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Abstract

In this deliverable, we report the results of our investigations about the impact of the wafer
temperature on the residual damage remaining after an ion implantation process, as well as
on the defects formed during a subsequent annealing step. We first showed that the substrate
self-induced heating during Carbon implantation has a strong impact on the thickness of the
induced amorphous layers. The role of a specific machine-related parameter (i.e. the backside
pressure cooling) on the control of this phenomenon was understood and successfully
modeled by a combination of a “homemade” model with the KMC simulation code Sentaurus
Process.

Then we discuss the case where the wafer substrate is deliberately kept at a high temperature
during the implant. For a “heated implant” of Arsenic in Silicon, we show that when the implant
temperature is increased from RT to 150°C, an enhanced point defect annihilation occurs
during the implant, which prevents the formation of a continuous amorphous layer, while still
leaving a considerable level of damage. A further increase of the implant temperature up to
500°C results in an almost perfect structure, with no evidence of amorphous or highly damaged
regions. TEM and photoluminescence techniques were performed after thermal anneal of the
implanted samples. It is found that the optical emission peaks detected by photoluminescence
spectroscopy do not originate from the extended defects observed by TEM, but rather from
small interstitial clusters formed during the annealing, whose size is below the TEM detection
limit. In contrast, in the case of the high-energy Phosphorus implants, a direct correspondence
between the photoluminescence emission peaks and the observed elongated dislocations was
established.

Finally, we describe the full set of new experiments planned for tasks T2.1 and T2.2, which will
be performed, in collaboration with the privileged partner AMAT, on the dedicated SiGe wafers
fabricated by LETI.
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1 Introduction

The results presented in this deliverable are related to the experimental activity carried out in
tasks 2.1 and 2.2 of the MUNDFAB project, whose main objective is to develop models for the
description of low thermal source/drain fabrication processes. In the case of lon Implantation-
based processes, two approaches are investigated: (i) non-amorphizing implants where the
as-implanted damage is reduced by performing the implants at temperatures above room
temperature (RT) (and below 500°C), i.e. “heated implants” (Task 2.1) and (ii) amorphizing RT
implants followed by low temperature Solid Phase Epitaxial Regrowth (SPER, Task 2.2).

Due to the delay in the fabrication of dedicated wafers for the implementation of the initially
planned experiments (cf. Deliverable D3.2), the results presented in the first three sections of
this document are based on implanted Silicon wafers that were available at STMicroelectronics
at the beginning of the project. They cover the investigation of self-induced heating during
Carbon implantation (section 1) and the damage evolution during heated implants of Arsenic
(section 2) and Phosphorus (section 3).

Finally, since the dedicated SiGe wafers have been fabricated by LETI, the planned
experiments for tasks T2.1 and T2.2 have been designed. They will be presented in the final
section of this report (section 4).

2 Self-induced heating by C* implantation

2.1 Implant temperature and damage evolution

lon implantation is typically used to introduce dopants into silicon devices. One of its drawbacks
is due to the collisions between the implanted ions and the silicon lattice atoms that can lead
to the creation of clusters composed of Si self-interstitials and vacancies, and known as
amorphous pockets. Under specific implant conditions, the accumulation of amorphous
pockets can lead to the creation of a continuous amorphous layer in the material. The ion
implant step is typically followed by a thermal annealing process with the aim to move the
implanted ions in substitutional positions. When a continuous amorphous layer is formed, the
annealing process results in a perfect recrystallization of the amorphous layer. This
phenomenon is named Solid Phase Epitaxial Regrowth (SPER) [1]. It leaves Si self-interstitials
in excess below the initial amorphous/crystalline interface. These residual interstitials can
evolve into extended defects such as {311} rod-like defects or dislocation loops during the
annealing process depending on their concentration and their distance to the surface [2].
Dislocation loops and {311}s can have an impact on the reliability of the subsequently
fabricated devices. Indeed, these extended defects can induce dark currents in CMOS imager
devices [3]. The evolution of the extended defects population during further annealing (i.e.
density and mean size) can also lead to a spreading of the dopant profile by means of the
transient enhanced diffusion (TED) [4]. Both amorphizing and non-amorphizing implants need
an accurate simulation of the amorphous pockets kinetics to correctly describe the defects
present in the final device.

The growth kinetics of amorphous pockets depends on several parameters such as the dose
rate of the implant, the ion energy, the ion mass, and the wafer temperature [5]. Among these
different parameters, the wafer temperature is particularly difficult to control, as it can

D21 Public Page 4 of 27



ICT Project 871813 MUNDFAB 29/09/2021

dynamically increase during the implant due to the collisions between the ions and the silicon
lattice.

Industrial implanters generally include a cooling system to prevent the wafer to reach
temperatures high enough to damage the resist [6], while the total dose is achieved by several
implant steps to avoid a constant flux of ions on the wafer and hence reduce the heating
process. Moreover, the ion beam (with the shape of a ribbon) is scanned over the entire wafer
surface so that only a limited region is exposed to the beam at a given time during the process.
This method allows each implanted area of the wafer to cool down between two subsequent
implant steps and produces a less significant heating compared to that produced by an
equivalent continuous implant. However, even if the temperature is maintained below a harmful
level thanks to these technological solutions, a self-induced heating still occurs during the
implant, which can affect the amorphous pockets growth kinetics.

Based on these observations, reliable predictive models must be developed in order to:

- determine the relation between self-induced heating and amorphous pockets kinetics
- predict the wafer temperature evolution as a function of the implant machine parameters.

The simulation software used to achieve these objectives and presented in this section is a
Kinetic Monte Carlo software (KMC) developed by Synopsys (Sentaurus Process [7]) coupled
to a homemade code for temperature evolution. This choice combines the simulation efficiency
of a robust commercial simulator for defect generation to the flexibility of a homemade code
for the integration of the machine parameters in the calculation.

2.2 Implant tool

The implant tool used for this study is an industrial Viista HCS implanter by Applied Materials,
specifically designed for low energy implants. The end-station of the Viista HCS is represented
in Fig. 1. lons are implanted by means of a fixed ribbon beam placed in front of the wafer,
which moves back and forth in front of it. The full implant dose is achieved by N, ;s (back or
forth) of the wafer. lons are accelerated and hit the wafer with an energy E;,,s. The flux of ions
hitting the wafer is given by the intensity I,.,.n. The cooling system consists of a N2 gas in
contact with the wafer. The gas itself is cooled down by an internal water system. Velocity of
the wafer, width of the ribbon beam and number of steps N, s are not the same from one
process to another. These parameters are optimized by the implanter for each implant
depending on the requested ion energy and dose.

V4
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Fig. 1: Schematics of the implanter end-station used in this work (left) and of its cooling system (right).
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2.3 Model for implantation self-heating

The temperature evolution of one unit area at the center of the wafer is calculated in our model.
This area is alternatively heated and cooled down, depending on whether it is exposed to the
beam or not. The first step for the estimation of the temperature profile of such unit area is then
to calculate the time during which the beam is above the area and the time interval between
two consecutive beam exposures. The velocity of the moving wafer is measured by the
implanter sensors. The wafer diameter, W,,s.., being known, it is therefore possible to

calculate the beam exposure time, te.,0s¢q4, @nd the time between two consecutive exposures,
tcooling:

L W-L
— Yy — y
texposed - (1) and tcooling v

Vwafer wafer

2)

The temperature profile is then calculated using the one-dimensional heat equation:

dT
deCp P —QPcooling (T - Tf) + Ppeam(t) 3)

This equation assumes that the wafer is thin enough (d, being the wafer thickness) to be
uniformly heated along its depth while being exposed to the beam. It also assumes that the
heat dissipation along the x and y axes can be neglected compared to the heat exchanges
with the surface in contact with the cooling system. The power of the beam per unit area

Ppeam (t) is equal to E""”S;% for a heating phase and is null for a cooling phase. The remaining

parameters are defined as follows: p and ¢, are the silicon mass density and thermal
capacitance, Ty is the water temperature (cf. Fig. 1), pooiing is the cooling gas pressure and a
(m s K") is a constant.

The temperature evolution calculated according to eq. (3) by our homemade code is expected
to exhibit a saw-tooth like increase. An example is shown in Fig. 2 (details will be discussed in
next section). In a second step, our code generates a KMC input file containing the information
about the temperature time evolution, which is transferred to the Sentaurus Process KMC
software for the simulation of the ion implant step. The implantation process is divided in

Npasses @nd each implantation step is simulated at a temperature determined at the end of the
previous one.
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Fig. 2: Simulation of temperature evolution during a 60 keV carbon implant with a dose of 1.5 10*>cm™2 for three
different cooling pressures (4, 9 and 15 Torr).
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Atomic diffusion steps are included between successive implant steps in the KMC input file to
simulate the defect evolution in the wafer when the area is not irradiated by the ribbon ion
beam. Finally, dose rate is also implemented in the KMC input file, which is defined as the ion
dose received per unit time by a given area during the time interval at which the area is exposed
to the ribbon beam.

2.4 Experimental method

The validation of our self-heating model has been achieved by comparison with experimental
results. The parameter used for the comparison is the thickness of the continuous amorphous
layer created by a carbon implant. Indeed, amorphous pockets are too small to be reliably
observed and measured whereas a continuous amorphous layer can be simply measured by
TEM due to the different contrast of the amorphous and crystalline phases in TEM images.
Moreover, the amorphization kinetics is not the same for heavy and light ion implants. For a
light ion implant, an amorphous layer is created by the accumulation and growth of small
amorphous pockets whereas a single heavy ion can directly create a stable amorphous area
around its collision cascade. Amorphization by light ions is therefore more sensitive to a
modification of the implant temperature and this justifies the choice of carbon for our model
validation.

In order to isolate the impact of the wafer temperature on the amorphization from other
experimental parameters, fixed implant energy and dose were used for the experiment, while
the backside cooling pressure was varied. Indeed, the implanter fixes the ribbon beam
dimension, the number of implantation step and the velocity of the wafer depending on the
chosen dose and the energy of the implant. The temperature modification of the wafer
therefore occurs at fixed heating and cooling time intervals, the differences in the temperature
levels only being due to the different cooling pressures used.

For this experiment, the ion energy was fixed at 60 keV, while the ion dose was set at 1.5x10"°
cm2, which is close to the threshold value for amorphization in the case of a room temperature
implant. Indeed, close to this threshold, light mass ions exhibit a super-linear behavior in the
damage accumulation as a function of temperature. Implantation of a light ion such as carbon
in this super-linear regime therefore makes the system very sensitive to changes in
temperature, which are expected to result in easily observable changes in damage formation.

Fig. 2 reports the simulated temperature profiles for a Carbon implant performed at 60 keV
and to a dose of 1.5x10'® cm2, using a cooling pressure of 4, 9 and 15 Torr, respectively. The
results clearly indicate that the lowest cooling pressure leads to the higher wafer temperatures.

2.5 Experimental and simulation results

Figure 3 (right, A, B and C) reports the TEM cross section images taken from silicon samples
implanted with 60 keV C* to a dose of 1.5x10'® cm for three different cooling pressures (15,
9 and 4 Torr, respectively). The TEM images clearly show that an amorphous layer is formed
in the three samples, as indicated by the uniform light contrast regions visible in all images
below the surface (indicated by a red arrow in image B). However, its thickness varies
depending on the backside cooling pressure used for the implant. In particular it decreases
when the cooling pressure decreases, i.e. when the wafer temperature increases (cf. Fig. 2).
This result already provides a qualitative explanation about the impact of the self-induced
heating on damage generation. Indeed, the increased temperature favors the point defect
recombination and hence slows down the amorphization process.
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To enable the quantitative comparison between the experimental observations and the model
predictions, the experimental values of the amorphous layer thickness have been determined
by plotting the depth profile of the image contrast from each TEM micrograph. The contrast level
at a given depth is obtained by laterally integrating the signal over the entire image. At a given
depth on the sample the silicon is considered as amorphous where the brightness is above 85%
of the brightest point in the TEM image.

The extracted values are reported in Table | and compared with those obtained with the KMC
simulation code, which enables to plot average 1-D depth profiles of the point defects generated
during the implant. The threshold value for amorphization is set at a point defect concentration
of 1.5 1022 cm™3. This enables amorphization 1-D profiles along the depth of the wafer, which
are presented in Fig. 3 (left) for the three different values of the gas cooling pressure. The
simulated curves indicate the same trend as for the experimental results, i.e. the amorphous
thickness increases proportionally to the backside cooling pressure. The amorphous layer
thickness reaches 120 nm with a backside cooling pressure of 15 Torr, whereas an amorphous
layer of 80 nm is obtained for a backside cooling pressure of 4 Torr. The simulated values are
in very good agreement with the measured ones, as shown in Table I, therefore demonstrating
the reliability of the physical model developed for their calculation.
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Fig. 3: (Left) Simulation of amorphous concentration as function of the depth for a 60 keV carbon implantation with
a dose of 1.5 10'5 cm™2 and for cooling pressures of 15, 9 and 4 Torr. (Right) A, B and C are the TEM images of
60 keV carbon implanted wafers with a dose of 1.510' cm=2 and a cooling pressure of 15, 9 and 4 Torr
respectively.

Amorphous layer thickness (nm)

Wafer KMC | Experimental
Carbon 60 keV 1.5 10'5cm™=2 4 Torr 80 80
Carbon 60 keV 1.5 10*5cm™2 9 Torr 103 100
Carbon 60 keV 1.5 105¢m=2 15 Torr 120 110

Table I: Comparison between simulation and experimental data for amorphous layer thickness.
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The effect of the cooling pressure on amorphization was also simulated for a reduced Carbon
implant energy (30 keV) compared to the previous case, while the implant dose was increased
up to 2x10' cm2. The difference in temperature for the two implantation conditions can be
observed in Fig. 4 (left). The effect of the pressure is the same as for the 60 keV implantation:
a smaller cooling pressure induces higher temperature during implantation. Amorphization
profiles for these two conditions are simulated in Fig. 5 (center). They follow the same trend
as in the 60 keV implant case, i.e. the higher the cooling pressure, the thicker the amorphous
layer. However, the difference between the amorphous thicknesses calculated with the two
gas pressures is much smaller compared to the previous case. Still, the TEM images allow to
confirm the reliability of the calculations by showing more crystalline areas near the surface
(and hence a thinner amorphous layer) for the high-pressure case (Fig. 4, right, image B).
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Fig. 4: (Left) Simulation of temperature evolution during a 30 keV carbon implant with a dose of 2 10*>cm™2 for
three different cooling pressures (4, 9 and 15 Torr). (Center) Simulation of amorphous concentration as function of
the depth for a 30 keV carbon implantation with a dose of 2 10> cm™2 and for cooling pressures of 9 and 4 Torr.
(Right) A and B are the TEM images of 30 keV carbon implanted wafers with a dose of 2 10 cm~2 and a cooling
pressure of 9 and 4 Torr respectively.

Finally, we tested the simulation model in the high dose regime (4x10'® cm) i.e. well beyond
the amorphization threshold, where the wafer temperature is expected to have an even weaker
impact on the amrophisation kinetics. The simulation results are shown in Fig. 5. for an implant
energy of 30 keV and cooling pressures of 4, 9 and 15 Torr. A difference in wafer temperature
is still observed (cf. Fig. 5 left), which is even larger than in the previous lower dose implants,
however, the KMC simulations do not predict any significant difference in the amorphous
thickness, in perfect agreement with the TEM images (Fig. 5 right).

In summary, this work shows that the amorphous thickness can be finely tuned from dozens
of nm to less than 5 nm by changing a specific machine-related parameter (i.e. the backside
pressure cooling) on a standard industrial implanter. Moreover, the combination of a
“homemade” model (for the prediction of the wafer temperature as a function of this specific
machine-related parameter) with the KMC simulation code Sentaurus Process (for the
evolution of implant-induced damage and amorphous pockets kinetics) results in a perfect
prediction of the observed amorphization kinetics in a wide range of implant conditions,
including those corresponding to the super-linear regime (close to the amorphization threshold)
as well as the high-dose implants (full amorphization).
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Fig. 5: (Left) Simulation of temperature evolution during a 30 keV carbon implant with a dose of 2 10*>cm™2 for two
different cooling pressures (4, 9 Torr).(Center) Simulation of amorphous concentration as function of the depth for a
30 keV carbon implantation with a dose of 4 10> cm™2 and for cooling pressures of 4, 9 and 15 Torr. (Right) A, B
and C are the TEM images of 30 keV carbon implanted wafers with a dose of 4 10'> cm~2 and a cooling pressure of
15, 9 and 4 Torr respectively.

3 Arsenic heated implants

3.1 Industrial context

The optimization of npn SiGe Heterojunction Bipolar Transistors requires the continuous
improvement of the transition frequency and the maximum oscillation frequency [8]. A possible
solution to fulfill both requirements consists in decreasing the base-collector resistivity and the
base-collector capacitance. A compromise can be achieved by doping the collector through a
high dose implantation at medium energy [9]. However, in the case of Arsenic doping, such
conditions may introduce a high level of damage in the wafer. Upon subsequent annealing,
typically performed at medium temperatures (700°C-800°C) for long times, the implantation-
induced damage is expected to evolve into extended defects, which can be responsible for
dopant profile modification through Transient Enhanced Diffusion (TED) [10]. Moreover,
extended defects located in the space charge region can also be a source of deterioration of
electrical performances. In order to minimize the defects formation process, while keeping the
required high dose/medium energy implant conditions, ion implantation performed at high
temperature is investigated as a possible solution. Indeed, as seen in the previous section, the
self-induced temperature increase during the implant promotes recombination of interstitial and
vacancies in amorphous pockets and hence reduces the overall implantation-induced damage.
An alternative, more effective, method consists in intentionally increasing the wafer
temperature by placing it on a heating chuck during the implant.

3.2 Experimental details

Such “heated” implants (HT implants in the following) have been investigated within the
MUNDFAB project with the aim of establishing a correlation between the implant temperature
and the residual defects population in terms of their crystallographic structure (as determined
by TEM analysis) and their optical properties (investigated by means of Photoluminescence
imaging and spectroscopy). To this purpose, three silicon wafers have been implanted with As
ions as described in Table Il. A double implant step has been used, in agreement with
technologically relevant recipes being tested at STM. All wafers have been implanted with the
same ion energies and doses, the only difference being the implant temperature: room
temperature (RT), 150°C and 500°C.
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Sample name Implaz?é’;emp. lon energy (keV) Arsenic Dose (cm?)
As 12 20 (RT
(RT) 180 1x10
As 15 150 + +
100 8x10"3
As 18 500

Table II: Arsenic implantation doses, energies and temperatures used during implantation.

Similarly to the implant conditions, the annealing recipe has been defined according to the
process developments carried out at STM. The multiple-step annealing process is described
in Table Il and was applied to all the implanted samples.

Annealing stpes Temperature (°C) Time
1 625 2h
2 750 1h
3 700 3h30
4 625 52 mn
5 800 30 mn
6 750 1h

Table Ill: Annealing process performed after As implantation.

The results obtained in this work have been used as an experimental reference for the
development and calibration of “heated” implants KMC simulation models, that will be reported
in deliverable D2.3.

3.3 Results

3.3.1 TEM analysis

Figure 6 presents the cross-section TEM images taken from samples implanted at different
implant temperatures and prior to the annealing step. It is evident that the residual damage
remaining after the implant strongly depends on the implant temperature. At room temperature
(Figure 6 left), a continuous buried amorphous layer is formed, as indicated by the uniform
light contrast region located below the surface and indicated by the green vertical lines in the
figure. Its thickness is of ~140 nm. When the implant temperature is increased up to 150°C
(Figure 6, center), no continuous amorphous layer is formed, however a highly damaged
buried layer is observed within an otherwise crystalline material, which extends from a depth
of ~40 nm down to ~150 nm. This clearly indicates that, thanks to the higher implant
temperature, an enhanced point defect annihilation occurs during the implant (compared to the
RT case), which prevents the formation of a continuous amorphous layer, while still leaving a
considerable level of damage. Finally, the crystalline quality of the sample implanted at 500°C
(Figure 6, right) is almost perfect, with no evidence of amorphous or highly damaged regions.
If any defects clusters or amorphous pockets are still formed in this case, their size is therefore
below the detection limit of the TEM analysis.
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Figure 6: Cross section TEM micrographs taken from samples implanted with As (cf. Table Il for implant details)
at different implant temperatures: room temperature (left), 150°C (center) and 500°C (right)

The differences in the nature and spatial extension of the residual damage observed in the as-
implanted samples is expected to have a strong impact on the extended defects formed during
the annealing step. After annealing (carried out according to the recipe described in Table lll),
the three samples were observed again in both cross-section (Figure 7) and plan-view (Figure
8) configuration.

In the cross section image of the sample implanted at room temperature (cf. Figure 7 left), a
double layer of extended defects (loop-like contrast) is clearly observed. Such double layer is
consistent with the formation of a buried amorphous layer after the implant containing two a/c
interfaces [11]: the lower defect layer corresponds to the end-of-range defects formed below
the deeper a/c interface, while the upper one is probably related to the defects formed when
the two advancing a/c interfaces meet during regrowth (type IV defects in [11]). The end-of-
range defects formed below the deeper a/c inteface are due to the excess Si interstitial atoms
remaining on the crystalline side of the interface [12] and are clearly identified thanks to plan-
view TEM analysis (Figure 8 left). In this particular sample, they mainly consist of faulted
dislocation loops lying on {111} planes.

The cross-section and plan-view TEM images relative to the sample implanted at 150°C are
shown in Figures 7 (center) and Figure 8 (center), respectively. In this case, a single layer of
dislocation loops is observed after the anneal, extending from a depth of ~70 nm down to ~150
nm. Indeed, in the case of a subamorphizing implant, a single layer of defects is expected to
form in the vicinity of the ion mean projected range, i.e. at a depth where the highest level of
damage is produced (Type | defects [11]). This is confirmed by SIMS depth profile of the as-
implanted sample (not shown), showing that the As concentration peak is located at a depth
of 75 nm.
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Figure 7: Cross section TEM micrographs taken from samples implanted with As (cf. Table Il for implant details)
and annealed according to Table Ill. The As implants were carried out at different temperatures: room
temperature (left), 150°C (center) and 500°C (right)

Figure 8: Plan view TEM micrographs taken from samples implanted with As (cf. Table Il for implant details) and
annealed according to Table Ill. The As implants were carried out at different temperatures: room temperature
(left), 150°C (center) and 500°C (right)

Finally, Figure 7 (right) and Figure 8 (right) report the TEM images relative to the sample
implanted at 500°C. Despite the apparent absence of residual damage after the implant (cf.
Figure 6 (right)), extended defects are observed after the anneal. Their density is low compared
to the samples implanted at RT or 150°C (only two defects visible in the cross section image
of Figure 6 right), which makes it difficult to determine a reliable “average” location of the defect
layer. However, considering that no amorphization occurred in this sample (i.e. similarly to the
sample implanted at 150°C), the observed defects are to be associated to the peak of the
implant induced damage, located near the ion mean projected range. Moreover, the much
lower level of residual damage of the sample implanted at 500°C seems to have a strong
impact on the crystallographic nature of the extended defects formed during the anneal.
Indeed, in this case, the defects consist of extremely long (several hundreds of nm) {311} rod-
like defects, while no circular dislocation loops were observed (cf. Figure 8 (right)).

This result is consistent with the lower residual damage observed in this sample with respect
to the one implanted at 150°C. Indeed, the defects formed during annealing are known to
evolve from small clusters to {311} rod-like defects up to dislocation loops following an Ostwald
ripening mechanism [12]. The defect evolution is controlled by few key parameters, including
the thermal budget (temperature and duration of the anneal), the vicinity of a highly
recombining surface (or interface) and the total amount of Si interstitial atoms, Siixs, generated
by the implant and available at the beginning of the anneal. In our case, the first two parameters
are the same for whole sample series, the only difference coming from the reduced Sii.s
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population for the sample implanted at 500°C. We can therefore reasonably suppose that,
because of such reduced Sii:s population, the density of the {311} defects formed in the
sample implanted at 500°C is too low to sustain a high exchange rate of Siixs during the anneal,
therefore preventing the eventual transformation of the {311} defects into more stable
dislocation loops. In order to validate (or contradict) this scenario, the planned action for this
activity will therefore be twofold. On the one hand, a detailed TEM-based quantitative analysis
of the extended defects formed during annealing will be performed (defect average size,
density, and number of Sijxs stored in the defects). On the other hand, KMC and continuum
models will be implemented to simulate both the damage generation during RT/HT implants
and the formation and evolution of extended defects during the anneal.

3.3.2 Photoluminescence Imaging

The three samples implanted at different temperatures were also analyzed by
photoluminescence imaging, a non-destructive optical characterization technique available at
STMicroelectronics [13], specifically developed to be compatible with industrial manufacturing
environment. In particular, PL imaging allows detecting defect-related PL emission peaks at
room temperature, which is extremely difficult with conventional PL spectroscopy, due to
thermal broadening. In contrast, all the wavelengths contained in the selected range are
integrated to enhance the signal to noise ratio, so that the specific information on the energy
levels associated to the emitting defects is lost. In addition, the spatial resolution is limited by
the minimum size of the detecting pixels (0.275 um x 0.275 um). Still, for sufficiently large
defects, this technique enables an estimation of the density of emitting defects and of their
size. Moreover, depending on the intensity of the emitted signal, it is possible to qualitatively
separate defects of different nature. This technique has already been shown to successfully
detect PL signals from dislocation loops formed by high-energy phosphorus implantation and
anneal [13].

Typical PL maps from the three As-implanted wafers are shown in Figure 9. Defects appear
as clear spots (with different levels of grey contrast) on a dark background. The analysis of
these maps suggests that the apparent density of emitting defects is highest in the sample
implanted at room temperature and decreases when increasing the implant temperature, which
is in qualitative agreement with the reduction of residual damage in samples implanted at high
temperature. Moreover, the intensity of the emitted signal is clearly highest in the sample
implanted at 500°C (Figure 9, right), whereas the defects contained in the samples implanted
at RT and 150°C exhibit a very similar signal intensity. Again, this result is in qualitative
agreement with the TEM observations, which showed that both samples implanted at RT or
150°C exhibited circular dislocation loops, while {311} rod-like defects only were observed in
the sample implanted at 500°C.

Figure 9: PL imaging maps (120x175 um area) taken from samples implanted with As (cf. Table Il for implant
details) and annealed according to Table Ill. The As implants were carried out at different temperatures: room
temperature (left), 150°C (center) and 500°C (right).
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3.3.3 Photoluminescence spectroscopy

A more detailed optical investigation of the defects formed in the As implanted samples was
finally achieved by photoluminescence spectroscopy, which allows assigning a specific
“signature” to each type of defect (energy level, peak width). Photoluminescence spectroscopy
is a complementary technique to TEM, especially in the case of extremely small defect clusters
composed of few atoms, which cannot be directly observed by TEM.

The photoluminescence experiments were performed with an Oxxius laser diode with a
wavelength of 488 nm. This wavelength enables to probe a ~500 nm-thick layer below the
surface. The excited area on the wafer has a diameter of 1.2 um. The power used is 20 mW.
Photoluminescence spectra are normalized with respect to the acquisition time. Spectra were
acquired at temperatures ranging from 300 K down to 8 K.

Figure 10 shows the PL spectra recorded at 8 K for the samples implanted at three different
temperatures. It can be clearly seen that the samples implanted at RT (black curve in Figure
10) and 150°C (red) exhibit a similar behavior. Indeed, they both exhibit a broad peak in the
1300 nm wavelength region (labelled A1 and A3 for the samples implanted at RT and 150°C,
respectively), followed by a “shoulder” extending up to ~1400 nm (labelled A2 and A4 for the
samples implanted at RT and 150°C, respectively). In contrast, none of these peaks are
observed in the sample implanted at 500°C (blue curve in Figure 10), which instead exhibits
two peaks in the 1150-1200 nm region. Similarly to the Photoluminescence imaging results
showed in previous section, the PL spectroscopy results are again consistent with the TEM
observations, which showed that both samples implanted at RT or 150°C exhibited circular
dislocation loops, while {311} rod-like defects only were observed in the sample implanted at
500°C.
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Figure 10: PL spectra taken at a temperature of 8K from samples implanted with As (cf. Table Il for implant
details) and annealed according to Table Ill. The As implants were carried out at different temperatures: room
temperature, 150°C and 500°C.
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We first discuss the PL spectra recorded from samples implanted at RT and 150°C.
Deconvolution analysis was applied in order to determine the main optical emission peaks,
which are shown in the insets of Figure 10. In both cases the deconvolution of the 8K PL
spectra indicates two broad peaks in the same range of wavelength range which are
summarized in Table IV.

RT implant 150°C implant
Peak label N A2 A3 A4
wavelength 1287 1358 1303 1357
(nm)
FWHM (nm) 40 115 41 95
FWHM (meV) 30 84 30 70

Table IV: Peak wavelength positions determined by deconvolution from the samples implanted at RT and 150°C.

The PL spectra acquired at different temperatures from the three implanted samples are
reported in Figure 11 (RT and 150°C implants on the left plot, 500°C on the right plot). In all
cases, the intensity of the emission peaks is found to decrease when increasing the acquisition
temperature, which is expected due to thermal broadening. More importantly, the intensity of
the PL spectra of the samples implanted at RT and 150°C (Figure 11 left) decreases in a very
similar way, suggesting that the four peaks identified in these samples (A1-A4) have the same
origin, i.e. they originate from the same defect type.
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Figure 11: PL spectra acquired at different temperatures from samples implanted with As (cf. Table Il for implant
details) and annealed according to Table Ill. The As implants were carried out at different temperatures: room
temperature (left), 150°C (left) and 500°C (right).

TEM analysis from the samples implanted at RT and 150°C showed that both samples
exhibited circular dislocation loops (cf. Figure 8a and 8b), however none of the observed PL
peaks in these samples (A1-A4) correspond to the emission lines typically associated to
dislocations in the literature [14]. These are known as D-lines and are generally observed by
pairs called D1/D2 and D3/D4 in [14]. In our case, although peaks A1 and A3 are close in
wavelength to the D3 line, no peaks are observed near the “coupled” D4 wavelength. In
addition, the observed peaks are much broader than the typical D-lines peaks. In fact, D-lines
were first observed in samples containing dislocations generated by plastic deformation ([14]
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and references therein), which is a different process compared to ion implantation and
annealing. Moreover, the presence of contaminants and/or precipitates located in the vicinity
of the dislocations has been shown to play an important role in enhancing or reducing their
intensity [14][15].

In the case of dislocations induced by ion implantation and annealing, D-lines were observed
in the extreme case of a high dose As implant at 1x10'® cm2[16] (i.e. ~50 times higher than
the dose investigated in this work) and annealing at temperatures not lower than 900°C (i.e.
100°C higher than the temperature investigated here). In such conditions, both the high density
and size of the formed dislocations might explain the appearance of the D-lines in the PL
spectra. In contrast, for lower implant doses, many examples exist in which no D-lines were
observed by PL in the presence of dislocation loops [17][18], in agreement with our results.

Several other works have investigated the photoluminescence spectra in silicon samples
containing implant-induced defects, especially in the case of Si* ion implants [19][20][21]. In
this case, the formation and evolution of the defects, from small clusters to {311} rod-like
defects up to dislocation loops is well known [12], and a better correlation with the PL peak
evolution is therefore possible. An example is given in Figure 12, taken from ref. [20], which
shows the PL spectra obtained from silicon implanted with Si* ions (300 keV, 3x10' cm2) and
annealed for 30 minutes at different temperatures. At 300°C, the PL spectrum shows sharp X
and W peaks at 1193 nm and at 1219 nm (with W phonon replica at 1244 nm), which are
associated to small “compact” interstitial clusters (i.e. Iz, 14, ) [19]. At 600°C, the broad S1 and
S2 peaks are observed at 1325 nm and 1398 nm. They are likely to be associated with <110>-
oriented chains of I-clusters clusters corresponding to the precursors of the {311} rod-like
defects. The latter are finally associated to the R-line peak observed at 1372 nm after a 700°C
anneal.
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Figure 12: PL spectra obtained in Silicon samples implanted with Si ions and annealed at different temperatures
(taken from ref. [20]).

It has to be noted that the S1/S2 peaks are systematically broader than all other observed
peaks. The line shape broadening is attributed to the consequence of quantum confinement
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of carriers in the strain region surrounding the defect [22] (i.e. it is not a signature of the defect
itself). For this reason, an “extended” defect configuration (i.e. the “Interstitial chains” structure
proposed in ref. [19]) is assumed to explain the observed peak broadening. Interestingly, the
“interstitial chain” configuration was also proposed to explain the presence of similar broad PL
peaks (located in the same wavelength interval as the S1/S2 peaks) in Si samples implanted
with Si ions at doses similar to those investigated here, but annealed at a much higher
temperature (1200°C) [17]. In that case, no extended defects were observed in TEM,
presumably due to their full dissolution upon high temperature annealing, so that the proposed
“interstitial chain” clusters responsible for the broad PL peaks, should be associated to some
“residual” defects whose size is below the TEM detection limit.

In this work (cf. Figure 10 and Table V), the broad peaks observed in the samples implanted
with As at RT and 150°C appear in pairs (A1/A2, and A3/A4, respectively). Although they are
not located at exactly the same wavelength as the S1/S2 peaks discussed above, they exhibit
a very similar width as well as the same wavelength separation. Moreover, the peak evolution
as a function of the acquisition temperature (cf. Figure 11 left) is also consistent with that of
the S1/S2 peaks. It is therefore suggested that, similarly to S1/S2, the A1-A4 peaks observed
in this work also originate from small interstitial defects (i.e. smaller than the TEM detection
limit), which are organized in an “extended” fashion (in agreement with the observed peak
broadening). Indeed, due to Ostwald ripening [23][24], large defects containing thousands of
atoms, such as {311} rod-like defects and dislocation loops can coexist with small interstitial
clusters (not visible by TEM) that have not undergone a complete transformation into larger
extended structures. In the next reporting period, KMC and continuum simulations will
therefore be implemented to calculate the size distribution of all the defects formed during
annealing and estimate the residual population of defect clusters whose size is compatible with
the observed PL spectra.

We now discuss the PL spectra recorded from the sample implanted at 500°C, in which only
long {311} defects were observed by TEM after annealing. As shown in Figure 10 and Figure
11 (right), the PL spectra exhibit several peaks centered at lower wavelengths compared to
the samples implanted at RT and 150°C, and ranging from ~1160 nm and ~1340 nm. These
are best seen in the spectrum recorded at a temperature of 30 K (cf. Figure 11 right). Especially
for the higher wavelength region of the PL spectrum, the probable overlap of several peaks
makes the deconvolution procedure difficult. However, it can be seen that, unlike the A1-A4
peaks observed in samples implanted at RT and 150°C, the temperature behavior of the
various peaks is not the same. For instance, the peak centered at ~1160 nm, which is the most
intense at 30 K decreases more rapidly when the acquisition temperature increases, compared
to the peaks centered at higher wavelengths (i.e. the one at ~1220 nm as well as the broader
one close to ~1340 nm). This indicates that different defect structures might be at the origin of
the observed PL peaks.

As discussed above (cf. Figure 12), {311} defects such as those observed in this sample by
TEM are associated to the sharp R-line centered at 1372 nm. In all the experiments supporting
this conclusion, the {311} defects were obtained by implanting Si* ions into silicon [19][20][21].
In contrast, the {311} defects observed in our study were induced by a dopant impurity implant
(phosphorus), while no R-line was observed in the PL spectra. The absence of such “expected”
peak might be possibly explained considering that the optical emission is known to be strongly
affected (including its suppression) by the presence of contaminants and/or precipitates
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located in the vicinity of the defects [14][25] or by the defect decoration by dopant impurities
[19].

As for the PL peaks observed in the wavelength range 1160-1340 nm, the identification of their
origin is more difficult compared to the A1-A4 peaks observed in the samples implanted at RT
and 150°C, mainly because of the difficulty in applying deconvolution to extract a reliable set
of individual peaks. However, the wavelength range at which the PL peaks are observed is
consistent with the “I-band” peaks observed by Giri and coworkers [19] after anneal at 600°C
in silicon implanted with Si* ions at high energy. These “I-band” peaks were associated to
metastable configurations of “compact but bigger I-clusters” than |4 and ls and yet smaller than
the interstitial chains related to the S1/S2 peaks discussed above. Moreover, the fact that such
metastable clusters possess multiple configurations explained the relatively large width of the
related optical peaks. With respect to our work, the supposed “intermediate” size of the clusters
responsible for the “I-band” PL peaks is in qualitative agreement with the reduced population
of silicon interstitials resulting from a 500°C implant, compared to implants performed at RT
and 150°C. Again, KMC and continuum simulations are expected to provide further insight on
the size distribution of the I-clusters formed during annealing and hence lead to a reliable
interpretation of the experimental PL spectra.

4 Phosphorus heated implants

4.1 Industrial context

Implantations used for photodiode junction need specific conditions of implantation. In general,
the dopant profile for these devices requires high energy with a low/medium implant dose [13].
Implantation at high-energy increases the number of generated point defects, as well as their
depth, leading to a higher probability to form large and stable extended defects during anneal.
Within this context, heated implantations are therefore performed with the aim of decreasing
the concentration of defects created just after the implantation process. In this work, a 1.3 MeV
Phosphorus implantation is investigated. The implantation is performed at two different
temperatures: RT and 150°C with doses of 6x10"3 cm2 (or 2x10'3 cm in selected samples).
Different annealing atmospheres are also investigated.

4.2 Experimental details

Details of the four samples investigated in this study are given in Table V. The reference
process is based on an implant dose of 6x10'3 cm= and an N2/O; annealing atmosphere. For
this process, two implant temperatures will be investigated: RT (sample Ph2) and 150°C
(sample Ph3). A lower implant dose is also investigated (sample Ph 12). Finally, considering
that the presence of oxygen is known to be a precursor for the formation of extended defects
such as dislocations loops [26], a control sample annealed in pure nitrogen is also included in
the sample list (sample Ph 18).
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Sample lon lon Implant .
. Dose Annealing
name species energy temperature
Ph 2 p 1.39 MeV | 6E13 RT 3 min 950°C
n Nz/Oz
Ph 3 p 1.39 MeV | 6E13 150°C 3 min 950°C
n N2/02
Ph 12 P 139 MeV | 2E13 RT 3 min 950°C
N,/O-
Ph 18 = 139 MeV | 6E13 RT 3 m:: 8N75 C
2

Table V: Details of the implant and annealing parameters used for the fabrication of high-energy posphorus
implanted structures.

4.3 Results

4.3.1 TEM analysis

TEM analysis was performed on sample Ph2, implanted at room temperature and annealed in
a N2/O; atmosphere (cf. Table V). Due to the extremely low defect density contained in this
sample, only very few defects could be reliably imaged. An example is given in Figure 13 (left),
showing two isolated defects located at depths of 1.6 um and 2.8 um, respectively. They are
both located well below the mean projected range of the implanted P ions (~1 um), but still
within the high damage region induced by the high-energy implant, where interstitial defects in
the form of dislocations are expected to form. High-magnification images of both defects are
shown in Figure 13(center) and Figure 13(right), clearly showing that both defects are on (111)
planes. Further analysis would be needed to determine the exact nature of these dislocations,
however, it can be safely concluded that they result from the agglomeration of the excess
interstitial atoms created during the high-energy implant.

307nm

Figure 13: Cross section TEM images from sample Ph 2, implanted at room temperature and annealed in a N2/Oz
atmosphere (cf. Table V)

4.3.2 Photoluminescence imaging

The photoluminescence imaging method described in previous section was applied to the four
investigated samples (cf. Table V) and typical PL maps are shown in Figure 14. Defects appear
as clear spots or lines (with different levels of grey contrast) on a dark background. Elongated
defects (lines) are systematically parallel to either <100> or <110> directions, and are therefore
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tentatively related to the dislocations observed in cross-section TEM. Additional defects appear
in the form of spots and might be related to shorter (unresolved) dislocations or to defects of a
different nature. The impact of the implant temperature can be estimated by comparing the
maps reported in the top row of Figure 14 (RT implant on the left, 150°C implant on the right).
A decrease of the elongated defects density is clearly visible when the implant temperature is
raised to 150°C, which is in perfect agreement with the expected reduction of residual damage
in high-temperature implants. Moreover, when the implant dose for a RT implant is decreased
from 6x10'3 cm? (Figure 14 top left) to 2x10'3 cm? (bottom left), no PL signal is detected. This
suggests that the implant damage induced by the low dose implant is fully recovered during
the anneal, or that the density of the extended defects is below the detection limit of the
technique. Finally, the PL image from the sample implanted at RT with a dose of 6x10'3 cm-?
and annealed in pure nitrogen (Figure 14 bottom right) exhibits a higher density of smaller
defects compared to the sample implanted in N2/O- (top left). Indeed, during annealing in a
N2/O, ambient, it is expected that the interstitial atoms injected due to oxidation strongly
contribute to the growth of the extended defects.

Figure 14: PL imaging maps taken from samples implanted with high-energy P ions with different conditions (cf.
Table V). Top left: Sample Ph 2. Top right: Sample Ph 3. Bottom left: Sample Ph 12. Bottom right: Sample Ph 18.

4.3.3 Photoluminescence spectroscopy

PL spectroscopy measurements were carried out using the same setup described in previous
section. Figure 15 shows the PL spectra recorded at 8 K for the four samples implanted with
phosphorus (cf. Table V). It can be clearly seen that the two samples implanted with a dose of
6x10'3cm? and annealed in N2/O; (black and red curves) exhibit a very similar spectrum, with
two broad peaks centered at ~1390 nm and ~1490 nm. The main difference consists in a lower
peak intensity for the sample implanted at 150°C (Ph3, red curve) compared to the sample
implanted at RT (Ph2, black curve). Assuming that the observed peaks are related to the
dislocations observed in TEM as well as to the elongated defects seen in PL imaging maps,
this result is in perfect agreement with the reduced implant damage expected when the implant
temperature is increased to 150°C. Moreover, the PL spectrum from sample Ph12 implanted
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with a dose of 2x10'® cm2 exhibited the highest band-to-band signal with no other emission
peaks throughout the spectrum (blue curve in Figure 15), indicating the absence of defects, in
agreement with the PL imaging results (cf. Figure 14 bottom left). Finally, sample Ph18
implanted with a dose of 6x10'® cm2 and annealed in N2 (green curve in Figure 15) shows
several low intensity peaks in the 1150-1250 nm range, and a more intense peak centered at
1530 nm.

6
—RT P implant dose 6x10" cm
S5+ —— 150°C P implant dose 6x10" cm™
—— RT P implant dose 2x10" e¢m
—_d |—— RT P implant dose 6x10" cm™ annealed 875°C,
E)
g
23
‘=
=
]
£24
|
o
1+
0+

1100 1200 1300 1400 1500 1600
Wave-length (nm)

Figure 15: PL spectra taken at a temperature of 8K from samples implanted with P under different conditions (cf.
Table V)

Deconvolution analysis was applied in order to determine the main optical emission peaks from
all the investigated samples, which are labeled P1/P2 (sample Ph 2), P3/P4 (sample Ph3) and

P5 (sample Ph 18) in Figure 15. The corresponding wavelength positions are summarised in
Table VI.

Sample no Ph 2 - RT implant Ph 3 - 150°C implant Ph 18 - RT implant
P ' N2/O2 anneal N2/O2 anneal N. anneal

Peak label P1 P2 P3 P4 P5

Wa‘z‘:]'rir)‘gth 1390 1482 1397 1493 1530

Table VI: Peak wavelength positions determined by deconvolution from the samples implanted with Phosphorus
under different conditions

We now focus on the on samples Ph2 and Ph3, processed under the same conditions except
for the implant temperature. The PL spectra acquired at different temperatures from these two
samples are reported in Figure 16. In all cases, the intensity of the emission peaks P1-P4 is
found to decrease when increasing the acquisition temperature, which is expected due to
thermal broadening. In addition, all the observed peaks are shifted towards higher wavelength
at higher acquisition temperatures. Such a common behavior for the four identified peaks
suggests that they all originate from defect type.

In previous section, the optical behavior of dislocations was briefly discussed. In particular, it
was mentioned that they are generally observed by pairs D1/D2 and D3/D4 [14][27], while the
presence of contaminants and/or precipitates located in the vicinity of the dislocations has
been shown to play an important role in enhancing or reducing their intensity [14][15]. In our
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case, the peak pairs observed in each sample (P1/P2 in sample Ph 2 and P3/P4 in sample Ph
3) are located at slightly lower wavelengths (~35 nm) than the D1/D2 lines. This wavelength
shift is very close to the one found in previous section for As implants (~38 nm between the
observed A1/A2-A3/A4 pairs and the reference S1/S2 lines). This shift might be due to a setup
problem that is currently under investigation. However, the wavelength separation between the
peaks observed in each sample (P1/P2 in sample Ph 2 and P3/P4 in sample Ph 3) is ~95 nm,
which perfectly corresponds to the one reported for the D1/D2 pair (91 nm in [14], 106 nm in
[27]). Moreover, the peak evolution as a function of the acquisition temperature (cf. Figure 16)
is also consistent with that of the D1/D2 peaks, including the progressive shift towards higher
wavelength when the acquisition temperature increases [28]. Considering that, in these
samples, dislocations were observed by TEM and elongated defects were imaged in PL maps,
it can therefore be concluded that, P1-P4 peaks observed in this work correspond to the D1/D2
lines originating from the dislocations.

=——RT implant S0K
——RT implant 70K
——RT implant 90 K
1,04 RT implant 110K

-~ = ==150°C implant S0K
r'd = —150°C implant 70K
= =1350°C implant 90K
\ 150°C implant 110K

0,54

PL intensity (u.a)
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Figure 16: PL spectra acquired at different temperatures from samples Ph2 and Ph3 (cf. Table V) implanted with
P at different temperatures (RT and 150°C respectively)

It is interesting to note that samples Ph2 and Ph3 were annealed in an oxygen-reach annealing
ambient, which is known to enhance the optical emission from D-lines [27]. In contrast, sample
Ph18, annealed in pure nitrogen did not exhibit any peak in the D1/D2 region, the main peak
(P5 in table VI) being located at 1530 nm. This result is in agreement with work of Giri et al.
who investigated the impact of the annealing ambient on the optical properties of silicon
samples implanted with different species, including Al, P and Si ions [17] at doses of 2x10™*
cm2. Indeed, the authors found that D1/D2 lines were observed in Al and P implanted samples
followed by annealing in pure oxygen ambient, whereas, in the case of a pure nitrogen ambient,
no D1/D2 lines were observed and a peak was instead observed at ~1600 nm that the authors
attributed to impurity-related precipitates. Due to the lower implant doses investigated in our
study (6x10"® cm), it is unlikely that the P5 peak observed at 1530 nm is related to P
precipitates. Further analyses are therefore needed to identify its origin.
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5 DoE of B implants into SiGe

As it was mentioned in the Introduction, the results presented in the first three sections of this
deliverable are based on implanted Silicon wafers that were available at STMicroelectronics
at the beginning of the project. They allowed investigating the impact of the implant
temperature on the damage generated during the process, in perfect line with the objectives
of this task. However, the annealing processes investigated in these experiments included
higher thermal budgets compared to those planned in the MUNDFAB workplan. Since the
dedicated SiGe wafers have been fabricated by LETI, it has therefore been possible to design
a full set of experiments implying low thermal budgets. In particular, the DoE described below
will serve the objectives of both T2.1 and T2.2 tasks.

The details of the selected substrates and implant conditions are summarized in Table VII. 30
Two doping species will be investigated. For p-type doping, B ions will be implanted in Si
substrates (wafers 1-3) as well as 30 nm-thick strained SiGe with a Ge content of 20% (wafers
4-6) and 40% (wafers 7-9). The Boron implant energy has been chosen in order to confine the
whole dopant profile within the SiGe layers. Three implant temperatures will be investigated:
RT, 150°C and 500°C.

For n-type doping, P ions will be implanted only in Si substrates (wafers 10-12). In order to
facilitate the comparison between results obtained in the p-type doped wafers, the phosphorus
implant energy has been chosen so to have a very similar mean projected range to the one
expected for the boron implants.

In the case of RT implants (wafers 1, 4, 7 and 10) two quarters of each wafers will be used for
pre-amorphization experiments (PAI, Task 2.2). Two PAI conditions have been selected,
aiming at producing either a partial or a full amorphization of the SiGe layers (conditions
labeled “Ge PAI 1” and “Ge PAI 27, respectively).

Si:B SiGe(20%):B SiGe(40%):B Si:P
Wafer no. 1 2|3 4 5|6 7 819 10 11(12
Wafer part (a,b: quarter; c: half; f: full) a ‘ b ‘ c| f| f| a ‘ b ‘ cl| f| f| a ‘ b ‘ c| f| f| a ‘ b ‘ c| f | f
Si X X X X X X X X X X
Starting Wafer s-SiGe 20% X X X X X
s-SiGe 40% X X X X X
B implant (2 keV, 1x10"° cm-2)| Rp: 11 nm x |ox | x| x| x| x pox |ox | ox x| x| x| x| x| x
P implant (6 keV, 1x10" cm-2)| Rp: 12 nm x| x| x| x| x
RT X X X X X X X X X X X X
Wafer Temperature 150°C X X X X
500°C X X X X
Ge PAI1 (5 keV, 1e15 cm-2) t(a-Si): ~15 nm X X X X
Ge PAI2 (15 keV, 1e15 cm-2) | t(a-Si): ¥30 nm X X X X

Non-melt LTA (various conditions) | | ‘ ‘ | | | ‘ ‘ | | | ‘ ‘ | | | ‘ ‘ | | |

Table VII: Details of the high-temperature implant conditions in Si and SiGe wafers for Tasks 2.1 and 2.2

For the experiments dedicated to Task 2.1, multi-pulse non-melt laser annealing will be used
to activate the dopants. For each wafer, the threshold energy density for the onset of surface
melt, Esw, will first be determined experimentally. Then, annealing will be performed with four
different laser energy densities below the threshold: Ew - 5%, Ew- 10%, Ewm- 15% and E -
20%. Finally, for each energy density, different number of pulses will be tested, ranging from
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1 pulse to 1000 pulses. Similar submelt anneals will also be performed on preamorphized
wafers for Task 2.2.

At the date at which this deliverable has been written, all the implants have been performed
(HT implants at AMAT, PAI implants at LETI), while the sub-melt anneals are in progress at
LETIL

Conclusions

In this deliverable, we reported the results of our investigations about the impact of the wafer
temperature on the residual damage remaining after an ion implantation process, as well as
on the defects formed during a subsequent annealing step.

In section 1, we discussed the case of self-induced heating during Carbon implantation. We
demonstrated that the amorphous thickness could be finely tuned from dozens of nm to less
than 5 nm by changing a specific machine-related parameter (i.e. the backside pressure
cooling) on a standard industrial implanter. Moreover, the combination of a “homemade” model
(for the prediction of the wafer temperature as a function of this specific machine-related
parameter) with the KMC simulation code Sentaurus Process (for the evolution of implant-
induced damage and amorphous pockets kinetics) results in a perfect prediction of the
observed amorphization kinetics in a wide range of implant conditions. These include the
super-linear regime (close to the amorphization threshold) as well as the high-dose implants
(full amorphization).

In section 2, we investigated the damage evolution following heated implants of Arsenic ions
in silicon wafers. We showed experimentally that when the implant temperature is increased
from RT to 150°C, an enhanced point defect annihilation occurs during the implant, which
prevents the formation of a continuous amorphous layer, while still leaving a considerable level
of damage. A further increase of the implant temperature up to 500°C results in an almost
perfect structure, with no evidence of amorphous or highly damaged regions. The defects
formed after RTA and furnace annealing in these samples were analyzed by TEM and
photoluminescence techniques in order to determine their crystallographic nature, their depth
position and their optical properties. In particular, it was shown that the optical emission peaks
detected by photoluminescence spectroscopy do not originate from the extended defects
observed by TEM, but rather from small interstitial clusters formed during the annealing, whose
size is below the TEM detection limit. In contrast, in the case of the high-energy Phosphorus
implants presented in section 3, a direct correspondence between the photoluminescence
emission peaks and the observed elongated dislocations was established. In the next reporting
period, KMC and continuum simulations will be implemented to calculate the size distribution
of all the defects formed during annealing and estimate the residual population of defect
clusters whose size is compatible with the observed PL spectra in both As and P implanted
samples.

Finally, in section 4, we described the full set of experiments planned for tasks T2.1 and T2.2
for the investigation of HT implants in conjunction with low-thermal budget anneals. These
experiments will be performed on the dedicated SiGe wafers fabricated by LETI, and in
collaboration with the privileged partner AMAT.
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