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ABSTRACT

Rapid processing and reduced end-of-range diffusion effects demonstrate that
susceptor-assisted microwave annealing is an efficient processing alternative for
electrically activating dopants and removing ion-implantation damage in ion-implanted
semiconductors. Sheet resistance and Hall measurements provide evidence of electrical
activation. Raman spectroscopy and ion channeling analysis monitor the extent of ion
implantation damage and recrystallization. The presence of damage and defects in ion
implanted silicon, and the reduction of the defects as a result of annealing, is observed by
Rutherford backscattering spectrometry, moreover, the boron implanted silicon is further
investigated by cross-section transmission electron microscopy. When annealing B”
implanted silicon, the dissolution of small extended defects and growth of large extended
defects result in reduced crystalline quality that hinders the electrical activation process.
Compared to B* implanted silicon, phosphorus implanted samples experience more
effective activation and achieve better crystalline quality. Comparison of end-of-range
dopants diffusion resulting from microwave annealing and rapid thermal annealing (RTA)
is done using secondary ion mass spectroscopy. Results from microwave annealed P*
implanted samples show that almost no diffusion occurs during time periods required for
complete dopant activation and silicon recrystallization. The relative contributions to
heating of the sample, by a SiC susceptor, and by Si self-heating in the microwave anneal,
were also investigated. At first 20s, the main contributor to the sample’s temperature rise

is Si self-heating by microwave absorption.
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1 Introduction

The revolution of technology is powered by creation and fast development of
integrated circuits. The first electrical computer ENIAC which weighed 30 tons, took
up1800 square feet and was used only in laboratory in 1946, while the recent ultrabook
laptop has a thickness of less than 25mm. This huge progress is the best evidence of
Moore’s law which predicts the number of transistors on the integrated circuit doubles
approximately every two years. The increasing density of transistors on chips is
implemented by the advanced the silicon processing technology.

The whole process of silicon processing is very complicated. First, the signal
crystalline silicon ingots are cut into wafers and polished to an extremely flat and smooth
surface®. Then, oxidization, deposition, lithography, ion implantation, etching, and
planarization are done on the wafers and some of those steps are even repeated several
times until the die is accomplished. Each step needs to meet a strict requirement to
ensure a high yield". This thesis will focus on one of these steps, a post implantation

annealing technique.

1.1 lonimplantation

In semiconductor industry, introducing dopants into the intrinsic semiconductor is
the most common way to obtain low resistivity layers in semiconductor applications®.
The methods of introducing dopant atoms include: diffusion and ion implantation. The

most commonly used method is ion implantation in which the dopant atoms are ionized
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and accelerated to 10 - 150 keV energy or higher and bombarded into the wafer. During
this process, a large amount of vacancies and disordered array of atoms (i.e., damages)

are created in the wafer surface, leading to amorphization of the implanted layer®.

1.2 Energy loss process in ion implantation

When dopants are implanted into the Si wafers, they travel through the material,
collide with atoms and finally come to rest due to the loss of energy?®. The loss of energy
has two mechanisms: nuclear stopping and electronic stopping®*. Depending on the
implantation energy, the nuclear stopping or electronic stopping dominates and the extent
of the damage varies. The higher implantation energy does not necessarily mean more
damage. In nuclear energy loss, ions with low incident energy are able to interact with
atomic cores of materials and lose energy in their elastic collision®. lons transfer energy
to atoms, resulting in eventual displacement of these atoms®. Hence, damage is created in
this process. In electronic energy loss event, the energetic particles with high velocity
lose energy primarily through inelastic collisions with electron cloud, transferring energy
to electrons, resulting in little damage®. Based on the energy loss mechanism, if two kinds
of dopants species implanted with the same energy, they may experience different energy
loss because their different masses lead to different energy loss mechanism. Therefore,
different dopants with same implantation energy can cause different levels of damage. It
is reported that for boron, electronic energy loss dominates in the range of 10 to 1000
keV, while for arsenic and phosphorus, the electronic energy loss dominates after

energies of 130 and 700 keV, respectively*®. In our study, boron and phosphorus ions are
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implanted with energy of 15 keV. According to the energy range of the two energy-loss
mechanisms in Si for different implants®, boron implants mainly experience electronic
loss while nuclear energy loss dominates in phosphorus implanted samples, suggesting

that\ phosphorus dopants cause more damage than boron dopants do.

1.3 Post-implantation Annealing

Resistivity of the wafer is still high after implantation due to the absence of long
range order of the substrate lattice and the presence of dopants in off-lattice sites. Dopant
activation is achieved by relocation of dopant atoms from interstitial sites, or off-lattice
sites, into substitutional sites, where they can act as donors or acceptors and contribute
electrons or holes. Annealing implanted Si samples is performed to promote dopant
activation and to obtain conductive materials. Annealing methods to achieve solid phase
epitaxial growth (SPEG) used widely are well-established techniques in industry,
including, laser anneal, metal induced crystallization (MIC), rapid thermal anneal (RTA).
However, laser annealing suffers from dopants diffusion and surface melting. In pulsed
laser annealing, the laser energy is absorbed in the near surface region and causes the
melting of surface the layer®. The liquid phase epitaxy is responsible for the transition
from amorphous to signal crystalline silicon’. Even the laser annealing is able to remove
all the defects in surface layer’, the large diffusion coefficient in the liquid phase leads to
the extensive dopant diffusion which weakens advantage of the laser annealing and
hinders the achievement of a shallow junction. In MIC, the metal layer, such as Ag and

Au, is deposited on amorphous silicon®°. The metal atoms begin to intermix with the
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amorphous Si layer. Then the nuclearization of c-Si occurs at the interface ®° and the Si
crystallite is surround by metal-Si compounds. The Si atoms from the amorphous layer
diffuse through the metal-Si compounds, precipitate on the crystalline phase nuclei, and
cause the radial growth of crystalline Si ®°. Finally, the metal is segregated to the top and
bottom surface of the silicon®®. Compared to the direct reordering of the amorphous
lattice which require a high temperature, this mechanism provides a reduced free energy
for the system, so that the crystallization could be done in relative low temperature at
~250 °C? . However, the contamination of ultra-thin metal film will lead to the failure of
the devices™. The RTA achieves the rapid heating rate using Quartz halogen lamps or
tungsten halogen lamps, which provides radiation energy to recrystallize the amorphous
layer in a short time and obtains defect free profile. However, even RTA minimizes the
diffusion length by short annealing at high temperature, it still causes the end of range

diffusion®™.

1.4 Motivations

Driven by the International Technology Roadmap for Semiconductors (ITRS), the
device features are scaling down significantly and the corresponding junction depth keeps
decreasing®. The low energy implantation could create a shallow junction, however, the
post implantation thermal annealing will cause the dopants diffuse towards the substrate
so the junction is not that shallow any more. Fortunately, it is reported that the susceptor-
assisted microwave annealing achieves a high quality crystalline Si layer in a short time

and successful minimizes end-of-range diffusion in the As* implanted Si*°. The effect of
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microwave annealing on different dopant species implanted silicon wafers is investigated

in this study.

1.5 Microwave annealing technology

The interaction of microwave and materials includes absorption, transmission and
reflection. However, only the absorption procedure which is caused by the energy loss in
the interaction leads to the heating of materials™. The energy loss includes the ion
conduction loss and dipole polarization loss™.

In ion conduction loss, the free electrons move back and forth, or ions move
within the lattice network under the changing electromagnetic field'*. The moving
electrons or ions collide with other species and dissipate energy, leading to generation of
heat in materials™.

The dipole polarization loss is based on polarization mechanisms. In term of
electronic polarization, under the influence of an external electric field, the negatively
charged electron cloud of an atom becomes displaced with respect to its positively
charged core. In ionic material, such as the alkali halides, cations and anions are
displaced from their equilibrium positions under an external field. Moreover, many
materials already possess permanent dipoles that can be aligned in an external electric
field. This is called molecular polarization®. In dielectric materials, electric dipoles are
created and align themselves with electromagnetic field. They even rotate as the field

alternates. As the field frequency increases, the rotation of dipole lags behind the field.



Hence, dipoles collide with either surrounding electron cloud or other dipoles, resulting
energy loss and heat generating.

Typically, losses are reported as dielectric loss €". The absolute value of
absorption and the proportion of the ion conduction loss and dipole polarization loss are
dependent on MW frequency and material parameters™. The ionic conduction loss
dominates at low frequencies, because the time letting electrons transport in one direction
reduces as the frequency increases, resulting in few collision events and less heat
generation at high frequency®. On the other hand, dipole polarization loss is dominant at
high frequencies. The lag between the rotation of dipole and changing of electromagnetic
field becomes severe at high frequency so that most of the energy loss results from the

friction of dipoles™.

1.6 Dielectric properties

€' is the dielectric constant relating the in-phase component of the electric
displacement D to the applied electric field and €' is proportional to the energy stored. &"
is the loss factor relating the out phase component to the applied field'®*'.

According to the Debye equation below, €' and €" not only depend on the

frequency, but also depend on temperature.

g'=¢g,+(g,—&,)I(1+w’c?) (1)

g'=(e,~¢,)orll+a’c®) (2)



where &5 and e.. are the static and high-frequency limits of €', t is the relaxation

time which is associated with temperature, o is the angular frequency of the filed.
When the dipoles are able to follow the changing of the applied field, the
dielectric constant maintains its maximum value®®. As the frequency increases, the
dipolar polarization falls behind the field. When the frequency reaches a point where the
dipole is no longer rotates significantly with respect to changing field, the effective
polarization decrease'®. The reduced effective polarization means a decrease in the
dielectric constant and an increase of the loss factor as the frequency increase'®. Figure

1.1 shows water’s dielectric properties as a function of frequency.
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Figure 1.1 The variation of &' and &" with frequency for water at 20 °C *®
For different materials, their €' and " dependence of temperature varies. For
example, water’s €" decreases as temperature increases at a fixed frequency, while &" of
quartz increases with temperature. Moreover, for the same material at different

frequencies, the relationship between &" and temperature varies*®.



1.7 Volumetric heating

Microwave heating is dominated by volumetric heating mechanism. In volumetric
heating, the heat energy is transferred through the surface electromagnetically, rather than
flow as a heat flux*®. The rate of heating is no longer limited by thermally diffusivity and
surface temperature'®. Hence, the uniformity of heat distribution is greatly improved®®.

The power absorbed by the dielectric per volume®:

_ npe2
P—C{)&‘Oé‘eﬁ Erms (3)

Where, @ is the angular microwave frequency, g is permittivity of free space,
eerf 1S the relative effective dielectric factor. Eqng is the average electric field in
dielectrics®®.

The electric field decreases as it penetrates materials, which means volumetric
heating is only valid for thin layers. The penetration depth is defined as the distance from
the sample surface where the absorbed power is 1/ e of the absorbed power at the
surface®’.

D ce,

p

:27If€" (4)

According equation (4), Materials with very high dielectric loss factor have very
small penetration depths, approaching to zero. Materials with such dielectric property are
treated as reflectors. Similarly, Materials with a very low dielectric loss factor have a
large penetration depth. As a result, these materials are transparent to the microwave field.
The materials that mid-ranged dielectric factors can absorb microwave energy effectively

as Figure 1.2 shown®'.
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Figure 1.2 Relationship between the dielectric loss factor and ability to absorb microwave
power for some common materials®’

1.8 SiC susceptor

When the ion implanted Si is annealed at the microwave cavity, it cannot obtain a
high temperature without any external heat supply*°. To achieve a temperature that is
high enough to repair the damages and activate the dopants, additional heat is required.
For instance, to anneal amorphous Si wafers, susceptor-assisted microwave heating is
suggested. This method is called hybrid heating since it makes use of volumetric heating
of microwaves, and conductive heating of the susceptor'*. The susceptor, made up of
Al,O3 infused SIC, is a lossy material that can heat up by absorbing microwave radiations.
The large dielectric loss factor of SiC ensures that only its surface can be heated to very
high temperatures, which in turn allows the sample on the susceptor to be heated up.
More importantly, due to the large heat capacity (1.09 J/mol K) and high thermal
conductivity (350 W/m K) of SiC, temperature gradients across the suscepotor do not

exist, which allows an excellent uniform heating®.
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2  Experiment

2.1 Experiment setup

The microwave setup is shown in Figure 2.1. The 2.8x10* cm® cavity microwave
oven used for post-implantation annealing generated a single frequency 2.45 GHz using a
1200 W magnetron source. The SiC susceptor that assisted heating samples to higher
temperatures was carved to a 1.5 cm > 1.5 cm groove in the center so that a sample could
be mounted on it and received uniform heating from the underneath. The surface
temperature of samples as a function of time was monitored in an in-situ manner by

Raytek Compact MID series pyrometer.

Figure 2.1 Experiment setup a) The microwave pyrometer-susceptor setup; b) pyrometer
to measure in-situ temperature; c) SiC-Al susceptor with a 1.5 cm *<1.5 cm groove to
mount the sample to provide uniform heating.?

2.2 Sample preparation

The n-type (001) oriented Si wafers having a resistivity range of 1-5 Q-cm

implanted with boron (acceptor) were cleaned according the Radio Corporation of
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America procedure. Eaton Nova NV10-180 batch process ion implanter was used to
implant the cleaned Si wafers with an energy of 15 keV and doses of 2x10* cm, 3 x10%
cm?, 4 x10" cm™. During the implantation, the wafers were titled at 7 off the incident
beam with a 45° plane twist to minimize the ion channeling. The procedure was repeated
with the same energy and doses on another set of (001) oriented Si wafers with 1-5Q-cm
p-type boron doped substrates, but phosphorus (donor) implants were used instead of
boron implants.

The microwave annealing was done by mounting the samples onto a SiC
susceptor that assisted in heating the samples to higher temperatures. The surface
temperature of the samples was monitored as a function of time in an in-situ manner,
using Raytek Compact MID series pyrometer. The emissivity of the sample was
estimated by calibration of the pyrometer’s temperature reading against temperature
measured by a thermocouple. To cover the large temperature range in annealing, two
pyrometers were used, with measurable temperature range of 0-600 °C and 200-1000 °C,
respectively. The anneal time for boron implanted samples ranged 60-400 seconds and
the corresponding surface temperature range was 663-747 °C. The anneal time for
phosphorus implanted samples ranged 10-240 seconds and the corresponding surface

temperature range was 294-740 <C.

2.3 Characterization

At the evaluated temperature, the electrical and structural properties of ion

implanted Si are expected to be improved. Therefore, as-implanted samples and annealed
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samples were characterized by several techniques. To estimate the dopants activation, the
sheet resistance (Rqn) of each sample with different process time was measured by 4-point
probe. Hall measurement was also conducted to give the carrier concentrations as well as
determine activation percentage. The extent of recrystallization was assessed by Raman
spectroscopy and ion channeling using Rutherford backscattering spectrometry (RBS).
The defects evolution and recrystallization was inspected by cross-section transmission
electron microscope (TEM). Apart from that, the depth profile were measured by
secondary ion mass spectrometry (SIMS). To compare the extent of diffusion in

microwave annealing and RTA samples, SIMS is also performed on RTA treated samples.

2.3.1 Sheet resistance measurement

The typical in line four-point probe quipped with a 100mA Keithley 2700 digital
multimeter is used to measure the sheet resistance. This measurement is to testify the
sheet resistance drop after the samples are annealed, which is the evidence of electrical
activation. The probes with a spacing of 1.016 mm is shown in Figure 2.2, in which the
two outer probes measure the passing current and the two inner probes sense the voltage
drop along the distance between the two inner probes. The advantage of this
configuration is that the probe resistance Ry, the probe contact resistance R, and the
spreading resistance Rs, associated with measurement are eliminated by only measuring
voltage drop between the two inner probes®. These parasitic resistances are negligible for
the two voltage probes because the voltmeter has sufficient high impedance so that a very
small current passes the parasitic resistances, and the corresponding voltage drop along
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those parasitic resistances could be neglected. The sheet resistance is calculated by taking
the ratio of the measured voltage and the current and multiplying a correction factor.

The sheet resistance can be calculated by the following expression:

Rs = (V/1) x CF 1)

where CF is correction factor. The probe spacing, conduction/non-conducting
bottom, wafer shape, wafer size and nearness to the wafer edge all affect the correction
factor®. V/ | is read from the monitor, V is the voltage drop across the material and I is the

current driven through the sample.

Figure 2.2 Schematic of a typical in line four-point probe setup®.

2.3.2 Hall Measurement

Hall measurement is a widely used technique that provides electrical properties,
such as, resistivity, doping type (n-type or p-type), mobility of majority carriers and sheet
carrier concentration. In our study, Hall measurement was conducted using VVan der Pauw
method on the annealed sample to obtain accurate resistivity, the carrier concentration as
well as to determine their activation percentage.

Hall measurement is based on hall effect. The current is applied on the
semiconductor under the presence of a magnetic field that is perpendicular to current

direction, as shown in Figure 2.3. Initially, the electrons flow in the curved path and hit
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the bottom side of the sample due to Lorentz force, which is perpendicular to the
direction of moving electrons and proportional to their velocity. The expression of the
Lorentz force is shown as follow:

FL=q.v.B 3

where q is the charge on the particle, v is velocity, B is strength of magnetic field.

The electrons accumulate on the bottom side while the holes accumulate on the
top side, then an electric field is created. In steady-state, the Coulomb force which is
created by the electric field is in the opposite direction of Lorentz force. The two forces
will exactly balance out. Hence, the electrons flow along its initial direction, in a straight

line. This relationship would be expressed by the following expressions:

qe=F_=qvB (4)

| = gAnv = qwdnv (5)
IB

V, =wg=wBv=— 6

L =We adn (6)

where the ¢ is the strength of electrical field, A is area of cross section of the

sample, w and d is height and width of the sample, n is the carrier density.

.

d i i
il <o L.
w (i
| A

%z L, v

Figure 2.3 Schematic of Hall effect mechanism?®,

The hall coefficient is represented by R,, ,
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v
R, =—H 7
Ay (7)

Then, the resistivity p, carrier density p or n, hall mobility 4, is calculated by

following equations:

dwV
p=—-" 8)
s |
r r
p=——in=- (©)
aRy aRy
Hy = |ORH | (10)

Where V, and I is the measured voltage and current.; r is Hall scattering factor;

o is the conductivity.

The current I and voltage V, is measured by Van der Pauw method. As it is
required, the sample should be symmetrical, often a square shaped sample, and thin
enough. Its length and width are much larger than the thickness so that the sample could
be considered as two dimension. Figure 2.4 shows the configuration of VVan der Pauw
method. The top left corner is numbered as 1 and the rest corners are numbered 2 to 4 in a
counter-clockwise direction. The current flows through two adjacent corners, for example,

1 and 2, and the voltage is measured on the other two adjacent corners, like 3 and 4.
4
~J b
T

Figure 2.4 Configuration for the contacts made to perform van der Pauw Hall
measurements®'.
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Ohmic contacts are needed for the current and voltage measurement. However,
not all the metal could form Ohmic contacts with Si wafer. In this study, indium was
properly selected to form Ohmic contacts with Si wafer and was deposited on the four
corners of the square sample using solder ion, then the samples were placed on printed

circuit board and the contacts are connected to the printed circuit board by copper wires.

2.3.3 Raman Spectroscopy

Raman spectroscopy can provide structural, orientational and chemical
information based on its sensitivity to the molecular vibration®’. The structure of as-
implanted and microwave annealed samples are examined by Raman line scan. Figure
2.5 is the setup of the Raman spectroscopy. A 532 nm argon laser beam impinges on the
samples mounted under the optical microscope, through an Olympus 100>0.8 NA
objective. The sample’ spectrum is reflected into a Sopra 2000 2m double spectrometer
by a 50% beam-splitter. The scattered laser light is blocked by a 532 nm notch filter. A
Princeton CCD Camera with an energy dispersion of 60 pixels/cm disperses and collects
the reflected light. Raman spectra are calibrated and converted to the intensity as a
function of time?. In this setup, the laser beam incident on the sample with energy of
only 1 mW, which is achieved by letting the 4 mW power beam go through a series of
beam splitters and lower its energy. Damage is less likely to be created by such a low

energy beam, so it is a non-destructive characterization technique.
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2.3.4 Rutherford Backscattering Spectrometry

The most common application of RBS is to investigate the composition, layered
structure of thin films or bulks, on the other hand, RBS/channeling is a useful tool to
provide the crystalline quality of the sample. The principles of RBS technique are billiard
ball kinetics and energy loss. The high energy ion beam impinges onto the target, collides
with the target atom and then gets backscattered into the detector which detects the yield
and the kinetic energy of the backscattered ions.

In regular RBS, the energy of backscattering ions could be used to determine the
layered structure of the thin films, while in RBS/channeling the yield of the
backscattering ions indicates crystalline quality. In crystal, the atoms are arranged in an
ordered pattern and can be treated as rows and planes®®. Channeling happens in aligned
direction in which the impinging ions are guided into the channels between rows and
planes of atoms and pass through the channel. When ion channeling happens in

crystalline materials, the backscattering yield from the bulk of the solid is reduced by two
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orders of magnitude and a surface peak occurs at a position corresponding to scattering
from the surface atoms®®. So, the lower yield means better channeling, and better crystal
quality.

Figure 2.6 shows how RBS works. A He®* ion beam is generated at MeV energy
by a General lonex 1.7 MV tandem accelerator. The ions are dispersed by mass selection
according to their mass, then the selected ions are bended in the magnets and guided to
the beam line. In the beam line, the ions are collimated and focused. Eventually, the ion
beam raster-scans over the specimen and backscattering ions are collected by a Si barrier
detector. The energy and yield of the ions are converted to the voltage pulses and then
amplified and sorted by the multichannel analyzer®* .

Accelerator Magnet

//—Collimators
\ RBS Chamber
/ Beam

e rsS

Vacuum beam line <z, Target

Detector

Preamplifier
RBS spectrum

Amplifier

\
I\/\ A Multichannel

analyzer

Energy

Figure 2.6 Schematic of a typical Rutherford backscattering Spectrometry
instrumentation system®:

The implantation damage before annealing and the extent of recrystallization in
after annealing were investigated by preforming RBS/channeling on as-implanted

samples and the annealed samples. The beam energy in RBS/channeling is 2MeV. The
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backscattering yields in both random orientation and [001] channeled orientation are

analyzed for each sample. The RBS spectrum was plotted by RUMP software.

2.3.5 Cross-section Transmission Electron Microscope

Transmission Electron Microscope is the expert in determining the microstructure
of materials. In TEM, the electron beam is focused by several condenser lenses to form a
nanometer spot size, which is the key to reveal the extremely small feature of the
material®>. The beam strikes the specimen which is thin enough that a portion of the beam
is transmitted through the sample. The transmitted electrons are focused by objective lens
into images and projected on fluorescent screen®. The other parts of the beam are
diffracted.

The thickness of the sample should be specially prepared so that it allows the
electron to transmit?. In our study, the samples for cross-section transmission electron
microscopy (XTEM) analysis are prepared by Focused ion beam milling (FIB milling)
using Nova 200 NanoLab focused ion beam tool. The surfaces of Si pieces were bonded
together use the epoxy. Highly energetic gallium ion beam strikes the sample at a tilt
angle and sputter the sample surface. The beam has sufficient energy to remove a portion
of the sample and the beam spot is small enough to achieve a nanoscale specimen. The
facility has an inbuilt scanning electron microscope to monitor the milling process in real
time®. The equipment is also able to be programed to sputter out which part of the
sample. Due to the high energy of the gallium ions, they will also be implanted into the
top few nanometers of the surface, and sample surface will be amorphous.
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The TEM micrographs provide information about morphology and defects in the
specimen, so the cross-section transmission electron microscopy (XTEM) is performed
on the as-implanted and annealed ion implanted samples to observe the evolution of

defects and the recovery of the implantation damage during annealing.

2.3.6 Secondary lon Mass Spectroscopy

Secondary lon Mass Spectroscopy (SIMS) has been used extensively in depth
profiling which gives the density of one element in the materials across the depth.

Sputtering is the basis of SIMS. Surface atoms in the sample are removed by their
collisions with the incoming ions. During the collision, the keV primary ions having a
relative low velocity interact with atom cores, experience nuclear energy loss and transfer

their energy to the ejected surface atoms”.

Sputtered Secondary lons,
Atoms and Molecules
(o o0)

Energetic Primary
lon Beam

O,* or Cs*

vvvvv

Figure 2.7 Schemitic of the working principle of SIMS?®

Although most of the atoms and molecules are neutral when they are removed

from the sample by the interaction between the primary beam and the sample surface, a
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portion of them is ionized?’. These ions are extracted by an electric field applied in the
region between the sample and an extraction lens and accelerated in the presence of this
field towards the magnetic sector analyzer which separates ions according to their mass
to charge ratio. Then, the sorted ions are collected by faraday cup where the yield is
counted. The emission of the secondary ions is monitored as a function of time, providing
ion counts as a function of cycle time. By examining cycle time, one will have a general
idea about the position of ions, but it doesn’t give the direct information about depth.
Generally, to convert cycle time and counts into the depth and concentration, the
knowledge of sputtering rate and a calibration of the secondary ion signal are needed.
Sputtering rate is calculated by measuring the crater depths of the sputtered sample, while
calibration of the ion signal is done by using standards whose matrix and surface

electronic properties match those of the specimen.
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3 Results and discussion on the electrical and structural properties

3.1 Heating curves

When the microwave power is turned off, the temperature drops rapidly. The
anneal time is defined as the time interval between the power on to power off. Figure 3.1
shows typical heating curves (anneal temperature as a function of time in the range of
200-1000 °C).
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Figure 3.1 Temperature as a function of time measured by a pyrometer with a 200-1000
°C range for B* and P* implanted Si samples on SiC susceptor: (black dash) 2x10™ B*
cm’?, (red dash) 3x10% B* cm™, (greed dash) 4x10"® B* cm™, (blue solid) 2x10*° P* cm?,
(violet solid) 3x10™ P* cm™, (orange solid) 4x10™ P* cm™.
The maximum anneal times of B* implanted and P* implanted samples in our

study are 400 s and 240 s, respectively. The temperature of B" implanted and P* samples

reached the highest value at ~160 s and began to decrease slowly after ~ 230 s. The
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highest temperature reached for all samples is on the order of ~ 740 °C. This suggests
that dopant species and dose have little influence on the maximum microwave anneal
temperature in amorphized Si when annealed with the assistance of a susceptor. Hence,
the capability of microwave absorption in susceptor assisted microwave heating is more
dependent on the bulk material (i.e., Si) as opposed to a dependence on the presence of

dopants.

3.2 Dopants electrical activation

During the microwave anneal, dopants move to substitutional positions and
become electrically activated and this results in decreased Rg,. The drop of Ry, depends
on the extent of dopant activation. The Ry, of the as-implanted samples is not measurable
via four-point-probe analysis. Figure 3.2 shows the R, of B* and P* implanted samples as
a function of different anneal times. The sheet resistances of P* implanted samples drops
sharply within 40 s of annealing, and then remain constant, while Ry, of B” implanted
samples decrease gradually and saturate at higher values within 200 s. Hall measurement
results are tabulated in Table 1. The fraction of dopant activation is calculated by taking
the ratio of sheet concentration (cm™) to the dose (¢). This fraction is ~ 16% for B
implanted Si, much lower than of the corresponding value for P* implanted Si, agreeing
with the Rg, measurements. In other words, the P* implanted samples show more efficient

electrical activation.
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Table 1. Hall measurement results and activation calculation for 40s microwave annealed
2x10% P* cm™ and 4x10™ P* cm? implanted Si, 400s microwave annealed 2x10*° B* cm®

2 implanted Si and 350s microwave anneal 4x10*° B* cm™ implanted Si. The sheet

thickness is approximated by 2Rp to obtain the sheet concentration.

Sample Resistivity  Carrier Sheet Bulk Mobility Fraction
(Qcm) type concentration  concentration  (cm%/V- (%)
(cm™®) (cm™®) sec)
2x10" P* cm™ backside 8.6 p 1.4x10% 2 6x1015 8.7 -
2x10% P* cm” front 95.1 n 1.3x10% 2 7%10% 513 64%
4x10* P* cm front 83.1 n 1.6x10% 3.5%10% 46.1 41%
4x10% B* cm backside 6.3 n 3.4%10% 6.4x10% 6.4 -
4x10% B* cm’ front 219.7 p 6.0x10% 5 1x101 47.2 15%
2x10%°B* cm™ front 3136 p 3.6x10% 31x10% 55.6 18%

The regrowth rate of the amorphous layer during solid phase epitaxial growth

affects the efficiency of electrical activation significantly?®. After the initial 30 s anneal,

the Ry, of P* implanted Si is lower than that of B* implanted Si. The relatively high

effective carrier concentration in P* implanted Si enables its amorphous layer to regrow
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faster %, Since the regrowth rate and the electrical activity of the layer near the
amorphous-crystalline interface are closely interrelated?, the faster regrowth rate in P*
implanted sample in turn enhances the its electrical activation. This positive feedback
enables its recrystallization and electrical activation to occur in a much shorter time of 40

s, compare to the B” implanted Si

3.3 Recrystallization and defects evolution

Besides electrical activation, ion implantation damages are removed and Si wafer
is recrystallized by annealing. Basically, the amorphous layer and crystalline silicon can
be differentiated by the Raman Spectra due to their characteristic molecular vibration.
The crystalline quality could be accessed by backscattering yield in RBS/ion channeling.
The lower the backscattering yield in the spectra, the better the crystalline quality of the
sample. Finally, TEM could show the micrographs of amorphous and crystalline structure

and defects directly.

3.3.1 Raman Spectra

Figure 3.3 displays Raman spectra from as-implanted and annealed samples. In
the Raman spectra of the P* implanted samples shown in Figure 3.3(a), the as-implanted
and 20 s annealed samples each have a broad peak at 470-480 cm™ and this corresponds
to the amorphous Si layer created by implantation. The sharp peak at 520 cm™ in the as-

implanted sample is from the crystalline Si in the substrate®® ; while, the sharp crystalline
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Si peak at 520 cm™ in 20 s annealed sample is attributed to both Si substrate and partially
crystallized Si surface. The penetration depth of the laser used in Raman Spectroscopy
extends beyond the amorphous layer and into the crystalline Si (c-Si) substrate, resulting
in Si substrate contributing to the Si Raman line *°. After a 40 s anneal, the broad
amorphous Si (a-Si) peak disappears and the magnitude of the 520 cm™ crystalline Si
peak increases. This indicates that more crystalline Si has formed in the sample compared
to the 20 s anneal. Even with a 100 s anneal, the magnitude of crystalline Si peak does
not increase further, which means that the damaged Si lattice has been repaired entirely
after 40s. It should be noted that the crystalline Si peaks in these samples originate from
both the c-Si substrate and the recrystallized Si near the surface. Hence, the FWHM (full
width at half maximum) of the peaks, which is an indication of the crystalline quality of
the materials cannot be used on its own to determine the quality of our samples®".

In the Raman spectra from the B* implanted samples, shown in Figure 3.3(b), the
520 cm single-crystal Si peaks from the 200 s and 350 s annealed samples overlap,
indicating that recrystallization of the amorphous Si layer is complete after 200 s. The
amorphous Si peak in the B* as-implanted sample is not as pronounced as that of the P*
implanted sample, but the broad shoulder at 480 cm™ indicates that the sample still
contains a small amount of amorphous Si. Moreover, the single-crystal Si peak in the B*
as-implanted sample is very strong and is comparable to the corresponding peak of the
annealed samples, indicating that the amount of damage in the B as-implanted sample is
small compared to the P* implanted sample. Since the implantation energy of the boron
falls into the energy range where electronic energy losses dominate over nuclear energy
losses, the boron ions primarily experience electronic energy losses which cause lower
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amounts of damage®. It is also visible in Figure 3.3 that the Si peak tails are enhanced on
the high-energy side of the peaks. Such asymmetric Raman lines are due to the Fano

effect caused by the high dopant concentrations™.
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Figure 3.3 Raman Spectra from ion implanted Si: (a) 4x1015 P+ cm-2 with different
anneal times; (b) 4x1015 B+ cm-2 with different anneal times
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3.3.2 RBS/ion channeling spectra

RBS spectra from 4x10™ P* cm™ implanted Si and 2x10™ B* cm™ implanted Si
prior to and after annealing, obtained in random and [001] channeling directions, are
shown in Figure 3.4. The lower the backscattering yield in the spectra, the better the
crystalline quality of the samples. The crystalline quality of the annealed samples is
accessed by calculating ymin, the ratio of the minimum yield in the aligned spectrum to the
yield in the random spectrum. The ymin values for P* implanted and B* implanted Si is
5.1% and 10.3%, respectively. These values indicate that both sets of samples have
achieved good crystalline quality, with the P* implanted Si showing a slightly better
quality. In comparison, unimplanted Si shows ymin Of 4% 2.
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Figure 3.4 RBS spectra from ion implanted Si samples. (a) ion channeling of 4x10% P*
cm implanted Si: as-implanted in a random direction (solid line), as-implanted in [001]
direction (dash line), annealed for 40 s in a [001] direction (dash-dot line), annealed for
100 s in [001] direction (dot line). (b) ion channeling of 2x10™ B* cm™ implanted Si: as-
implanted in random direction (dash-dot line), as-implanted in [001] direction (dash line),

annealed for 200 s in [001] direction (solid line), annealed for 400 s in [001] direction
(dot line).

RBS spectra from P* annealed samples (Figure 3.4(a)) show lower backscattering
yield when compared to the yield of the as-implanted samples. lon channeling from the
40 s and 100 s annealed samples produce similar spectra, indicating that repair of implant
damage in the Si layer is completed after 40 s. This finding is consistant with the Raman
results. In Figure 3.4(b), the backscattering yield in the channeling direction for the B*
as-implanted samples is anomalously low compared to the value for the annealed samples.
In addition, an anomalous surface peak is present next to the outermost surface peak in

this ion channeling spectrum and its height increases upon annealing. These observations
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suggest that extended defects such as dislocation loops that form under the Si surface
during annealing leading to the second surface peak. The defects cause de-channeling of
the incident RBS ions, eventually resulting in increased backscattering yield from the

annealed sample®,

3.3.3 TEM images

TEM was performed to check defects under the surface of the B* implanted Si,
and the resulting TEM micrographs are shown in Figure 3.5. In Figure 3.5(a), the black
dots at the c-Si to a-Si interface, in the as-implanted Si, are Si interstitial clusters
resulting from coalescence of Si interstitials that are created by the implantation™*®. With
a 200 s anneal, the Si interstitial clusters grow into dislocation loops as shown in Figure
3.5(b). These defects lead to de-channeling of the RBS ions, which explains the
anomalous backscattering yield observed in the case of the annealed samples. After an
additional 200 s anneal at the same temperature of 747 °C, the small dislocation loops
dissolve by emitting Si interstitials. The emitted Si interstitials are transported to larger
dislocation loops resulting in Ostwald ripening of the loops. This mechanism then causes
an increase in size and a decrease in density of the dislocation loops as seen in Figure
3.5(c) compared with Figure 3.5(b)*.

The as-implanted Si has an amorphous layer on the surface, which is visible as a
thick white layer at the top of the Si sample in Figure 3.5(a). After microwave annealing,
the amorphous layer has recrystallized as can be seen in Figure 3.5(b) and Figure 3.5(c).

Even though the as-implanted Si contains an amorphous top layer and this layer has
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recrystallized in the annealed samples, the as-implanted Si still has the lowest
backscattering yield in the RBS ion channeling spectrum because defects in the annealed

samples cause more severe de-channeling.

(©)
Figure 3.5 TEM micrographs from 2x10" B* cm™ implanted Si (a) as-implanted; (b)
after microwave 200s annealing; (c) after 400s annealing.
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3.3.4 SIMS profiles

Figure 6 shows SIMS profiles of 4x10™ B* implanted Si and 2x10" P* implanted
Si prior to and after annealing. The boron profiles after microwave annealing for 200 s
and 350 s, where the peak temperature reaches 747 °C (Figure 3.6 (a)), show immobile
boron peaks and extended tails that are typical characteristics of transient enhanced
diffusion (TED). Such transient enhanced diffusion is a common occurrence in boron

implanted silicon®%*7,

The immobile peaks are associated with extended defects which trap the boron
dopants, as well as the formation of boron-silicon interstitial complexes (BICs) that are
immobile and impede dopant activation®. The presence of dislocation loops in TEM
micrographs of the 200 s annealed 2x 10™ B* implanted Si (Figure 5(b)) is consistent
with this explanation. The extended tail region is due to TED in the course of which Si

self-interstitials kick-out substitutional boron atoms leading to mobile boron interstitials,

34,36,37

or form mobile Si-B pairs that can diffuse
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Figure 3.6 SIMS profile from ion implanted Si prior to and after annealing. (a) 4x10* B*
cm™ implanted Si with microwave annealing for 200 s and 350 s as well as RTA for 90 s
at 950 °C (b) 2x10™ P* cm™ implanted Si with microwave annealing for 40 s and RTA
for 40 s at 710 °C.

The boron profiles from the 200 s and 350 s microwave annealed samples overlap
in Figure 6(a), which means that no further diffusion occurs after 200 s of annealing. This
absence of further diffusion is due to the strong dependence of TED on the
supersaturation of free Si interstitials®®*’. During the initial stages of annealing, small
interstitial clusters are not stable, and they tend to grow by consuming free Si self-
interstitials; this results in the decay of the supersaturation of free Si interstitials. During
this stage, the supersaturation of Si interstitials is still enough to cause TED but with a
gradually decreasing rate®®. In the later stages, due to Ostwald ripening, large dislocation
loops grow in size by capturing the emitted the Si atoms from small dislocation loops.
The small dislocation loops dissolve and finally disappear. Compared to the early stage,

the supersaturation of Si interstitials at this stage is much lower*®, and so TED almost

stops, which explains why no diffusion happens after 200 s annealing.
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Consider the boron profile of the RTA sample (950 °C for 90 s) in Figure 3.6(a). The
significant boron diffusion observed in the profile is likely due to a large amount of Si
interstitials and boron dopants which are released during the dissolution of extended
defects in the sample *>3% 3 The high temperature of the anneal is likely to remove most
dislocations and BICs **®, leaving behind a supersaturation of free Si interstitials and
extensive boron dopants which cause the severe diffusion®*®,

This scenario is supported by the sheet resistance values of the RTA samples. To a
certain extent, the sheet resistance can reflect the crystalline quality of the samples, since
increased dislocations are likely to getter dopant atoms and therefore reduce the total
activated dopants. The fact that the sheet resistance of the RTA sample is 43 Q/square,
much lower than the 230 Q/square measured from the 350 s microwave annealed sample,
suggests that the RTA sample has better crystalline quality and fewer dislocations.

In terms of comparing RTA and microwave annealing for P* implanted Si, RTA
and microwave annealing were first done in similar conditions, including same peak
temperature of 584 °C, and similar dwell time but different total anneal time, which are
listed in Table 2. The sheet resistance of RTA treated P* implanted Si is much higher
than that of microwave annealed Si sample. Hence, under similar condition, microwave
annealing can achieve a better electrical activation than RTA when annealing P*
implanted Si.

Table 2 The condition of microwave annealing and RTA in P+ implanted Si wafers and
the corresponding sheet resistance.

Annealing condition Microwave 40 s  RTA 584°C RTA 710°C
Total time 40s 30s 74s

Ramp time 40s 29s 34s

Peak Temperature and dwell time 584°C, 0's 584°C, 1s 710°C, 40s
R ¢ (Q/square) 88 144 88
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Then, to ensure the RTA and microwave annealing achieve the same sheet
resistance in P* implanted Si, RTA and microwave annealing were done in different
conditions which are listed in Table 2, resulting the same sheet resistances of 88 Q/square.
The condition of microwave annealing was fixed, which still has a total time of 40 s and
peak temperature of 584 °C, while RTA was done with a peak temperature of 710 °C and
74 s total anneal time. Then the diffusions of dopants were compared using samples
having the same electron acitvation. A SIMS profile obtained from P* implanted Si with
the same sheet resistance is shown in Figure 3.6(b). Nearly no phosphorus diffusion
happens after 40s microwave annealing, but phosphorus diffusion is obvious in the
sample annealed with RTA at 710 °C for 40 s. Considering the electrical activation and
diffusion, microwave annealing for P* implanted Si can achieve better result than RTA in

the low temperature annealing.
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4 Discussion on the heating behavior

According to the microwave heating mechanism, ion implanted Si interacts with
the microwave and generate heat by the conduction losses and polarization losses™.
However, ion implanted Si is heat to a relatively low temperature by absorbing
microwave only**. To achieve a temperature that is high enough to repair the damages
and activate the dopants, assisted mechanism is required. We use SiC susceptor to
provide conductive heating to ion implanted samples, assisting the samples in ramping up
to high temperature. In our study, the heating of ion implanted sample is attributed to
both microwave absorption of the sample itself and the thermal conduction from the SiC-
Al,O3 susceptor.

The main contributor to the heating of the Si was evaluated by comparing the
heating curve of ion-implanted Si-on-susceptor with the heating curve of the SiC
susceptor alone in Figure 4.1. The data in the figure indicates that in the first 20 s to reach
455 °C, the temperature of the ion implanted Si sample is higher than that of the
susceptor. Therefore thermal conduction will occur from the Si which is at a higher
temperature to the susceptor which is at a lower temperature. This means that the
susceptor does not supply any additional heat to the Si samples. Hence, Si self-heating by
microwave absorption is the main contributor to the heating of the Si sample.

After ~ 20 s at 455 °C, the temperature of the susceptor is higher than that of the
Si on the susceptor. Hence, there now is thermal conduction from the SiC susceptor to the
Si and this helps heat the Si. Meanwhile the Si sample also absorbs microwave power. So,

after ~20 s, Si self-heating and conductive heating contribute to the heating of Si together.
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Figure 4.1 The temperature as a function of time for SiC susceptor alone and 2x10" B*
cm implanted Si on susceptor.
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5 Summary and Conclusion

Driven by the International Technology Roadmap for Semiconductors (ITRS), the
device features are scaling down significantly and the corresponding junction depth keeps
decreasing®?. However, the most widely used technique, rapid thermal annealing, still
cannot minimize the diffusion length sufficiently™. Several other thermal annealing
techniques, such as laser annealing and metal induced crystallization suffer from either
non-uniform heating or metal contamination®®. Fortunately, it is reported that susceptor-
assisted microwave annealing only leads to a limited diffusion’®. To achieve a shallow
junction, a low energy of 15 keV is applied in the boron and phosphorus implantation and
the susceptor-assisted microwave annealing is conducted to minimize the diffusion in this
study.

The electrical and structural properties of B* implanted and P* implanted Si
samples before and after microwave annealing are investigated. The results of this study
confirm that microwave annealing is able to achieve sufficient recrystallization and
electrical activation. The low implantation-energy used in this study, creates lower
amount of damage in B* implanted Si, compared with P* implanted Si. However,
annealing induces the growth of large extended defects and results in reduced crystalline
quality and impeded the electrical activation in the B implanted Si. The P* implanted
sample on the other hand experiences more effective electrical activation and better
crystalline quality after annealing. Dopant diffusion in the microwave annealed B*
implanted samples is not as severe as in the RTA processed sample because BICs in the

microwave annealed sample confine Si interstitials and thereby minimize diffusion of the
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boron dopant atoms. The annealed P* implanted Si shows no measureable diffusion after
the microwave-induced crystallization and electrical activation is completed. During
susceptor-assisted microwave annealing, Si self-heating by microwave absorption is the
main contributor to the temperature rise of Si in the first 20 s. After 20 s annealing, the
conductive heating from SiC susceptor also participates in the heating of Si. The extent
of microwave absorption in susceptor-assisted microwave heating depends on the bulk

materials being heated, rather than the implanted dopant species and dose.
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6  Further work

Although we have successful minimized the dopants diffusion using a fast
annealing technique, susceptor-assisted microwave annealing, severe defects in boron
implanted Si wafers might have bad influence on the transistors’ performance if these
defects are electrically active. For example, the electrically active defects are deep level
traps where the electrons and holes in the wafer would be captured and emitted and then
cause the leakage and degraded performance in the transistors. Hence, one of the further
work is to determine whether those defects are electrically active or not.

Secondly, we want to find out the quantitative dependence of the dielectric loss on
temperature in lower temperature range. Hence, in the further, the dielectric loss would

be measured as a function of temperature using electromagnetic measurement method.
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