z,1)),_, € N (1-e )

g —2uufht
NS (1—e72™) (3.13)
where A = (Az)?Anen and v = (Az)?*yoy.

Furthermore, we can study the competition between conservative 74(Z,¢) and non-
conservative 7(Z, t) noises. Indeed, the following rescaling conversion can be applied: ¥ — b¥
and t — b*. We obtain n(Z,t) — AY2y(Z, )b~ /2 and ng(Z, 1) — 7Y na(Z, t)b=([@+H=+2/2

[4]. Then, it is easy to calculate the characteristic length scale which is given by,

Loy = ( Jen )2 (3.14)
Ancn

The characteristic frequency (fony = 1/Lon ) separates two scaling regimes describing

two different phenomena. Indeed, for f >> fon (i.e., L << Lcon), thermal fluctuations

(conservative noise) dominate surface evolution, while for f << foy (i.e., L >> L), the

deposition/evaporation noise dominates. It has been observed that foy increases with the

annealing duration (see high frequencies domain in Fig. 3.8). It suggests that the NCN

contribution to the PSDsyp amplitude decreases with time.

3.2.4 | Model validation

Experimental PSDsp functions can be now compared to the proposed model. Actually, we
fit experimental data by Eq. 3.13 using three fitting parameters Dy, A and . Since D
depends only on the temperature, we use a common Dy for all times for a given temperature.
Then, the fit is performed for each time using A and v as parameters. Moreover, by
fitting the experimental curves with the simple M-H model over the low frequencies range
of PSDs,p function (frequencies lower than fy), we can unambiguously obtain the value
of the D coefficient for each temperature. Then, using a constant Dy value for each
temperature, the time-evolution of the PSD,p function can be fitted varying Aycny and

Yon as parameters.

Figure 3.10 shows the comparison between the experimental P.SDsp functions and the
curves obtained by the model proposed in this work. It can be observed that this model
accurately describes the time-evolution of the silicon surfaces during RTA for any process
duration. Moreover, it is remarkable that the model well-describes the evolution of the
PSDyp functions over the whole measured spatial bandwidth. Thus, it is clear that we have
set up a predictive model able to describe the spectral evolution of the surface topography

of silicon during rapid thermal annealing for any temperature and any duration.
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Fig. 3.11: Surface diffusivity coefficient of crystal silicon (100) obtained from the rapid
thermal annealing (RTA) experiment compared with literature data [10,12,16,17,24,32].

Figure 3.11 shows the temperature-dependence of the silicon surface diffusivity as

extracted from our experiments by the performed fittings. The values of D, follows an

Arrhenius-type law with an activation energy of Fa = 2.5 4+ 0.1eV and a pre-exponential

factor of 0.3m2s~!. These values are in a very good agreement with most of the literature

data obtained from the measurement of the transformation of the shape of periodic superficial

silicon structures [10,12,24,32]. For example, Lee M. et al. studied the transformation

of silicon profiles by surface diffusion using annealing temperatures around 1050 °C and

reported diffusivities with an activation energy of about Ea = 2.26 eV [17].
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3.2.4.1 Stochastic terms evolution

We have also studied the time and temperature evolution of the stochastic terms introduced
within the M-H model. Figure 3.12 shows the time and temperature evolutions of these
terms (Aycn and yon). We do not observe any significant change of the non-conservative
noise coefficient (Aycy) with the annealing temperature. Nevertheless, it can be noted

/2 Based on these observations, we can speculate

that Aycon decreases with time as ¢~
that the non-conservative noise is a result of etching (silicon oxidation followed by oxide
desorption) of the silicon surfaces by residual oxygen in the process chamber. Residual
oxygen can be consumed through silicon oxidation and purged by the Ar/H, flow, thus

resulting in a decrease of the noise coefficient over time [33].
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Fig. 3.12: Plot of the noise coefficients Aycny and yon (conservative noise and
non-conservative respectively) as a function of annealing time. For different annealing
temperatures.

Besides, we can observe in figure 3.12 that the CN coefficient (ycy), which describes
the thermal fluctuations of the surface, remains constant over the time. It can be also noted
that von increases with the annealing temperature what is in agreement with thermal
activated fluctuations. Moreover, figure 3.13 shows the evolution of yon as a function of
the annealing temperature. This evolution can be fitted by an Arrhenius-type law with a
pre-exponential factor A ~ 3.9 x 10! nm* and an activation energy of 3.1 +0.1eV. This
again indicates a thermal activated phenomenon, in agreement with our proposal to inject
in the model some conservative noise describing thermal fluctuations.

In order to verify our hypothesis concerning the origin of the NCN, we now investigate
how smoothening of the surface changes with the oxygen contamination in the process
chamber. The equipment we used to perform the RTA process does not control the oxygen
amount present in the annealing chamber. In fact, it is too low (less than 10 ppb) to be

measured during the process. We think that it is reasonable to suppose that the oxygen
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Fig. 3.13: Arrhenius plot of conservative noise coefficient () describing the thermal
fluctuations of the system. The activation energy is approximately 3.1eV .

contamination results from the opening of the tool’s door when the wafers are fed into the
chamber. Comparison between one and several sequences of opening/closing the chamber
during the annealing has to be done. Thus, we have performed annealings whose thermal
budget were equivalent but during which the tool’s door has been opened several times.
Table 3.1 summarizes the experimental conditions used to study the impact of the chamber

opening onto the smoothening mechanisms.

Sample Number Total Process Time Number of Openings
1 -2 -3 60s — 2x30s — 4x15s 1 -2 -4
4 -5 -6 90s — 3x30s — 6x15s 1 -3 -6

Tab. 3.1: Summary of the experimental conditions used to study the impact of the
oxygen contamination introduced into the process chamber by opening the tool's door.
All annealing were performed at 1200 °C.

The surface topography of the annealed wafers was measured by AFM with scan size
of 30 x 30 um?. The PSD,p functions obtained from the recorded images are shown in
figure 3.14 (a). Comparing the low frequencies domain of the PSDyp allows us to confirm
that the characteristic frequency of diffusion fp, which only depends on the thermal budget,
is the same for samples 1, 2 and 3 (4, 5 and 6, respectively). Anyway, no significant
differences are observed between PSD,p functions obtained from the different samples.
Hence, to confirm whether the opening of the chamber when feeding wafers, favors oxygen
contamination within the process chamber, further analysis of the high frequencies domain
of the samples spectra is needed.

Smaller AFM images (2x2 um?) were then recorded. Figure 3.14 (b) shows the PSDyp
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Fig. 3.14: PSDyp functions obtained from AFM recorded images of annealed surfaces
(60s, 2x30s and 4x15s at 1200°C) (a) corresponding to 30 x 30 um? images. (b)
Zoom on the high frequency domain of the PSD,p functions.

functions obtained from these images. It is now possible to observe that a large number of
opening/closing sequences of the chamber has an impact on the spectral foot-print of the
annealed surface topography. Indeed, we can note that as the number of openings increases,
the amplitude of the PSDyp functions increases over a spatial frequency range from 5 pum=*

up to 50 um 1.
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Fig. 3.15: Plot of the noise coefficients Axcny and von (conservative noise and
non-conservative respectively) as a function of openings number of the chamber door.
The annealing temperature was 1200 °C.

These observations are in agreement with our proposal for the origin of the non-
conservative noise. Moreover, there is a cut-off frequency (f = 50 um™!) above which no
difference is observed between the different PSDyp functions. It means that from this

cut-off frequency, the topography evolution is driven exclusively by the conservative noise.
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Moreover, using the fitting method we have previously explained, we can extract the
values of the noise coefficients corresponding to each experimental condition (different
number of openings). Figure 3.15 shows the values of these coefficients versus the number
of openings. We can observe that 7oy remains nearly constant what confirms the thermal
origin of the conservative noise. On the other side, Aycy increases with the number of
openings of the process chamber. This suggests once again that the term described by
a non-conservative noise we have introduced into the model, is related to some oxygen
contamination introduced when feeding wafers into the process chamber. Nevertheless,
precise measurements of oxygen partial pressure are necessary to quantitatively investigate

the relationship between the amount of oxygen within the chamber and the NCN coefficients.

3.2.5 | Impact of experimental settings

After setting up the predictive model of the thermal evolution of silicon surfaces, we
investigate now the influence of some experimental factors on the kinetics of surface

diffusion.

3.2.5.1 Starting material

One of the experimental parameters to investigate is the influence of the implantation
induced damage zone on surface diffusion. Actually, the wafers used previously as starting
material were post-splitting SOI wafers whose damage zone was removed. Hence, in order
to study the impact of the damaged zone on the thermal smoothening, we have fabricated

supplementary samples whose damaged zone was not removed.

Then, we have performed annealing at 1200 °C for different durations (between 0 and
90s). Again, the thermal evolution of these surfaces was studied by AFM. The PSDsp
functions obtained from such images are compared to the prediction of our extended model
(see Fig. 3.16 (a)). We observe that the experimental PSD,p functions can be fitted by
the extended model using almost the same self-diffusivity values than for samples without
implantation damaged zone. This suggests that diffusion kinetics is not affected by the

H-induced defects located close to the surface.

Figure 3.16 (b) shows the evolution of Aycx and yon coefficients as a function of the
annealing time. We observe that the values obtained for A ey are almost 10 times larger
in presence of H-induced defects. On the contrary, von values are just slightly larger in
that case. Since we have shown that Aycy is related to the oxygen contamination, it is
reasonable to speculate that larger oxygen contamination present onto the post-splitting
surfaces. We think that this contamination results from the rapid growth of native oxide

layer in the case of post-splitting wafers.
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Fig. 3.16: (a) PSDyp functions describing surface thermal evolution of samples whose
implantation damaged zone was not removed. (b) Plot of the noise coefficients (Aycn
and yon) extracted by fitting the experimental PSD,p functions by the extended
model. The annealing temperature was 1200 °C and its duration was between 0s and

90s.

3.2.5.2 Annealing atmosphere

The annealing studied so far were done under a mixture of hydrogen and argon (20% and

80%, respectively). We have also performed annealing at 1250 °C for different durations

under pure argon for comparison. Figure 3.17 (a) shows the experimental P.SDsyp functions

and their simulations using the extended model. Since the surface spectra are very similar

to those obtained under a mixture of Hy and Ar, the diffusivity values extracted by fitting

are unaffected by the presence or not of Hy in the gas.
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Fig. 3.17: (a) PSDyp functions describing surface thermal evolution of samples using
annealing atmosphere containing only Ar. (b) Noise coefficients (Aycy and yon)
extracted by fitting the experimental P.SDyp functions by the extended model. The
annealing temperature was 1200 °C and its duration was 15s, 30s and 90s.

Moreover, figure 3.17 (b) shows that the yon values are also unaffected by Hy. Then,

the conservative noise coefficient only depends on the annealing temperature. However, we



96 THERMAL SMOOTHENING

also note that Aycy values are somewhat larger when using an Ar than when using a gas
mixture (Ar + H) although following the same trend. Then, we can conclude that the
presence of Hs in the gas mixture has no impact on how fast the oxygen contamination is

consumed. However, Hy reduce the initial oxygen contamination within the chamber.

Finally, we can conclude that, under our experimental conditions, including hydrogen in
the atmosphere has no influence on the kinetics of surface self-diffusion although it may

help reducing the oxygen contamination within the process chamber.

3.2.5.3 Buried oxide

Finally, we have also investigated whether the presence of the oxide layer buried within
the SOI wafers (BOx) has an impact on the smoothening process. To do that, we have
studied the smoothening of the donor wafers used in the Smart Cut™ process. Indeed,
after fracture, donor wafers present similar morphology features than post-splitting SOI
wafers. We have observed that for annealing at 1200 °C, the presence of a buried oxide

layer does not have any influence on the smoothening kinetics of the silicon surfaces.

3.3 | Simulation of thermal annealing

Based on the extended model we have previously proposed, we are able to simulate the

thermal evolution of surfaces during annealing.

3.3.1 | Simulation code

The simulation code was developed using standard data processing tools under MatLab®.
Basically, the simulation consists of four principal steps. First, it is necessary to convert
the AFM image into a square matrix containing the height values at each image pixel.
The second step consists in the calculation of the PSDyp function of this image. This is
done by considering the sampling period and the module of the discrete Fourier transform
(DFTsp) of the matrix and by performing a radial average. Then, we can calculate the
PSDyp function (see section 1.1 in chapter 1). At this point, the information concerning
the phase of the DF'T5p of the matrix is recorded. Once the PSDyp function is obtained,
the extended diffusion model is used to calculate the thermal evolution of the surface.
Finally, the image of the surface after thermal annealing can be reconstructed using the

new PSDsyp and the phase information recorded on the second step.

Figure 3.18 summarize the operating steps of the simulation code.
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Fig. 3.18: Schematic of the simulation program allowing the reconstruction of the
exact morphology of surfaces which would be annealed. (a) Conversion of initial AFM
image into text file containing the height information, (b) calculation of the discrete
Fourier transform of the surface, (c) estimation of the corresponding P.SDyp function
and application of the extended diffusion model, (d) reconstruction of the annealed
surface.

3.3.2 | Numerical applications

3.3.2.1 Process improvement

One of the main applications of this code is to provide a robust tool to assist the procedure
commonly employed in the improvement of the thermal smoothening process. In industry,
the continual improvement of process is a critical issue. For example, the reduction of
annealing temperature or duration while keeping the same surface quality is very important.
Using our simulation code, we just need an AFM image to study the impact of the reduction
of the annealing time and/or temperature on the final surface roughness. Figure 3.19 shows
the simulation of the evolution of a surface for an annealing temperature of 1100 °C obtained
by simulation. As expected, the morphology and the RMS values obtained by simulation
are in perfect agreement with those obtained experimentally. Moreover, several annealing
processes can be simulated using a single sample and obtain as much information as if we
had actually performed several annealing treatments. It is evident that simulations are
much less time-consuming and that we can save an important quantity of starting materials.

The proposed simulation code can thus be used as a support to help the continual
improvement of the RTA process involved in the Smart Cut™ technology. Moreover, this
simulation tool permits to save development time and significantly reduce the cost of the

process improvement.

3.3.2.2 RTA limit roughness

An interesting application of this simulation program is the theoretical exploration of the
smoothening limit (if any) provided by RTA process. Indeed, the lowest roughness that can
be reached by RTA can be estimated from the extended model (Eq. 3.13) using times values
long enough. Figure 3.20 shows the evolution of the RMS value of a post-splitting surface
for annealing treatments at 1150°C, 1200°C and 1250°C. We observe that for annealing
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Fig. 3.19: Simulation of the surface topography evolution during a thermal annealing
at 1100 °C for different process durations. Simulation were performed from a single
AFM image.

durations smaller than approximately 1000s, the RMS value decreases as a power-law of
the time for all of the simulated process. Then, we note a saturation of the smoothening for
longer durations. Since the non-conservative noise decreases with time and the conservative
noise depends only on the annealing temperature (see section 3.2.4.1), we suggest that the

saturation of the RMS value is only related to the conservative noise.

Roughness evolution by RTA @ = 1250°C
... RMS values after thermal

ol 10 L = 1200°C annealing of several hours
— el = 1150°C
;3 RMS,;5,=0.73 A
g RMS200=0.75 A
n . RMS,,5,=0.84 A
=
o~

Time [s]

Fig. 3.20: Evolution of the RM S value (corresponding to a 30 x 30 um? AFM image)
for different annealing temperatures (7,,, = 1150°C, 1200 °C and 1250 °C). Annealing
duration is simulated up to ¢t = 140 h.

Moreover, it has been shown that the conservative noise is proportional to the annealing
temperature. This is in agreement with the observed RMS values. Indeed, the theoretical
limit of this value is RMS = 0.73A for T,,, = 1150°C while it is RMS = 0.84 A for
Tonn = 1250°C.

Thus, in order to obtain smoother surfaces, one should favor thermal annealing at lower
temperatures which limits the contribution of the conservative noise to the final roughness.
However, for low temperatures, the process times are extremely long. Then, two steps

annealing processes may be considered. Actually, a high temperature annealing followed by
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a low temperature annealing should allow to reach lower RMS values while using process
times compatible with the industry. Furthermore, if the annealing temperature is lower than
the roughening temperature (approximately 1050 °C for (001)-oriented Si), the annealing
should leads to a faceted surface which could be atomically flat [23]. Additional requirement
to reach smoother surfaces is to use an ultra-clean process chamber and ultra-pure gas
flow which reduces the oxygen contamination and then limits the contribution of the

non-conservative noise to the surface roughness evolution [34].

3.3.2.3 Shallow holes

Another interesting application is the simulation of the evolution of the morphology of
peculiar structures on surfaces. Here, we study the thermal evolution of shallow holes which
are surface defects that can sometimes be found on the surface of SOI wafers. In this case,
the main objective of such simulations is to determine what kind of holes can be removed

by thermal treatments.

20 T T T 20 T T T
10
— — 0
g
= - g’ 10
! !
é Before annealing &) -20
30L ——t=1s i 30k
—— =155 J
-40 t=500s Ta",,=1200 °C 40 | t=500s f Ta""=1200 °C |
5 10 15 20 25 5 10 15 2 25
(a) Position [pm] (b) Position [pum]

Fig. 3.21: Profiles describing the morphology evolution of holes present onto the
annealed surface. Thermal annealing at 7,,,,, = 1200 °C is simulated for durations going
from 1s up to 500s. Initial hole depth is fixed to 40 nm and its diameter varies from
0.8 um to 2.6 um.

Figure 3.21 shows the evolution of two characteristics shallow holes which initial depth
was fixed to 40 nm and its diameters were 0.8 um and 2.6 um respectively. We observe that
for the larger hole, even if its depth is reduced, a 15nm-depth hole is still present after
annealing at 1200 °C during 500s. On the contrary, the narrower hole is almost completely
removed after the same annealing.

Figure 3.22 shows the thermal evolution of the ratio final/initial depths for shallow holes
which initial diameters range from 0.25 ym to 3 um and their initial depth was fixed to
50nm. We observe that for holes whose diameter is smaller than 1 pum, their depth rapidly
starts decreasing and it is almost completely vanished after few or several tens of seconds.

This evidences that deep holes with small diameters can be rapidly reduced whereas holes



100 THERMAL SMOOTHENING

=

Initial Depth = 50nm Initial Diameter: — 0.25 um
1.2 Temp = 1200°C — 05pm
—— 0.75um
1 P— —— 2um -

“““““““““““ —— 3um
— Nohole |

=
®
T

= =
o~ =
T T

Ratio Final / Initial Depth [nm]

Time [s]

Fig. 3.22: Evolution of the ratio of final/initial depth of shallow holes during thermal
annealing at 1200 °C for different initial diameters.

with larger diameters remain almost unchanged during annealing. Hence, only surfaces with
shallow holes whose diameter is smaller than approximately 1 gum can be smoothened using
annealing conditions such as those typically used in the semi-conductor industry (annealing
temperature between 1000 °C and 1300 °C and time between few seconds and few tens of

minutes).

Besides, we have experimentally observed that in some cases shallow holes are observed on
SOI wafers even after the thermal annealing involved in the manufacturing process. Indeed,
two types of shallows holes still exist after annealing, the «minor» shallow holes (depth
between 20 A to 40 A and diameter between 0.2 um and 0.3 pum) and the «major» shallow
holes (depth between 40 A to 60 A and diameter between 2 um and 3 um). To understand
the origin of these holes, we can proceed following an inverse simulation path. Actually, we
can simulate the evolution of holes of different dimensions and infer the characteristics of

the initial holes at the origin of those experimentally observed after annealing.

Figure 3.23 (a) shows the experimental profile obtained by AFM on a «major» shallow
hole (black line) compared to the simulated profile resulting from the annealing at T, =
1200°C for 60s of a 50 nm-deep hole of initial diameter 2.5 ym (red line). The AFM profile
was vertically shifted (+15nm) to make the comparison easier. We note that the morphology
of both holes is very similar, their diameter is approximately 5 um while their depth is
3.5nm. This evidence that the simulated holes may be at the origin of the experimentally

observed holes.

Figure 3.23 (b) shows the evolution of the «depth of holes» as a function of their initial
diameter, after a given thermal annealing (60 s at 1200 °C), for holes of initial depths between
5nm and 15nm. It can be inferred that «minor» shallow holes originates from holes with
an initial depth of at least 8 nm and up to 15nm. We also observe that «major» shallow
holes only slightly evolve during thermal annealing, due to their large diameter. It is worth

noting that the maximum aspect ratio of considered shallow holes is about 6%, meaning
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Fig. 3.23: (a) Comparison between measured AFM profile of a major shallow hole and
that obtained from the thermal evolution of a hole with a initial diameter of 2.5 um
and 50 nm-depth. (b) Curves describing the depth evolution of shallow holes after a
thermal annealing, for different initial depths as a function of the initial diameter. The
simulated annealing was done at 7, = 1200 °C during 60 s.

that for all of them, the small curvature approximation is still suitable to describe their
thermal evolution. Shallow holes are rather rare on the SOI wafer surfaces, it is thus very
difficult to obtain experimental images of this type of defect. Then, more experimental
data is required to further investigate the origin of shallow holes. Nevertheless, we can
conclude that before annealing (just after the splitting processes), deep holes (8 nm and up

to 15nm) of micro-metric diameters must be present on the SOI wafer surface.

Conclusions

In this chapter, «smootheningy, i.e., surface self-diffusion of silicon adatoms on rough SOI
wafers was investigated by means of AFM and quantified using P.SD,p functions. Three
spectral regions can be differentiated through different diffusion behaviors. In the first
spectral region (frequencies lower than fp), no change in the amplitude of the PSDsp
functions is observed during annealing (see region I in Fig. 3.7). This suggests that no
diffusion phenomenon affects the surface morphology over this spatial bandwidth. In the
second region (spatial frequencies between fp and fy), the reduction of the amplitude of
the PSD,p function during annealing shows a scaling behavior characteristic of surface
self-diffusion, evidencing that it is the predominant transport mechanism impacting this
spatial bandwidth (see region /] in Fig. 3.7). Over the third region (spatial frequencies
higher than fy), two phenomena are observed. For spatial frequencies between fy and
fon, the surface evolves through an oxidation-evaporation mechanism while for frequencies
higher than foy, it evolves through the thermal fluctuation of adatoms (see regions I11,

and I11, in Fig. 3.7 respectively).

The introduction of two stochastic terms, describing the surface thermal fluctuations
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and the oxidation-evaporation phenomenon, respectively corresponding to a conservative
and a non-conservative noises into the simple M-H equation, allows the set up of a predictive
model describing the evolution of the surface morphology during high temperature annealing
in reducing atmosphere. Very good agreement between our experimental data, describing
both the roughness evolution of the surface and the kinetics of surface self-diffusion, and
data obtained from this extended model, was obtained. The temperature-dependence of
the self-diffusivity of silicon follows an Arrhenius-type law with an activation energy of

Fa=2.540.1eV and a pre-exponential factor of approximately 0.3 m?s!

, in agreement
with most values reported in the literature. We have also studied the time and temperature
evolutions of the parameters describing the stochastic terms we have introduced into the
model. Using this extended model, we can predict the observed decrease of each spatial

frequency of the PSD,p amplitude during annealing and this, over a very large spatial
bandwidth.

Finally, a predictive simulation code was developed. This simulation tool should permit
to save development time and significantly reduce the cost of exploring and developing
process improvements. The limits of the smoothening process by RTA has also been
explored. We inferred that, to obtain smoother surfaces, one may consider lower annealing
temperatures in order to limit the contribution of the thermal fluctuations to the final
roughness. Additionally, one can use ultra-pure experimental conditions limiting oxygen
contamination of the surface. We have also investigated the thermal evolution and origin of
shallow holes that are sometimes observed at the silicon surfaces. We concluded that deep
holes (80 A and up to 150 A) of micro-metric diameters are present on the post-splitting SOI
wafer surfaces, giving rise to the shallow holes observed at the annealed surfaces. Moreover,
holes whose diameter is smaller than approximately 1um can be «smoothened» using
annealing conditions such as those typically used in the semi-conductor industry.

In summary, rapid thermal smoothening is a very effective process to reduce surface
roughness of the top Si layer of SOI wafers for spatial frequencies higher fp (few microns
in typical experimental conditions) without affecting lower spatial frequencies. This is very

suitable for limiting the variability of V; within transistors processed on FD-SOI wafers.
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Thermal oxidation is one of the technological steps involved in the Smart Cut™ process
which could impact the roughness and the thickness uniformity of the final silicon layers.
Indeed, before implantation, thermal oxidation is performed in order to grow the buried
oxide (BOx) layer of the SOI wafers. Moreover, the final thickness of the silicon layer is
often adjusted through a sacrificial thermal oxidation.

Thus, in this chapter, we will experimentally investigate the evolution of the surface
roughness during the thermal oxidation of silicon. After a rapid presentation of the state
of the art, we will use the characterization techniques and methods presented in chapter
1 (see section 1.1.3) to study the impact of the thermal oxidation conditions (time and
temperature) on the thickness uniformity and the surface roughness of the grown oxide

layer.

4.1 | State of the art

4.1.1 | Oxide growth

The theoretical framework generally accepted to describe the growth of silicon oxide has
been proposed by Deal and Grove and is commonly named « DG model» [1]. This model
considers the diffusion of oxidant species (Os) through a silicon oxide film from the surface
and toward the Si/Si0, interface. The oxidation process is described by a steady-state
regime where the gradient of the oxidant species is constant over the oxide film and a
reaction between Oy and Si molecules, taking place at the Si/SiO, interface. Based on

this description, they have established the well-known linear-parabolic law describing the

107
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oxide layer thickness evolution during the oxidation process, usually written as,

Thit) :§[1/1+M—11 (4.1)

where Th(t) is the thickness of the oxide layer, B/A is the linear coefficient which
characterizes the initial linear rate growth, and B is the parabolic coefficient which governs

the diffusion limited regime. These coefficients follow Arrhenius-type laws given by,

B
<> = Cp/a e~ Er/acViksT  qnq (B)p,, = Cs e EpeV/ksT (4.2)
A Dry Y

with Cpja = 3.71x10% um/h, Egja = 2eV, Cp = 772 um?/h and Ep = 1.23€V, in
the dry oxidation case. Additionally, an initial time offset 7 can be necessary to take into

account the eventual presence of an initial oxide layer. Similar relationships are valid for

wet oxidation.

While the DG model well-describes the oxidation kinetics at long times, it does not
explain the unexpectedly fast growth rate of oxide at the very initial stage of the oxidation
process, when using dry Os. Based on the DG model, Massoud et al. [2] have proposed a
more sophisticated model, where the limiting factor at the first stage of oxidation is the
reaction rate of Si and Oy and not the oxygen diffusion through the oxide layer. Following

this model, the thickness evolution of thin oxide layers is given by,

OTh(t) B
ot 2Th(t)+ A

+ CeTh®/L (4.3)

Additionally, to further improve the description of this initial oxidation stage, a «S%
emission model» has been recently proposed and tested with success [3—5]. This model
states that S7 atoms are emitted from the Si/SiO; interface during the oxidation process
in order to reduce stress at this interface. Indeed, when the oxide film is thin enough, the
St atoms diffuse through the oxide to the surface. When on the surface, Si atoms can
desorb into the atmosphere by forming SiO molecules or react with the oxidants and thus
contribute to the oxidation. This model well-describes the faster oxide growth observed

when the oxide layer is very thin.

4.1.2 | Roughness evolution during oxidation

The evolution of the surface roughness of the oxide layer during oxidation has been much
less examined. Most authors have studied the roughness evolution of the Si/SiO, interface
rather than the SiO, surface during oxidation [6,7].

Omi et al. [8] have studied the roughening of the Si/SiO; interface during thermal
oxidation of silicon at 1200 °C under dry conditions. Analyzing AFM images, they found
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that the roughening characteristics of dry oxidation depends on the concentration of oxygen
gas (Oq partial pressure). More recently, they have shown that, for Ty, > 1250°C, the
interface is not roughened but smoothed instead during oxidation [9]. This evolution of the

interface roughness can be written,

On(T,1)

e uV2h(Z,t) — DV*h(Z,t) + G|Vh(Z,t)| + v(T, ) (4.4)

where p, D and G are constants. The G|Vh(Z,t)| term describes the stress effect on
the instability of the interface [10]. The linear terms V2h(Z,t) and V4h(Z,t) describe,
respectively, the surface tension and surface diffusion which both tend to smooth the surface,
and v(Z,t) is a stochastic term describing the noise in the system. This equation is also
known as the linear growth equation [11]. A competition between the linear terms V2h(Z, t)
and V*h(Z,t) generates a characteristic length Lo, = \/% . Eq. 4.4 well reproduces the
experimental data of the roughness evolution of the Si/SiO; interface during thermal
oxidation at high temperatures (Tp, > 1050°C) [9, 11].

The scaling law governing this roughness evolution has also been studied [6], and
shows that at small spatial scales (< 100nm) the RMS of the interface increases with the
observation scale (with a roughness exponent a between 0.3 and 0.5) which is typical of
fractal surfaces. This characteristic is consistent with the Familiy- Vicsek scaling relation

(see section 1.1 in chapter 1) which is typical of far-from-equilibrium processes [12, 13].

When the initial surface is rough, the Si/Si0, interface tends to become smoother
during oxidation because of thermodynamics. Indeed, the Gibbs free energy required to
maintain surface structures with high aspect ratio is also high. On the contrary, smooth
interfaces are observed to be roughened during oxidation. It is suggested that stress at
interface irregularities causes modifications of the local reaction rate over the interface.
Consequently, the interfacial roughness generally increases with the oxidation time [14], i.e.,
with oxide thickness. Additionally, it has been shown that the roughness of the Si/5i0,
interface is strongly dependent on the oxide thickness but not on the oxidation process
itself (dry or wet) [14,15].

Besides, the roughness evolution of the SiO, surface has been investigated by Ohsawa
et al. [16]. Surface roughness increases only in the early oxidation stage, when the oxide is
thinner than 10 nm (see Fig. 4.1 (a)). It is proposed that emitted Si atoms are oxidized at
the vicinity of the SiO, surface leading to a local volume expansion of the material, thus

contributing to the evolution of roughness.

Figure 4.1 (b) summarizes and illustrates the mechanisms driving the surface roughness
evolution, taking into account Si emission. Actually, when the oxide is very thin (see
Fig. 4.1 (b1)), the Si atoms emitted from the interface diffuse through the oxide film out

to the atmosphere in the form of S70 gas. Hence, the oxidation rate is increased because
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Fig. 4.1: (a) Evolution of RMS values of the SiO, surface and the Si/SiO, interface
obtained from 200x200 nm? AFM images. (b) Schematic illustration of the roughening
model on Si0, surface by Si emission when the oxide thickness is (1) very thin, (2)
thin, and (3) thick. The open circles are O, molecules, and the filled circles are Si
atoms. (adapted from [16]).

there is no stress build-up at the interface. As the oxide layer gets thicker, some of the
Si atoms can be oxidized nearby the surface, before reaching it (see Fig. 4.1 (b2)). This
oxidation increases the roughness of the surface by volume expansion. Later on, for thicker
oxide layers (> 10nm), the emitted Si atoms are oxidized in the film far from the surface
(see Fig. 4.1(b3)). At this point, the diffusion of Si atoms becomes harder and stress
accumulates at the interface, reducing the oxidation rate. The surface roughness does not
increase anymore because the Si0O, layer can absorb the volume expansion isotropically.
This «S7 emission model» well-explains the experimental observations of the roughness
evolution of the oxide surface during thermal oxidation [16-18]. Moreover, it is consistent

with the observed change of behavior seen above and below the critical thickness of 10 nm.

4.2 | Experimental Methods

The principal objective of the experiments described hereafter was to investigate the
evolution of the roughness and thickness uniformity of oxide layers obtained by thermal
oxidation of silicon surfaces of different initial roughnesses. For that, we have prepared
four different groups of wafers differing by their surface morphologies. The first group
(S1), consists of mirror-polished (100) Si Cz wafers, we will refer as «smooth» surfaces.
The second group (52), consists of mirror-polished Si wafers which have been annealed
at 1200°C during several hours, we will refer as «very smooth» surfaces. Additionally,
two other groups of samples were prepared from SOI wafers fabricated by the Smart
Cut™ process. The third group (R1), consists of post-splitting SOI wafers which have been
annealed at 1200 °C during 30 s, we will refer as «rough» surfaces. Finally, the fourth group
(R2), consists of post-splitting SOI wafers without any additional treatment, we will refer

as «very rough» surfaces. All wafers were finally cleaned by standard RCA process. Then,
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we have studied the dry and wet oxidations of these different wafers.

The thickness of the grown SiO layers was measured by ellipsometry (SE) following two
different protocols. First, the mean value of the thickness was obtained from the averaging
of 121 measurements performed following a polar distribution across the wafer. Second,
the thickness variations were obtained through linear scans across the wafer using different
sampling periods (Az; = 30 um, Aze = 300 um and Azg = 2420 pm). The number of
points per profile was fixed at N = 121, 14 profiles were recorded for each sampling period
(see section 1.1.3 in chapter 1). The surface roughness of the oxide layer was characterized
by AFM. Since the roughness evolution is expected to occur at high spatial frequencies, we

have recorded AFM images with size of 1x 1 um?.

For dry oxidation, the wafers were oxidized in a mixture composed of Oy and N; (99.8%
and 0.2% respectively) at a pressure of 760 Torr and oxidation temperatures of 850°C,
950°C and 1035°C. Five different process durations, between 2 min and 1500 min, have
been performed. Oxidation was carried out in a conventional vertical furnace ( Telformula
from Tokyo Electron). The wafers were fed into the furnace at 600 °C, then, the temperature
was raised with a rate of 5°C/min up to the target temperature. Experimental conditions

are summarized in Table 4.1.

Initial morphology | Temperature [°C| Process time [min]
S1 - R2 850 2 — 15 — 180 — 900 — 1500
S1 - R2 950 2 — 15 — 180 — 900 — 1500
S1 - R2 1035 2 — 15 — 180 — 900 — 1500

Tab. 4.1: Summary of the experimental conditions, applied to each group (corresponding
to initial morphology), to study the impact of time and temperature of the oxidation,
on surface roughness and thickness uniformity evolution.

For wet oxidation, the wafers were oxidized in an atmosphere composed of H>O, Oy and
N5 (79.8%, 20% and 0.2% respectively) at a pressure of 760 T'orr and oxidation temperatures
of 950°C, 1050°C and 1150°C. Oxidation times were 2 min, 10 min, 50 min and 480 min.
Again, the oxidation processes were carried out using the Telformula furnace. The initial
temperature at which the wafers were fed into the furnace and the ramp-up were similar to

those used for dry oxidation. Experimental conditions are listed in table 4.2.
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Initial morphology

Temperature [°C]

Process time [min]

S1 - S2 - Rl - R2 950 2 - 10 - 50 — 480
S1 - S2 - Rl - R2 1050 2 - 10 - 50 — 480
S1 - 52 - Rl - R2 1150 2 - 10 - 50 — 480

Tab. 4.2: Summary of the experimental conditions used to study the impact of wet
oxidation on the surface roughness. Those conditions have been performed for each

group of wafers.

4.3 | Results and discussion

4.3.1 | Thickness evolution

4.3.1.1 Dry Oxidation

Figure 4.2 shows the time-evolution of the mean oxide thicknesses of oxidized mirror-polished
Si wafers (S1), compared to the predictions from the DG model. For oxidation times
longer than 100 s, the DG model accurately predicts the thickness evolution of these oxide
layers. The values used for linear (B/A) and parabolic (B) coefficients are those given by
the literature [1]. However, for shorter times, the oxidation kinetics is faster than predicted
by the DG model. Considering the limit of the model (Eq. 4.1) when ¢ tends to zero, the
linear approximation describing the oxide growth for very thin layers writes,

~Pyn (4.5)

Tht) = —

Actually, the experimental values can be fitted assuming the existence of an initial oxide
layer of 5nm (7 equal to few minutes). Then, we evidence that the DG model does not

predict both kinetics, for layers thinner and thicker than 10 nm, simultaneously.
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Fig. 4.2: Comparison between thicknesses measured by ellipsometry (points), and that
obtained from Deal and Grove model (blue line). Dry oxidation has been performed
using mirror-polished Si wafers.
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Figure 4.3 shows the evolution of the thickness of the oxide layer grown on mirror-
polished (S7) by dry oxidation. It is compared to values predicted by the Massoud et al.
model [2]. We observe that this model accurately predicts the thickness evolution during
dry oxidation also for thin oxide layers. This suggests that oxidation rate is indeed limited

by the oxidation reaction rate when the oxide layer is thinner than 10 nm.
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Fig. 4.3: Comparison between thicknesses measured by ellipsometry (points), and that
obtained from Massoud et al. model (blue line). Dry oxidation has been performed
using mirror-polished S7 wafers.

These results are in agreement with most of those presented in the literature [2, 19].
Similar results are obtained when comparing the thickness evolution of oxide layers grown
on initially very rough (R2) surfaces. However, for short oxidation times the oxide growth
rate is larger on rough Si surfaces than on smooth surfaces.

Figure 4.4 shows the evolution of the oxide thickness as a function of the oxidation
time for both Si mirror polished wafers (S7) and post-splitting SOI wafers (R2). We
observe that the oxide layers grown on rough surfaces are significantly thicker than those
grown on smooth surfaces for oxidation times shorter than 15 min. We also note that these
differences increase when the oxidation temperature decrease. For oxidation times longer
than 15min (thickness larger than 10 nm) the measured thicknesses are identical on both
surface morphologies.

Since the oxidation process is limited by the reaction rate at the first stage of the process,
it is reasonable to suppose that the oxidation reaction is faster on rougher surfaces. We
can also note that, independently on the initial morphology, the thicknesses of the oxide
layer are identical for times longer than 180 min. This indicates that for layers thicker than
30 nm the oxidation kinetics is only limited by oxygen diffusion.

Figure 4.5 shows the thickness variations observed after oxidation of smooth wafers
(S1). The profiles obtained using the smallest sampling period (Az = 30 um), are very
similar whatever the oxidation time. For profiles recorded using Az = 300 um only slight
differences can be observed.

Actually, when using the largest sampling period (Ax = 2420 ym) and thus probing the

entire diameter of the wafers, we note important variations of the thickness profiles which
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Fig. 4.4: SiO, thickness for dry oxidation of Si wafers with mirror-polished (circles)
and post-splitting-like (stars) initial surfaces.
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Fig. 4.5: Thickness of oxide layers for dry oxidation measured by SE using three different
sampling periods: (a) Az; = 30 um, (b) Axs = 300 um and (c) Azz = 2420 pm.

increase with oxidation time. These large thickness variations at the wafer scale results from
a thermal gradient over the wafers during the oxidation process. This gradient is inherent
to the furnace architecture. Indeed, in the vertical furnaces used in this experiment, gas
flow is injected by the top of the tube and then the gas moves down between the tube and
the edge of the wafers. Since the injected gas is slightly colder than wafers, the edge of the

walers is cooled down and slows down the oxidation rate.

Figure 4.6 shows PSD;p functions corresponding to the profiles (a) and (b) shown in
figure 4.5 (i.e., in the central part of the wafers). For spatial frequencies ranging from
1x107* um=! to 2x 1072 um !, the amplitude of the PSD;p functions is very low and
remains almost unchanged during oxidation. We also note that the PSD;p function is
nearly horizontal, which is typical of a random signal. The thickness of the oxide layer, over
this spatial bandwidth, is perfectly uniform. This means that the oxidation rate is nearly

constant across the surface of the oxidized wafers.
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Fig. 4.6: PSD;p describing thickness variations corresponding to profiles presented in
Fig. 4.5 using different sampling periods: (a) Axz; = 30 um and (b) Azy = 300 um.

4.3.1.2 Wet Oxidation

Figure 4.7 shows the evolution of the thickness mean values obtained for mirror-polished
wafers (S1) under wet oxidation conditions and compares them to the predictions of the

DG model, for different oxidation temperatures.
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Fig. 4.7: Comparison between thicknesses measured by ellipsometry (points), and
obtained from the Deal and Grove model (blue line). Wet oxidation was performed
using mirror-polished Si wafers (S1).

Experimentally, the kinetics of wet oxidation of S7, S2, RI and R2 wafers seems
identical. The DG model is able to describe this thickness evolution, with no need to
introduce any refinement. Indeed, the short and fast oxidation regime during which the
simple, only diffusion limited, DG model does not suffice, only lasts 2 min, the time needed
to grow a 10 nm-thick oxide layer under the conditions of wet oxidation. For this reason,

wet oxidation is well-described by the DG model.

Finally, the thickness of an oxide layer, grown under both dry and wet oxidations, is

I and

always extremely uniform for spatial frequencies from 1x 107 ym=" to 2x 1072 um~
does not depend on the initial roughness of the S7 surface, at least for oxide layers thicker

than 10 nm.
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4.3.2 | Roughness evolution

4.3.2.1 Dry Oxidation

Figure 4.8 shows AFM images of SiO, surfaces before (Fig. 4.8 (a)) and after dry oxidation
at To, = 850 °C of mirror-polished wafers (S7) for different durations (b) 2 min, (¢) 180 min
and (d) 1500 min. The surface morphology evolves as the oxidation time increases: the
roughness of the SiO, surface increases and surface features with lateral sizes of about few

tens of nanometers develop. Our observations confirm previously reported results [14,17].
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Z Range = 16 ZA ) 0.5 nm

(a) RMS=112A (b) RMS=148A
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Fig. 4.8: Surface topography of oxidized mirror-polished Si wafers recorded by AFM
(10 x 10 um? ; 512 x 512 pixels). Corresponding to (a) before oxidation, after dry
oxidation at 850 °C during (b) 2min, (c) 180min, and (d) 1500 min. The bottom
insets shows characteristic surface profiles for each image.

Figure 4.9 shows the time-evolution of the RMS values of the SiO, surfaces for wafers
from groups S7 and R2 (smooth and rough). For initially smooth Si surfaces, the SiOs
roughness increases only during the initial stage of oxidation, when the oxide layer is thinner
than 10 nm and then stays constant as the oxide grows. According to Ohsawa et al. the
evolution of the roughness of initially smooth S surfaces can be explained by considering
the oxidation of the Si atoms emitted from the Si/Si0, interface toward the surface. This
phenomenon contributes to the roughening of this SiO; surface [16].

For initially rough Si surfaces, they first smoothen during the early stage of oxidation
then remain constant. Moreover, we do not observe significant impact of the oxidation
temperature on this behavior.

Figure 4.10 shows the PSDyp functions describing the roughness evolution of both (a)
smooth (S7), and (b) rough (R2) wafers during dry oxidation.

For smooth surfaces, oxidation results in a slight increase of the amplitude of P.SDyp
functions for spatial frequencies approximately between 50 ym =1 and 200 um™! (see red

circle in Fig. 4.10 (a)). This increase is related to the appearance of the surface features
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Fig. 4.9: RMS values extracted from AFM images recorded from oxidized surfaces for
dry oxidation, using experimental conditions summarized in table 4.1.

observed on AFM images. This confirms that the sizes of these features are between 5nm
and 20nm. The decrease of the reaction rate at the interface due to local stress effects,

resulting in a nonuniform oxidation process [10,15], is though to explain this behavior.
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Fig. 4.10: PSDs,p functions describing the topography evolution of Si wafers during
dry oxidation at 850 °C for (a) smooth and (b) rough initial surfaces.

For spatial frequencies between 1 um ™! and 30 um ™!, the increase of the amplitude of
PSD,p functions with oxidation time is much more visible (see left-side of the spectra in
Fig. 4.10 (a)). As oxidation proceeds, the slope of the PSD,p functions also changes from
—1 for the initial surface to —2 after long times oxidation. The roughness exponents («)
extracted from these slopes vary from —0.5 for initial surfaces to 0 for oxidized surfaces.
The first scaling behavior (o« = —0.5) is typical of chemical-mechanical polishing process
used to smooth the Si mirror-polished wafers (the surface roughness varies randomly over

this spatial bandwidth). For a = 0 the scaling behavior follows the Edwards- Wilkinson

equation,

On(7, 1)

el uV2h(Z,t) + v(Z,t) (4.6)

which derives from the «linear theory» [11] and Eq. 4.4 This equation is usually used to
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describe the surface roughness evolution during chemical vapor deposition [11,20].
Finally, we suggest that the roughness evolution of smooth surfaces during dry oxidation

can be predicted by using of the Edwards- Wilkinson equation.

For rough surfaces, the amplitude of the spectra remains unchanged whatever the
oxidation times and temperatures, at least under our experimental conditions. Even if it is
commonly accepted that rough surfaces are smoothed during thermal oxidation [14,21], we
have not noticed any evolution along our experiments. We believe that our initial «very
roughy» surfaces (R2) are simply too rough, thus the possible smoothening resulting from

the thermal oxidation cannot be detected under our experimental conditions.

4.3.2.2 Wet Oxidation

AFM images were recorded from the different types of surfaces oxidized using the exper-
imental conditions summarized in table 4.2. The RMS values obtained from the AFM
images are shown in figure 4.11. We observed that, independently on the roughness of
the initial surface, the RMS value remains almost constant during oxidation for the times

considered in our experiments. Moreover, no clear influence of the oxidation temperature is

observed.
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Fig. 4.11: RMS values calculated from AFM images recorded from oxidized surfaces
for dry oxidation, using experimental conditions summarized in table 4.1.

Since the oxidation rate under wet conditions is significantly larger than that for dry
oxidation, the «critical» thickness of 10 nm (where limiting mechanism changes) is reached
at the very beginning of the oxidation process. Thus, the thicknesses we have investigated
are all beyond this critical value.

The spectra extracted from the AFM images are shown in figure 4.12. The PSDsp
functions describing the initial surfaces show different slopes. The mirror-polished surfaces
(S1) shows a slope equal to —1 while the rough surfaces (R1) and very smooth surfaces

(52) show slopes equal to —3 and —1.5, respectively.
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Fig. 4.12: PSDsp functions describing the topography evolution of Si wafers during
wet oxidation at 1050°C for initial surfaces presenting different roughnesses: (a)
«smooth» surfaces, (b) «rough» surfaces and (c) «very smooth» surfaces. Note that
common vertical axis is used at the left.

After wet oxidation, the slope of all these PSDsyp functions is equal to —2. Actually,
all these PSD,p functions can be superimposed over the whole spectral bandwidth. For
the initially «smooth» surfaces, group S1, the surface gets rougher during wet oxidation,
impacting spatial frequencies between 1 um™' and 50 um™! (see Fig. 4.12(a)). For the
initially «rough» surfaces (R1), wet oxidation increases the amplitude of the PSDyp
function for spatial frequencies lying between 2 um= and 100 um™" (see Fig. 4.12 (b)).

L and

Finally, for «very smooth» surfaces (52), the surface is roughened between 0.5 pm™~
30 um™! (see Fig. 4.12(c)). Additionally, for initially «very rough» surfaces (R2) no changes
in the amplitude of the PSDyp function are observed (not shown). Thus, it is remarkable
that independently of the initial surface morphology, the scaling behavior observed after
thermal oxidation is quite similar. This shows that the final roughness of the SiO, surface
is independent on the initial roughness of the Si surface, if this roughness is not too large.

Moreover, PSDyp functions observed after wet oxidation are very similar to those
obtained after dry oxidation. This strongly suggests that the physical mechanisms involved
in the roughening processes during wet and dry oxidations are probably identical and that it

can be described by the continuum equation at the case of the Edwards- Wilkinson model [6].

4.3.2.3 Sacrificial oxidation step in the Smart Cut™ process

Otherwise, we have characterized several wafers sampled during the fabrication of SOI by
the Smart Cut™ process. For example, we have characterized the oxide surface topographies
before and after the sacrificial oxidation step used to adjust the thickness of Si top layer
to specifications. Figure 4.13 shows the superimposition of the PSD,p functions obtained
from AFM images of 1x 1 um? and 30x 30 um? before and after such an oxidation step. We
observed that after oxidation, the SiOy surface gets slightly rougher than it was for spatial

1 1

frequencies approximately between 2 um™" and 70 um~". Thus, oxidation steps such as

those involved in the fabrication of SOI wafers using the Smart Cut™ process, have an
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impact on the roughness over this specific spatial bandwidth.
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Fig. 4.13: Typical PSDyp functions before and after oxidation step involved in the
fabrication of SOI wafers.

Here, only the increase of the roughness of the Si0; surface is evidenced. However, we
have demonstrated that for spatial frequencies higher than 2 gm ™! the thickness variations
of the top Si layer of SOI wafers are larger than topographic variations of the layer (see
section 1.3 in chapter 1) evidencing that, over this spatial bandwidth, roughness of interfaces
delimiting the Si layer (Si/Si0Oy and Si/air interfaces) are of same order of magnitude.
Thus, we suggest that thermal oxidation can affect the thickness uniformity of the top

silicon layer on the spatial bandwidth established above.

Conclusions

In this chapter, we have experimentally investigated the impact of time and temperature
on the thickness uniformity and the surface roughness of the oxide layer grown by both dry
and wet oxidations. We have confirmed that roughening of the oxide surface only takes
place during the early stage of the oxidation process, i.e., for oxide thicknesses smaller
than 10 nm. Moreover, the roughness evolution during oxidation shows a scaling behavior
well explained by the continuum theory and more specifically by the Edwards- Wilkinson
equation. The spectral footprint of oxidized surfaces is found to be similar whatever the
initial surface morphology, pointing out that physical mechanisms involved in dry and wet
oxidations are probably identical. Finally, we have identified the spatial bandwidth over
which the thermal oxidation process, involved in the Smart Cut™ technology, have an

influence on the final thickness uniformity of the top silicon layer of SOI wafers.
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Chemical Mechanical Polishing (CMP) has emerged as a key technology to achieve
both global and local planarity of wafer surfaces. Indeed, the CMP process is one of the
most important techniques of topography reduction in the semi-conductor industry. In
this chapter, we will experimentally investigate the impact of several parameters, such as
the slurry nature, the initial surface topography, and the presence of implantation induced
damages onto the thickness uniformity, and the roughness evolution of the processed S'%

surfaces.

5.1 | State of the art

The CMP is a very complex process which includes a large number of variables, such as the
initial wafer geometry and material, the process parameters (pressure, velocity, duration)
and parameters linked to the process equipment (nature of slurry, roughness of the pad,
etc.). In this process, both mechanical and chemical mechanisms occur. CMP can be
thought as a chemically assisted mechanical polishing, in which material removal is primarily
due to a three-body contact. Indeed, the wafer surface is softened or modified by the
chemical solution, and then, the soft surface layer is removed by abrasive particles held by a
polishing pad. Several analysis consider those two mechanisms separately, but actually, both
mechanisms can also interact with each other [1]. Figure 5.1 shows a schematic illustration
of a typical CMP tool. It is composed of a rotating platen, carrying the polishing pad, and
a rotating holder, carrying the material to be polished. During CMP processes, the silicon

wafer to be polished, which rotates on its axis, is pressed face-down against a rotating
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polishing pad while a slurry containing a combination of chemicals, fluids, and abrasive

particles is deposited on the pad.

Carrier Wafer @ /
~. o / Polishing

Pad

- I -
(a) (b)

Fig. 5.1: Schematic diagram of typical rotating CMP tool. (a) side-view and (b)
top-view.

5.1.1 | Material removal

In the literature, four main models intend to describe the various mechanisms, at the
particle scale which may occur during a CMP process . The first model presented hereafter
is empirical and attempts to identify the role of several experimental parameters. The
second one presents CMP as a chemical erosion process enhanced by stress. The third
model assumes that the surface wafer is mechanically plowed by abrasive particles, and links
the removal rate to the indentation depth of abrasives into the wafer surface. Finally, the
fourth adds a chemical contribution which may significantly impact the material removal

rate.

5.1.1.1 Empirical model

Depending on the polishing parameters used during CMP, the material removal rate (MRR)
required to achieve a global planarization varies [1-3]. The MRR is often described by the

Preston’s equation [4], as follows,
MRR = Kp PV, (5.1)

Where Kp is the Preston coefficient, which depends on the properties of the slurry, on the
polishing pad, and on the nature of the polished surface. P is the pressure applied on the
carrier (holder), and V;. is the linear relative velocity between the polishing pad and the
carrier. Preston’s equation is an empirical law initially proposed for describe glass polishing.
For most of the experimental data, especially in dielectric CMP, Preston’s law provides a

reasonably good fit to the data. Although this well-known equation 5.1 allows controlling
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macroscopically the amount of removed material, it does not take into account the process
parameters related to the slurry and the pad. Hence, Preston’s equation has been revised
by several authors [5,6] evidencing a non-linear dependency of the MRR on pressure and
velocity. Although this model does not describe the removal mechanisms, it provides some

intuition on how to handle a CMP process.

5.1.1.2 Stress enhanced Erosion model

Based on Preston’s formula, Zhang et al. [5] have proposed an equation accounting for
the normal and shear stress acting on the contact area between the wafer surface and the
abrasive particles. Following the same approach, Zhao et al. [6] evidenced the non-linear
dependence of material removal on the pressure they have observed is related to the contact
area between the wafer and the pad. Hence, they argued that the number of abrasive
particles involved in material removal increases with the contact area following a non-linear
law. Since the MRR is linearly related to the number of abrasive particles, the material
removal rate will be non-linear versus pressure.

These revised models pointed out other parameters which impact the MRR of the CMP.
However, there are still many other parameters which should be taken into account such as

the change of the force applied on the abrasive particles when increasing the contact area.

5.1.1.3 Indentation mechanism models

Liu et al. [7] propose to consider the deformation over the wafer-abrasive interface. To do
that, they take into account the adherence of the abrasive particle to the surface, which is
related to the hardnesses of the wafer and of the pad, as well as the bending of the abrasive
particles. Cook et al., [8] also accounted for the wafer deformation and have found that
the removal rate was inversely proportional to the Young’s modulus of the wafer material.
These investigations clearly highlight that the local deformation of the wafer is also an
important parameter to be taken into account when modeling the MRR during a CMP

process.

5.1.1.4 Chemical mechanisms

It has been also reported that the polishing pad together with the composition of the
slurry and the applied pressure, have large influences on MRR [1,9,10]. Kaufman et al. [9]
investigated the polishing of tungsten-covered silicon wafers. They have evidenced that
material removal in CMP occurs as a consequence of a combination of chemical reactions
of the slurry with the wafer surface materials and mechanical interactions with the abrasive
particles. Indeed, a softened layer is created by chemical reaction, which is removed by the

repeated sliding, rolling, or indentation of the abrasive particles against the wafer surface.



126 CHEMICAL MECHANICAL POLISHING

Several studies also pointed out the strong impact of the pH of the slurry on the MRR,

showing the importance of chemical reactions [11,12].

This brief review shows that material removal has been widely investigated at the
«particle scale». Most considerations are based on two-body contact approaches. At this

point we recommend reading the Ph.D thesis by S. Yeruva [13].

In order to have a global picture of material removal during CMP, numerous authors have
investigated phenomena taking place at different spatial scales. On the one hand, the impact
of surface features and die-pattern has been studied. At these scales, several semi-empirical
models which attribute the topographical variations to the pressure non-uniformity and
the macroscopic deformation of the pad, have been proposed [14-16]. Besides, physical
models have also been reported. These models assumed that a slurry film exists between
the surface of the wafer and the pad, and developed pressure equations based on fluid
mechanics in order to predict the pressure non-uniformity [17] [18]. On the other hand,
some wafer-scale models have been suggested [19-22]. Most of these models assume a
solid-solid contact between the wafer and the pad to consider the pressure distribution.
Additionally, these models establish that non-uniformities of the material removal, at the
wafer scale, are related to the distribution of the applied pressure and to the velocity across
the wafer, inherent to the configuration of the CMP equipment. Models at these three
different scales are discussed in detail in the Ph.D. thesis by Luo [23].

5.2 | Experimental procedure and samples

Hereafter, we investigate the influence of different slurries on the planarization kinetics
using a CMP process, for two different initial surfaces morphologies (rough and very
rough). SOI (100)-oriented 300 mm-in-diameter wafers have been used as the starting
material. In that way, the thickness variations of the top silicon layer can be characterized
by means of spectroscopic ellipsometry (SE). All «finishing steps» of the SOI fabrication
were omitted in order to start with post-splitting (fractured) surfaces, but a standard
RCA cleaning process was performed. The wafers were then prepared into three groups.
For the first group, no additional preparation step was performed. This group will be
noted «very rough» surfaces below. For the second group («very rough-like» surfaces), the
implantation-induced damaged region was removed by means of thermal oxidation followed
by the chemical dissolution of the oxide layer. Finally, for the third group of samples
(«roughy surfaces), thermal annealing was performed, after removal of implantation-induced
damaged region (at 1200°C, 30s) on post-splitting wafers in order to obtain smoother
surfaces.

Three different slurries were used: i) The EPL-2361 («Slurry 1»), initially developed

for Copper removal, allows achieving very small material removal rates on SOI. ii) The
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Glanzox (named «Slurry 2») consisting of colloidal silica dispersed in a liquid, permitting
to achieve very high quality polished surfaces. iii) The «Slurry 3» is a new slurry developed

at CEA/LETI, we investigated its impact on the surface roughness of polished wafers.

Most of CMP treatments have been performed at CEA/LETI in collaboration with
C. Euvrard and M. Rivoire. The experimental conditions used in the experiment are

summarized in table 5.1.

Sample Group Sample number Slurry Removal [nm]
Very rough surfaces 1-2-3-4 EPL-2301 5-10 20— 30
Very rough surfaces 1-2-3-4 Glanzox 10 — 20 — 30 — 90
Very rough surfaces 1-2-3-4 Slurry 3 10 — 20 — 30 — 90

Very rough-like surfaces | 1-2-3-4-5-6 EPL-2301 | 4-6-8-10-20-30

Very rough-like surfaces | 1-2-3-4-5-6 Glanzox 4-6-8-10-20-30
Rough surfaces 1-2-3-4-5-6 EPL-2301 2-4-6-8-10-13
Rough surfaces 1-2-3-4-5 Glanzox 4-6-8-10-13
Rough surfaces 1-2-3-4 Slurry 3 4-6-10-13

Tab. 5.1: Summary of the experimental conditions performed in the study of the CMP
parameters’ process influence on the thickness uniformity and surface roughness of SOI
wafers.

Since these slurries have different compositions, the process parameters must be specif-
ically set for each. To be able to compare them, we have fixed the material removal
rates, then have adjusted the process parameters (pressure distribution, relative velocity)

accordingly.

Figure 5.2 shows the evolution of removed material as a function of the polishing time.
For slurry 1, we used a very slow removal rate (0.5 As~!) while for slurry 2 the removal rate
was equal to 10 As~'. For slurry 3, the removal rate was dependent on the topography of
the polished surface. Thus, we have used a slow removal rate (0.5 As~!) for smooth surfaces

and a faster removal rate (10 As~!) to polish rough surfaces.

After polishing, the top silicon layer thickness and the surface roughness of the processed
wafers were also characterized. The thickness was measured by SE (see section 1.1.3 in

chapter 1), while the surface roughness was imaged by means of AFM.
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Fig. 5.2: Experimental values of material removal for smooth and rough surfaces using
slurries 1, 2 and 3, as a function of polishing time.

5.3 | Results and discussion

5.3.1 | Thickness uniformity

Since the material removal rate is not perfectly uniform across the whole wafer, thickness

variations of the top silicon layer tend to increase during a CMP process. Figure 5.3 shows

typical profiles observed on SOI wafers after polishing, over the three spatial bandwidth

measurable by SE. Depending on the observation scale (defined by the sampling period),

three different trends are observed. For the smaller sampling period (Az; = 30 um), the

measured profiles are very similar before and after polishing. For a Axy = 300 um, slight

differences are observed after removal of 10 nm. For profiles recorded with Axs = 2420 um,

significant differences are seen which increase with the amount of removed material.
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Fig. 5.3: Thickness profiles from SE measurement of SOI wafers with «very rough-

like» surfaces treated by CMP using slurry 1, for three sampling period: (a) Ax; =

30 um, (b) Azy =300 um, (c) Azz = 2420 um.
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Figure 5.4 presents the PSD.p functions, split along different frequency bandwidths,
corresponding to the thickness variations observed after the removal by CMP of 30 nm of

Si using slurry 1 and 2.

Very Rough-like Surfaces ] Very Rough-like Surfaces Very Rough-like Surfaces

Wk 10
Ref ok Ref ——Ref
Slurry 1 g Slurry 1 10°F Slurry 1
—_ y = —_ Slurry 2
N 2] 4 Sl 2
Ng }/\/\/\ﬁ urry Z urry g_
% ol \ 4 N = 10'F
. 10 — \,/\\ A ] ﬂy‘y& g b =
o) k VT Ml b £ - a
7] | L
-5 | A~ 10 F
10(} L f 5
- - 10 . - 107 & - -
10° ) L 10 10" i L 100 10° ) 107
(a) Spatial Frequency [pm’] (b) Spatial Frequency [um] (C) Spatial Frequency [um™]

Fig. 5.4: PSD;p functions corresponding to thickness variations of top silicon layer of
«very rough-like» wafers before and after CMP process for slurries 1 and 2.

For low frequencies (see figure 5.4 (c)), the amplitude of the PSD;p function is dramat-
ically larger after polishing using both slurries. The peaks, actually contributing to the
thickness variations, are those located between the spatial frequencies of approximately
1x107° and 3x107°. The additional peaks, seen at higher frequencies, are artifacts
(harmonics) introduced by the numerical calculation of the PSD;p function.

At higher frequencies (figure 5.3 (a-b)), the PSD;p amplitudes are also larger after
CMP using both slurries the slurry 2 resulting in the largest amplitude increase. More-
over, for slurry 1, the PSD;p amplitude remains almost constant for spatial frequencies
approximately lying between 6 x 1073 um~! and 2x 1072 pm 1.

These results show that the slurry 2 generates a degradation on the thickness uniformity
over the whole spatial bandwidth covered by SE. Alternatively, the use of slurry 1 does not

degrade the thickness uniformity for spatial frequencies higher than 6 x 1073 um™".

Slurry 1 and 2 have different compositions and then the process parameters used during
the CMP treatment (pressure distribution, relative velocity) were different. Since the non-
uniformity of the material removal over the wafer is believed to be due to these parameters
(wafer-scale CMP models [24]), we suggest that the thickness variations we measure are
probably due to the pressure distribution and the relative velocity between the polished

wafer and the pad during our experiments.

5.3.2 | Roughness evolution

5.3.2.1 Starting material: Post-Splitting surfaces

Figure 5.5 shows 30x 30 um? AFM images of the surface topography of post-splitting SOI
wafers («very rough» surfaces) processed by CMP. Smaller AFM images (1x1 um?) were also

recorded. Figure 5.5 (a) shows the surface morphology before treatment. Figures 5.5 (b-c)



130 CHEMICAL MECHANICAL POLISHING

shows images of the surface after polishing using slurry 1. The height variations are reduced
during the CMP process. This reduction takes place from the top of the surface. Indeed, the
«peaks» on the surface morphology are reduced while the «holes» remain. After removal of
30 nm of Si, most of the holes on the surface have disappeared. Nevertheless, nano-scratches

are visible (see Fig. 5.5 (c)).
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Fig. 5.5: Typical AFM Images (30 x 30 um? ; 512x 512 pixels) of post-splitting SOI

wafers («very rough» surfaces) before (a) and after CMP process using slurry 1. Images

shown correspond to the minimal : 4nm (b) and the maximal : 30 nm (c) material

removal. The bottom insets shows surface profiles along the red line on the AFM

images.
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Fig. 5.6: Evolution of the RMS value with the amount of removed material during a
CMP process. The values are obtained from the AFM images recorded on post-splitting
SOl wafers after polishing. Sizes of recorded images were: (a) 1x1um? and (b)
30 x 30 um?.

Figure 5.6 shows the RMS values obtained from AFM images of post-splitting («very
rough» surfaces) wafers polished using the experimental conditions presented in table 5.1.

The RMS values obtained from both scan sizes (1x 1 um? and 30 x 30 um?) show a similar
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behavior. In both cases, the RMS decreases during CMP for removals up to 300 nm. In
order to evidence this effect, the plotted range is limited to 15nm and thus the initial
RMS value (39.2A) is out of this range. When removing more material, the RMS value

remains almost constant. It is also observed that the lowest roughness is reached when

using slurry 2.
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Fig. 5.7: PSDsp functions describing the topography evolution of a St surface during
a CMP process performed on post-splitting SOl wafers («very rough» surfaces) using
(a) slurry 1, (b) slurry 2 and (c) slurry 3.

The PSD,p functions describing the surfaces before and after the C'MP process were
calculated from the AFM images. Figure 5.7 shows the spectral evolution of the roughness for
post-splitting wafers polished using the three different slurries. It shows the superimposition
of the PSDsyp functions obtained from two AFM scan sizes.

The PSD,p functions describing the surfaces after removal of very thin layers (see red
curve in Fig. 5.7 (a) and (c)) are nearly parallel to the PSD function corresponding to
the surface before the CMP process (black curve). At the beginning of the polishing of
«very rough» surfaces, the reduction of the PSD amplitude is almost equal for all spatial
frequencies. This suggests that, at this stage, the material removal of Si can be seen as a
random process.

For slurries 1 and 2 a «bump» is observed for material removals smaller than 20 nm over
spatial frequencies lying between 3 and 8 um™=t. This «bump» corresponds to topographic
features of sizes between 100 and 300 nm. These surface features are typical of post-splitting
surfaces (see section 2.2 in chapter 2). This «bump» is not observed slurry 3. However,
for an identical amount of removed material, surfaces polished using slurry 3 show higher

roughnesses.

Finally, we can conclude that for damaged post-splitting surfaces and for large enough
amounts of removed material, the CMP process using slurries 1 and 2 leads to very smooth
surfaces. When using slurry 3 rougher surfaces are obtained. Additionally, we can point out
that for larger material removals, the PSDsp functions tend to follow a fractal behavior
with a slope S ~ 2.8 £ 0.1. This suggests that for large enough removals, the morphology

of the polished surfaces has the same scaling behavior.
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5.3.2.2 Starting material: Post-Splitting damage-free surfaces

In order to study whether implantation induced defects present near the surface of SOI
post-splitting wafers, have an influence on the CMP process, we have performed a study
similar to the previous one but on post-splitting SOI wafers from which the damaged region
was removed using a thermal oxidation followed by a chemical etching of the oxide layer
(«very rough-like» surfaces). We have demonstrated in chapter 4 that thermal oxidation
does not modify the spectrum of «very rough» surfaces. Thus, «very rough-like» surfaces

show very similar surface morphology than post-splitting SOI wafers.
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Fig. 5.8: Comparison of the PSDsp functions describing the topography of the «very
rough» surfaces and «very rough-like» surfaces before and after a CMP process using
slurry 1. 30 nm was removed by CMP.

In terms of RMS, no differences have been observed between these two materials.

Figure 5.8 shows the superimposition of the PSD functions describing «very rough» and
«very rough-like» surfaces before and after the CMP process (30 nm material removal).
Before CMP, the PSD function describing the «very rough» surface shows slightly larger
values than that describing the «very rough-like» surface. On the contrary, after the CMP
process, the «very rough» surface shows lower PSD amplitudes. These results suggest that
the smoothing by CMP is somehow faster when the Si crystal is still damaged by the
hydrogen implantation.

Since the PSDsp functions describing both materials after the CMP process have very
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similar slopes (S ~ 2.8 +0.1), we can infer that their scaling behavior is also very similar.
We can then suggest that their roughness evolution should be dominated by the same

phenomena.
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Fig. 5.9: Numerical simulation reproducing material removal as a horizontal take off of
the surface. (a) Profile evolution for increasing amount of material removal (note that
profiles are shifted following the height axis to ease the observation) and (b) PSDsp
corresponding to the presented profiles. The values of material removal correspond to
the height removed from the top of the profiles.

Assuming that the phenomena dominating roughness evolution of «very rough» and
«very rough-like» surface are identical, we have tried to numerically reproduce this material
removal. We suppose that, at first stage of the CMP process, the material removal can be
described by some horizontal «lift-off». First, we identify the highest value of the surface
which is set as the reference (zero removal). Then, for a target amount of removed material
(Rpr), we can set the maximum height value of the surface by subtracting Ry, from the
reference (see Fig. 5.9 (a)).

We have simulated the roughness evolution following this approach. Figure 5.9 (a) shows
the evolution of typical surface profiles for increasing amount of removed material. The
PSD functions associated to these surfaces are shown in figure 5.9 (b). The PSD amplitudes
decrease as the amount of removed material increase. The PSD functions obtained by this
simulation are almost parallel to the initial PSD function. Thus, the simulation of the
evolution of these PSD functions are in agreement with the experimental PSD functions
we have obtained for removals smaller than 20 nm on rough surfaces. Thus, in the case of
rough surfaces and for small amounts of removed material (short times), the CMP process

can be seen as some horizontal «lift-off» of the surface.

5.3.2.3 Starting material: Annealed post-splitting surfaces

Hereafter, we study the roughness evolution during CMP of wafers with «rough» and

damaged surfaces. Figure 5.10 shows 30 x 30 um? AFM images obtained before and after
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CMP for different amounts of removed material. Again, smaller AFM images (1x 1 um?)

have also been recorded.
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Fig. 5.10: Typical AFM Images (30x30 um? ; 512x512 pixels) of annealed post-splitting
SOl wafers («rough» surface) before (a) and after CMP process using slurry 1. Images
shown correspond to the minimal (2nm) (b) and the maximal (13 nm) material removal.

Figure 5.10 (a) shows the surface morphology before polishing. Figures 5.5 (b-¢) show
the surfaces after polishing using the slurry 1, after 2nm and 13 nm removals respectively.
As expected, we observe that the height variations are reduced during CMP process. Peaks
on the surface are firstly reduced while holes remains. Note that the height scale is identical
for the three shown images, contrary to AFM images shown in the case of «very rough-
like» surfaces (shown in Fig. 5.8). This evidences that the roughness reduction is much

slower in the case of the «rough» surfaces.
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Fig. 5.11: Evolution of the RMS value with the material removal amount during
CMP process. The values are calculated from AFM images recorded from annealed
post-splitting SOl wafers («rough» surface) after polishing.

Figure 5.11 shows the evolution of the RMS values. They all rapidly decrease on the
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beginning, whatever the slurry during CMP (for material removal smaller than 4 nm). Later
on, for slurry 1, the RMS value slowly decreases. For the slurry 2 and 3, the RMS value

decreases for removals smaller than 8 nm then increases for larger removals.

Figure 5.12 shows the PSD,p functions extracted from the 30x 30 um? AFM images of

surfaces polished using slurry 1 and 2.

For slurry 1 (see Fig. 5.12(a)) and for spatial frequencies lower than 1um™!, the
amplitude of the PSDyp function continuously decreases during CMP.

For spatial frequencies higher than 1 um ™!, the behavior of the PSD,p function depends
on the amount of removed material. Indeed, at the beginning, the PSDyp amplitude
increases and follows a power-law of the spatial frequency with an exponent approximately
equal to —2.2. Later on, for 6 nm and 8nm removals, a «bump» develops at spatial
frequencies around 7 ym™! (see inset in Fig. 5.12(a)). Finally, after 10 nm removal, the
PSDyp function recovers the power-law characteristics and the amplitude of the PSDyp
function is comparable to that observed before the CMP process.

Thus, for the CMP process using slurry 1 and for amounts of removed material between
6 nm and 8 nm, nano-scratches are created on the polished surface, corresponding to the
increasing «bump». For larger removals, nano-scratches are etched away and thus the

PSDyp function recovers its spectral foot-print (power-law with —2.3 exponent).

f _ Rough surface Slurry 1 o
10° E 10° ¢
B 00l Tl
K=p 10" g 106 E
2 2 |
=) 3 Al L Ref. (Before CMP)
2 N Ref. (Before CMP) 2 E Removal = 4 nm
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Fig. 5.12:  PSD,p functions describing the topography evolution of the surface during
CMP process performed on annealed post-splitting SOl wafers («rough» surface) using
(a) slurry 1 and (b) slurry 2.

For slurry 2, the evolution of the PSDyp function during CMP is different (see
Fig. 5.12(b)). Indeed, for spatial frequencies lower than 1 um™!, the amplitude decreases
much slower than for slurry 1. Moreover, for spatial frequencies higher than 1 um™!, the
amplitude continuously increases with the amount of removed material, in agreement with

the evolution of the RMS values. This evidences that the CMP process using slurry 2
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increases the roughness at high spatial frequencies (higher than 1 um™=1). Additionally, we
observe that the PSDyp function follows a power-law of the spatial frequency with an
exponent equal to —2.3 £0.1.

It is remarkable that the observed scaling behavior is very similar for both slurries
(exponent equal to —2.3+0.1). Hence, we suggest that the mechanisms driving the roughness
evolution at high spatial frequencies are similar for both slurries and impose the slope of
the PSD,p function at these frequencies.

Whatever the slurry, the contribution of spatial frequencies between 0.1 ym~! and
1um~! on the total roughness variations, is small. However, for spatial frequencies higher
than 1pm™"! the roughness evolution depends on the slurry. Indeed, for slurry 1 the
contribution of these spatial frequencies increases at the beginning of the polishing process.
Then, it decreases and reaches an amplitude comparable to that obtained by thermal
annealing (surface before CMP process). On the contrary, for slurry 2, the contribution of
high spatial frequencies continuously increases, evidencing that the polishing process makes
the surface rougher at high spatial frequencies. Finally, we conclude that, in the case of

«roughy» surfaces, the use of slurry 1 permits to reach better results.

Finally, figure 5.13 shows the PSD,p function before and after the CMP process for
post-splitting wafers without implantation induced defects («very rough-like» surface).
In order to evidence the spectral foot-print of the CMP process, we plot the PSDip
corresponding to the thickness variations of the top Si layer of the SOI wafer (frequencies
lower than 2x 1072 um™!) together with that corresponding to the roughness variations.
We observe that the CMP process degrades the thickness uniformity (for spatial frequencies
lower than 6x 1072 ym™") while it improves the roughness (for spatial frequencies higher
than 5x 1072 um™1).
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Fig. 5.13: P.SD;p functions describing the thickness variation and topography evolution
of the surface before and after CMP process performed on («very rough-like» surface)

using slurry 1.

Conclusions

In this chapter we have experimentally investigated the impact of the CMP process on

both the thickness uniformity and surface roughness of the top St layer of SOI wafers. We

have evidenced that the spectral approach used to investigate the impact of slurry on the

final surface roughness can be performed in order to improve the CMP process involved in

the manufacturing of SOI wafers. We have also shown that the first stage of the material

removal can be described as a horizontal «lift-off» of the surface. Besides, the material

removal rate is observed to be larger for surfaces including implantation induced defects.

Moreover, the spectral foot-print of the process has been obtained. Indeed, it has been

evidenced that the CMP process leads to an improvement of the roughness of the St surface

for high spatial frequencies (device/transistor scale), but a degradation of the thickness

uniformity for low spatial frequencies (wafer scale).
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General Conclusions

The control of the thickness uniformity of thin layers and its characterization over different
spatial scales, are nowadays very important challenges from a fundamental and industrial
point of view. That is why, the main objective of this thesis work was to develop a multi-
scale approach to characterize the thickness and the topographical variations of thin silicon

layers, and especially to explore their origins.

To address these issues, we have first developed original metrology methods based on
the use of the Power Spectral Density (PSD) function allowing to compare signals recorded
by means of different characterization techniques. This permits investigating thickness
and topographical variations of thin silicon layers over a very large spatial bandwidth
(from 10 nm up to 300 mm). Then, we have studied the relationship between the thickness
variations and the roughness of interfaces delimiting the top silicon layer of SOI wafers. It
has been shown that depending on the spatial frequency, thickness variations can be deduced
from the quantification of the topographical variations of the top surface. Moreover, we

have determined the specifics spatial bandwidths over which this approach can be applied.

Since the Smart Cut™ process is particularly related to the splitting, we have reviewed
physical phenomena involved in the thermal evolution of defects introduced by ion implan-
tation leading to the splitting. We have also experimentally investigated the impact of

implantation conditions on the roughness of the post-splitting surfaces.

Afterwards, we have established the spectral foot-prints of the principal technological
steps involved in the Smart Cut™ technology, influencing the thickness uniformity of the
final top silicon layer of SOI wafers.

Firstly, we have investigated the evolution of the roughness of silicon wafers during
thermal annealing. We have shown that smoothening of silicon surfaces by thermal activated
self-diffusion of adatoms can drastically attenuate the contribution of high spatial frequencies
to the total roughness. The atomic-scale mechanisms driving this smoothening have been
investigated in detail. Two additional mechanisms influencing the roughness evolution during
thermal annealing process have been evidenced, the thermal fluctuations of the surface and
the oxidation-evaporation phenomenon. Based on our results, a simulation code allowing
to reproduce the thermal evolution of silicon surfaces during annealing was developed.
This simulation tool permits to significantly reduce the development time and cost of the
improvement of the annealing process. We have demonstrated that rapid thermal annealing

is a very suitable process to reduce the variability of the physical characteristics within
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transistors processed on SOI wafer without affecting the matching of these characteristics

over the wafer scale.

Then, we have investigated the impact of the thermal oxidation of silicon on the thickness
uniformity and the surface roughness of the top silicon layer. It has been demonstrated that
the roughness evolution of the surface of the oxide layer only takes place during early stage
of the oxidation process, while the oxide thickness is lower than 10 nm. The scaling behavior
of the oxidation process is observed to be similar whatever the initial surface morphology.
Additionally, we have pointed out that spectral foot-print of the silicon oxidation on the
roughness evolution, is similar for both oxidation conditions (dry or wet), evidencing that
physical mechanisms involved in dry and wet oxidations must be identical.

Moreover, since the scaling behavior of the oxidation process, is observed to be consistent
with the Edwards-Wilkinson equation, further investigations should permit setting up a

predictive model of the surface evolution during thermal oxidation.

Finally, the impact of the chemical-mechanical polishing (CMP) on both thickness
uniformity and surface roughness of the top silicon layer of SOI wafer, have been exper-
imentally investigated. It has been evidenced that implantation induced defects slightly
increases the material removal during CMP process. Moreover, we have established the
spectral foot-print of the process, showing that the surface roughness is strongly improved
for spatial frequencies higher than 5x 1072 um~!. However, a degradation of the thickness
uniformity takes place at low spatial frequencies (between 7x107¢ um =" up to 1x1072 um=1).
This suggest the CMP process is effective to improve the transistor variability, but can
deteriorate the matching of transistor characteristics over the SOI wafer.

In a general way, a CMP process results from very complex combination of numerous
experimental parameters. Further investigations on the impact of these parameters should

be possible by using the analysis methods developed in this work.

Now, we have in hands the required metrological machinery to investigate thickness and
roughness variations of thin silicon layers over a very large spectral bandwidth [approximately
from 3x107% um ™" to 1x10? um™'] as needed by the semiconductor industry. The metrology
techniques and analysis methods developed during this thesis can be applied to the study
of any other process impacting the thickness uniformity or the surface roughness of thin

layers and this whatever the material and the targeted application.
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