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ABSTRACT

Silicon carbide is a promising semiconductor material for high voltage, high frequency
and high temperature devices due to its wide bandgap, high breakdown electric field
strength, highly saturated drift velocity of electrons and outstanding thermal conductivity.
With the aim of overcoming some challenges in metallization and doping during the
fabrication of silicon carbide devices, a novel laser-based process is provided to direct
metallize the surface of silicon carbide without metal deposition and dope in silicon
carbide without high temperature annealing, as an alternative to the conventional ion
implantation, and find applications of this laser direct write metallization and doping
technique on the fabrication of diodes, endotaxial layer and embedded optical structures

on silicon carbide wafers.

Mathematical models have been presented for the temperature distributions in the wafer
during laser irradiation to optimize laser process parameters and understand the doping

and metallization mechanisms in laser irradiation process.

Laser irradiation of silicon carbide in a dopant-containing ambient allows to
simultaneously heating the silicon carbide surface without melting and incorporating
dopant atoms into the silicon carbide lattice. The process that dopant atoms diffuse into
the bulk silicon carbide by laser-induced solid phase diffusion (LISPD) can be explained
by considering the laser enhanced substitutional and interstitial diffusion mechanisms.

Nitrogen and Trimethyaluminum (TMA) are used as dopants to produce n-type and p-
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type doped silicon carbide, respectively. Two laser doping methods, i.e., internal heating
doping and surface heating doping are presented in this dissertation. Deep (800 nm doped
junction for internal heating doping) and shallow (200 nm and 450 nm doped junction for
surface heating doping) can be fabricated by different doping methods. Two distinct
diffusion regions, near-surface and far-surface regions, were identified in the dopant
concentration profiles, indicating different diffusion mechanisms in these two regions.
The effective diffusion coefficients of nitrogen and aluminum were determined for both
regions by fitting the diffusion equation to the measured concentration profiles. The
calculated diffusivities are at least 6 orders of magnitude higher than the typical values
for nitrogen and aluminum, which indicate that laser doping process enhances the
diffusion of dopants in silicon carbide significantly. No amorphization was observed in

laser-doped samples eliminating the need for high temperature annealing.

Laser direct metallization can be realized on the surface of silicon carbide by generating
metal-like conductive phases due to the decomposition of silicon carbide. The ohmic
property of the laser direct metallized electrodes can be dramatically improved by

fabricating such electrodes on laser heavily doped SiC substrate.

This laser-induced solid phase diffusion technique has been utilized to fabricate
endolayers in n-type 6H-SiC substrates by carbon incorporation. X-ray energy dispersive
spectroscopic analysis shows that the thickness of endolayer is about 100 nm. High
resolution transmission electron microscopic images indicate that the laser endotaxy

process maintains the crystalline integrity of the substrate without any amorphization.
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Rutherford backscattering studies also show no amorphization and evident lattice
disorder occur during this laser solid phase diffusion process. The resistivity of the
endolayer formed in a 1.55 Q-cm silicon carbide wafer segment was found to be 1.1 x10°
Q) -cm which is sufficient for device fabrication and isolation. Annealing at 1000°C for 10

min to remove hydrogen resulted in a resistivity of 9.4 x10* Q -cm.

Prototype silicon carbide PIN diodes have been fabricated by doping the endolayer and
parent silicon carbide epilayer with aluminum using this laser-induced solid phase
diffusion technique to create p-regions on the top surfaces of the substrates. Laser direct
metallized contacts were also fabricated on selected PIN diodes to show the effectiveness
of these contacts. The results show that the PIN diode fabricated on a 30 nm thick
endolayer can block 18 V, and the breakdown voltages and the forward voltages drop at
100 A/cm’ of the diodes fabricated on 4H-SiC with homoepilayer are 420 ~ 500 V and

12.5 ~ 20V, respectively.

The laser direct metallization and doping technique can also be used to synthesize
embedded optical structures, which can increase 40% reflectivity compared to the parent
wafer, showing potential for the creation of optical, electro-optical, opto-electrical, sensor
devices and other integrated structures that are stable in high temperature, high-pressure,

corrosive environments and deep space applications.
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CHAPTER 1: INTRODUCTION AND LITERATURE
REVIEW

1.1 Motivation

Silicon carbide (SiC) is a promising semiconductor material for high-voltage, high-
frequency and high-temperature devices due to its wide bandgap (2.36-3.5 eV), high
breakdown electric field strength (3-5 MV/cm), high saturated drift velocity of electrons
(2x10” cm/s) and high thermal conductivity (350-490 Wm™'K™") [Heft et. al (1995) and

Levinshtein et. al (2001)].

However, there are still technology barriers for silicon carbide device fabrication
including micropipe defects in the substrate and processing limitations (e.g., dielectric
deposition, etching, oxidation, metallization, and doping). One of these challenges is
metallization for source, drain and gate contacts on devices. Metal conductors generate
strains due to thermal expansion coefficient mismatch resulting in debonding, or can
create charge carrier traps, particularly dislocations, which decrease the device efficiency.
Also, metal conductors can oxidize and react with chemical species in hostile
environments degrading their conductive properties and further creating chemical

products that can eventually affect the device [Sengupta et. al (2001)].

Doping is another challenge for SiC device fabrication due to its hardness, chemical

inertness and the low diffusion coefficient of most impurities [Edwards et al. (1997)].



Current doping techniques for SiC device fabrication include epilayer doping and ion
implantation. Epilayer doping is in situ doping during chemical vapor deposition (CVD)
epitaxial growth; Nitrogen (N) or phosphorous (P) for n-type, aluminum (Al) or boron
(B) for p-type and vanadium (V) for semi-insulating type are introduced. Ion
implantation is the most common doping technique used for fabricating SiC devices
currently. However, it generates implantation-induced defect centers in the wafer and
therefore, high annealing temperatures are required to remove these defects and to
electrically activate the dopants. Some defects remain in SiC for up to 1700°C annealing
temperatures [Troffer et. al (1997)]. Annealing at these high temperatures can cause

severe surface damage due to Si sublimation and redistribution [Handy et. al (2000)].

With the aim of overcoming some challenges in metallization and doping during the
fabrication of silicon carbide devices, a novel laser direct write technique is provided to
direct metallize the surface of silicon carbide without metal deposition and dope in

silicon carbide instead of conventional ion implantation.

Laser irradiation of SiC in an inert ambient at appropriate processing parameters induces
a conversion in the electric properties by changing the surface stoichiometry at the laser-
irradiated spot. This process forms electrically conductive phases with a metal-like
behavior that can act as either Ohmic or rectifying contact without any metal deposition
with respect to the untreated SiC. It can also serve as interconnects for devices built on

SiC substrate [Salama (2003)].



Laser irradiation of SiC in a dopant-containing ambient allows to simultaneously heating
the SiC surface and incorporating dopant atoms into the SiC lattice. This laser doping
process can enhance the dopant diffusivity compared to conventional high temperature
furnace diffusion process and reduce defect generation compared to ion implantation
method. It can also realize selective area doping and dopant and conductivity level

control [Salama (2003)].

1.2 Literature Reviews

1.2.1 Silicon Carbide

As a wide bandgap (2.0 eV < E, < 7.0 eV) [Casady and Johnson (1996)] semiconductor
material, silicon carbide (SiC) has attracted increasing attention for high-power, high-
frequency, high-temperature and radiation-resistant devices due to its unique structure

and attractive properties.

Silicon carbide is the only chemically stable form of silicon and carbon. The crystalline
structure of SiC can be considered to consist of the close-packed stacking of double
layers of Si and C atoms [Harris (1995)]. The stacking of the double layers follows one of
three possible relative positions, which are arbitrarily labeled A, B and C, each letter
representing a bilayer of individual Si and C atoms. Different stacking sequences of these

three double layers result in SiC’s large number of polytypes. Polytypism is a one-



dimensional polymorphism that is a result of the stacking sequence [Harris (1995)].
There are more than 200 different polytypes of SiC crystallizing mainly in three lattice
structures, i.e., cubic, hexagonal and rhombohedral [Pensel and Choyke (1993)]. The
most common polytypes of SiC, which are developed for electronics currently, are 3C-
SiC, 4H-SiC, and 6H-SiC. 3C-SiC with stacking sequence of ABCABC, or known as (-
SiC, is the only polytype of SiC in a cubic lattice structure. Correspondingly, the non-
cubic polytypes of SiC are referred to as a-SiC [Pearton (2000)]. 4H- and 6H-SiC, with
stacking sequences of ABCBABCB and ABCACBABCACB, respectively, are only two

of many possible SiC polytypes with hexagonal crystal structure [Neudeck (2000)].

Different polytypes of SiC have different physical and electronic properties. Among these
three polytypes of SiC presently being developed for electronics, the bandgap energy at
room temperature varies from 2.36 eV for 3C-SiC and 3.0 eV for 6H-SiC to 3.23 eV for
4H-SiC [Goldberg et al. (2001)]. The wide bandgap is the key to almost all advantages of
using SiC in devices. Other important parameters that affect device performance include
electron and hole mobility. 4H-SiC has the highest electron mobility (< 900 cm?/Vs) and
3C-SiC has the highest hole mobility (< 320 cm?®/Vs) and high electron mobility second
to 4H-SiC (< 800 cm?’/Vs); while 6H-SiC has the lowest electron mobility (< 400 cm*/Vs)
and hole mobility (< 90 cm?/Vs). Also, the anisotropy of electron mobility in 6H-SiC is
much more than that in 4H-SiC. The ratio of the electron mobility along the normal to the
basal plane (p,) to that in the basal plane () is about 0.7-0.83 at 300 K in 4H-SiC, while

the same ratio is about 6 in 6H-SiC [Pearton (2000)]. However, the minority carrier



lifetime is usually longer in 6H-SiC than in 4H-SiC, which can compensate the low
electron mobility in 6H-SiC for bipolar-type power device applications [Fujihira et al.
(2002)]. Furthermore, the quality and size of 6H-SiC are more advanced than that for 4H-

SiC.

Compared to other semiconductor materials such as silicon and gallium arsenic (GaAs),
SiC has superior properties in many aspects that are crucial for integrated device
fabrication. The comparison of electrical properties of SiC, Si and GaAs is listed in Table
1. SiC’s wide bandgap (2.36-3.23 eV), high breakdown electric field strength (3-5
MV/cm), high saturated drift velocity of electrons (2x10” cm/s) and high thermal
conductivity (350-490 Wm™'K™") make it an very attractive semiconductor material for
high-power, high- frequency, high-temperature device applications [Heft et al. (1995) and

Goldberg et al. (2001)].

1.2.2 Current Technology Barriers in Silicon Carbide Device Fabrication

There are still some technology barriers for silicon carbide device fabrication such as
dielectric deposition, etching, oxidation, metallization and doping. One of these

challenges is metallization for source, drain and gate contacts on devices.

Metallization Contact in SiC
When a metal and a semiconductor are brought into contact, a rectifying or ohmic contact

can be formed. The critical parameter that determines whether a contact is of ohmic or



rectifying nature is the Schottky barrier height (SBH-¢g). An ohmic contact requires low
¢p while high value of ¢p is needed for a rectifying contact. An ohmic contact is defined
as having a linear and symmetric current-voltages and an extremely small resistance in
comparison to the bulk of the device. The main purpose of an ohmic contact is to allow
the outside communication of a device. A contact is of rectifying type when it allows
current flow under only one voltage bias regime (positive or negative) and thus becomes

an important factor of the active region of a device [Constantinidis et al. (1997)].

For SiC, most metals can easily form a rectifying contact on SiC, such as Au, Al, Pd, Ni
on n-type SiC and Al, Ni, NiAl, Au on p-type SiC, with low leakage current, low ideality
factor, high breakdown voltage and Schottky barrier height (SBH-¢5) in excess of 1 eV
depending on the polytype, doping type and dopant concentration. It is more difficult to
form an ohmic contact on SiC with low contact resistance which may be overcome by
heavy doping of the SiC and using an insulator interlayer to reduce the barrier height and
up to now ohmic contact has been realized on SiC such as Ni, Ti, Mo, Ni-Cr, TiW on n-

type SiC and Al, Ti, Mo, Al-Ti on p-type SiC [Porter et al. (1995)].

However, metal conductors generate strains due to thermal expansion coefficient
mismatch resulting in debonding, or can create charge carrier traps, particularly
dislocations, which decrease the device efficiency. Also, metal conductors can oxidize
and react with chemical species in hostile environments degrading their conductive
properties and further creating chemical products that can eventually affect the device

[Sengupta et al. (2001)].



Table 1.1 Comparison of electrical properties of SiC, Si and GaAs [Heft et al. (1995),

Zetterling, et al. (2002) and Goldberg et al. (2001)].

Silicon Carbide Si GaAs
3C-SiC 4H-SiC 6H-SiC
Energy gap 2.36 3.23 3.0 1.12 1.43
(eV)
Breakdown field 2.0 2.2 2.5 0.25 0.3
(Mv/cm)
Electron saturation 2.5 2.0 2.0 1.0 1.0
velocity (107 cm/sec)
Electron mobility <800 <900 <400 1400 8500
(cm?*/Vs)
Hole mobility <300 <120 <90 500 4500
(cm?*/V's)
Thermal conductivity 3.6 3.7 4.9 1.5 0.46
(W/cm K)
Thermal diffusivity 1.6 1.7 2.2 0.9 0.24

(cm?/s)




Doping in SiC

Doping is another challenge for SiC device fabrication due to its hardness, chemical
inertness and the low diffusion coefficient of most impurities [Edwards et al. (1997)].
Current doping techniques for SiC device fabrication include epilayer doping and ion
implantation. Epilayer doping is in situ doping during chemical vapor deposition (CVD)
epitaxial growth; Nitrogen (N) or phosphorous (P) for n-type, aluminum (Al) or boron

(B) for p-type and vanadium (V) for semi-insulating type are introduced.

Ion implantation is the most common doping technique used for fabricating SiC devices
currently. This processing is done in ion implanter, one of the most complex
semiconductor processing tools (Fig. 1.1). The basic process of ion implantation is that a
beam of the desired dopant ions, which are created from a source material, extracted and
separated in a mass analyzer, is accelerated in a voltage field to attain a high velocity to
implant the dopants into the semiconductor crystal lattice structure of the target wafer
[Quirk and Serda (2001)]. Implantation is followed by a thermal anneal step to activate
the dopant ions in the crystal structure. In ion implantation, doping concentrations and
doping profiles can be adjusted reproducibly and varied over a wide range; doping
selected areas through masking techniques is possible, which avoids lateral structuring
with wet and dry etching techniques; and basically all stable elements of the periodic

table can be implanted [Zetterling et al. (2002)].
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Figure 1.1 A schematic of doping by ion implantation [Singh (2001)].



However, ion implantation generates implantation-induced defect centers in the wafer
and therefore, high annealing temperatures are required to remove these defects and to
electrically activate the dopants. Some defects remain in SiC for up to 1700°C annealing
temperatures [Troffer et al. (1997)]. Moreover, annealing at these high temperatures can

cause severe surface damage due to Si sublimation and redistribution [Handy et al.

(2000)].

To avoid high temperature annealing after ion implantation, pulsed laser annealing (PLA)
has been used to suppress the ion-implanted defects and electrically activate ion-
implanted dopants. The use of high powerful pulsed laser beams in the nanosecond
duration regime deposits a large amount of energy in very short time into the near-surface
region without evidently affecting the substrate temperature [Dutto et al. (2001)]. Under
different laser processing conditions, irradiation can lead to surface melting of SiC to a
depth of a few hundred nanometers or just annealing in solid phase without surface
melting. The highly non-equilibrium nature of the melt/regrowth process is able to
achieve complete electrical activation of the dopants; while surface degradation and
change in the material stoichiometry are difficult to avoid [Dutto et al. (2003)]. Chou et
al. [Chou et al. (1990)] demonstrated the removal of implantation damage in 6H-SiC
using a pulsed excimer laser. They reported that molten SiC regrows epitaxially on the
underlying substrate after the surface melting and the implanted Ga atoms significantly
redistributed, which can only be explained by liquid phase diffusion of the Ga atoms.
Ahmed et al. [Ahmed et al. (1995)] demonstrated the electrical activation of N* and Al

ion-implanted layer in 6H-SiC using XeCl excimer laser irradiation, however, the
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problem of a significant redistribution of the dopanted dopants due to surface melting or
ablation still exist. Eryu et al. [Eryu et al. (2001)] reported the electrically activation of
ion-implanted impurities without melting the surface region by repeated laser irradiation
at low energy density. The process induced little redistribution of implanted impurities
after laser irradiation. Tanaka et al. [Tanaka et al. (2003)] drastically improved the
electrically activation efficiency of the dopants by using a “multiple energy irradiation
method” without ablation of the surface atoms and redistribution of the dopants while the

substrate temperature was kept in the range of 500-700 °C.

Lasers have also been used to incorporate dopants into semiconductor wafers and such
techniques have been classified as laser thermal processing (LTP), gas immersion laser
doping (GILD) and laser-induced solid-phase doping (LISPD). The LTP method is a two-
step process in which ion-implantation is used at first and then a pulsed laser beam is
employed to induce a melting and solidification cycle over a given depth of the wafer.
Highly doped layers (up to ~ 3x 10*' cm™ of B atoms) with thickness of the order of 10
nm in Si wafers have been achieved by using this technique [Kerrien et al. (2003)]. The
GILD method involves direct incorporation of dopants into the molten layer created by a
laser beam, as shown in Fig. 1.2. In this method a dopant-containing gas, which is
adsorbed at the wafer surface, is pyrolyzed with a laser beam to produce the dopant
species. The dopant atoms diffuse into the molten silicon layer and then occupy
electrically active sites during epitaxial recrystallization of the melt [Jones et al. (1998)].
This process was used to fabricate a variety of junctions by doping Si wafers using an
excimer laser: ultra-shallow (junction depths ranging from 14 to 65 nm) and highly doped
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junctions (up to = 3x 10*' cm™ of B atoms) [Kerrien et al. (2004)], source-drain junctions
of submicrometer PMOS (junction depths ranging from 25 to 150 nm and peak
concentrations up to 10*' cm™ of B atoms) [Carey et al. (1988)], p'/n and n'/p diodes
(junction depths ranging from 30 to 200 nm and peak concentrations approaching 10!
cm™ of B and P atoms for p-type and n-type regions respectively) [Weiner et al. (1993)],
and source and drain regions of self-aligned aluminum top-gate polysilicon thin-film
transistors [Giust et al. (1997)]. The wafer is not melted in the LISPD method, which is
based on the solid-state diffusion for dopant incorporation through one of the following
two techniques: (i) the dopant film method and (i1) the dopant gas method. In the dopant
film method, a thin film of the dopant material is deposited on the wafer surface and then
the film is heated with a laser beam to diffuse the dopant atoms from the film to the
wafer. In the dopant gas method, the wafer is placed in a chamber to which a dopant-
containing vapor, such as an organometallic compound, is supplied with an inert gas
(e.g., Ar) and the wafer is heated with a laser beam. The dopant atoms are produced at the
laser-heated wafer surface upon pyrolysis of the vapor and the diffusion of such atoms
into the wafer occurs at fairly high temperatures. A suitable liquid medium can also be
utilized to accomplish doping by the LISPD method instead of using the vapor medium.
P-n junctions were fabricated in different semiconductors such as GaAs, GaP, InP and Si
(junction depth ~350 nm and peak concentration approaching 10*° cm™ of B atoms in Si)
by the LISPD method using a CO; laser [Bonchik et al. (2001) and Pokhmurska et al.

(2000)].
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Figure 1.2 Illustration of GILD process [Jones et al. (1998)].
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1.2.3 Fabrication of Silicon Carbide PIN Diodes

SiC PIN diodes have a strong potential for use in high speed and high power electronics
applications, especially operating for high temperature operating conditions. SiC PIN
diodes are typically fabricated by choosing a p’/n/n" SiC structure, i.e., growing a p"
homoepitaxial layer on n” SiC epitaxial layer that is grown on n” SiC substrate. In some
cases edge termination such as Junction Termination Extension (JTE), field plates,
floating guard rings and junction beveling is designed to increase breakdown voltage of
the diodes by reducing electric field crowding at the device edge. A typical PIN diode
structure with a shallow mesa JTE is shown in Fig. 1.3. The performance of the diodes
depend on several factors such as the growth of pure, low defect density epitaxial layers,
doping concentrations of p and n” layers, thickness of n™ layer and the design of edge
termination, etc. Fujihira et al. [Fujihira et al. (2002)] fabricated 6H-SiC PIN diodes
using p'/p/n/n homoepitexial layers grown on highly doped (5x10'%cm™) n-type
substrates, exhibiting a high breakdown voltage of 4.2 kV with a low on-resistance of 4.6
mQ-cm” and fast switching with a turn-off time of 0.18 ps at 300 K. A 5.5 kV 4H-SiC
PiN rectifier was fabricated by Singh et al. [Singh et al. (2002)] using a p'/n”/n structure
and a p-type junction termination extension (JTE) as the planar edge termination method
to gradually reduce the electric field from the edge of the SiC diode to the outer periphery
of the device structure. Their reverse bias measurement up to 5 kV showed that the
leakage current increases by only one order of magnitude for the temperature rise from

the room temperature to 573 K. A 4H-SiC ultra high voltage PIN diode fabricated by

14



Sugawara et al. [Sugawara et al. (2001)] using a p /n’/n structure and a shallow mesa JTE

exhibits the breakdown voltage of 19 kV.

Shallow Shallow
musa JTE mesa JTE

K

Figure 1.3 Cross-sectional structure of 4H-SiC UHV diode with shallow mesa JTE

[Sugawara et al. (2001)].
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1.2.4 Epitaxial Growth of Silicon Carbide

The driving force for growing epitaxial layer on substrates is that certain devices such as
detectors and light-emitting diodes require multilayer structures for optimal performance.
Epitaxy can be broadly classified into two categories, i.e., homoepitaxy and
heteroepitaxy. In homoepitaxy the composition of the layer is essentially the same as that
of the underlying substrate while epitaxy is termed hetoroepitaxy when the composition
of the layer differs from that of the substrate [Mahajan and Sree Harsha (1998)].
Compared with hetoroepitaxy, homoepitaxy growth can result in higher quality layers
[Kern et al. (1997)]. Techniques available for depositing layers can be broadly classified
into four groups: (1) vapor phase epitaxy (VPE), (2) liquid phase epitaxy (LPE), (3)
molecular beam epitaxy (MBE), and (4) solid phase epitaxy (SPE). The strengths and

weaknesses of various epitaxy methods are listed in Table 1.2.

For epitaxy SiC growth, polytype control, doping control and defect reduction are basic
consideration. The dominate methods for epitaxy SiC growth are vapor phase epitaxy and
molecular beam epitaxy. The basic principle for VPE is to feed precursor gases diluted in
a carrier gas into a reaction chamber, where growth takes place on a heated seed crystal
[Nordell (2002)]. For MBE, elemental sources are evaporated at a controlled rate onto a
heated substrate under ultrahigh-vacuum (UHV) conditions [Stringfellow (1999)].
Compared with VPE, MBE can offer cleaner ambient and lower deposition temperatures

[Kern et al. (1997)].
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Kaneda et al. [Kaneda et al. (1987)] reported that p-type epitaxial 3C-SiC (111) was
grown on n-type 6H-SiC (0001) substrate by solid source MBE using electron beam
heated solid sources of C and mixed Si/B. The breakdown field of resulting p-n junction,
6.7 x 10° Vem™, is comparable with values of p-n junction formed by other growth
methods. Fissel et al. [Fissel et al. (1995)] grown 3C-SiC on vicinal 6H-SiC (0001)
substrates at modest growth rates (1 nm min™) below 1000 °C using their “Si-stabilized”
growth method. However, the quality of the deposited film displayed many stacking
faults, double positioning boundaries (DPBs), rough surfaces and non-uniform surface
coverage. Kern et al. [Kern et al., (1997)] grown 3C-SiC(111) films with DPBs and
stacking faults on both vicinal and on-axis 6H-SiC (0001) substrates at temperatures
between 1000 and 1500 °C; the same group also grown 6H-SiC (0001) films with low
defect densities on vicinal 6H-SiC (0001) substrates by adding H, to the reactant mixture

at temperatures between 1350 and 1500 °C.
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Table 1.2 Overview of epitaxy techniques [Stringfellow, (1999)]

Techniques Strengths Weaknesses
Liquid-Phase Simple, High purity, low impurity = Poor thickness uniformity,
Epitaxy (LPE) and point defect levels difficulty in growing Al and In
Chloride Vapor- Simple No Al alloys, Sb alloys
phase Epitaxy Hich puri difficult, >20-A interface
(CIVPE) gh purity widths
Hydride Vapor- Well developed No Al alloys, Sb alloys
phase Epitaxy Laree scale difficult, complex
(HVPE) & process/reactor, control

difficult, hazardous precursors
Organometallic Most flexible, abrupt interfaces, Expensive reactants, most
Vapor-Phase high purity, simple reactor, robust parameters to control
Epitaxy (OMVPE) process, uniform, large scale, high accurately, Hazardous

growth rates, selective growth, In
situ monitoring

precursors

Molecular-Beam
Epitaxy (MBE)

Simple process, Uniform, Abrupt
interfaces, In situ monitoring, A
cleaner ambient, Lower
deposition temperatures

As/P alloys difficult, Sb alloys
difficult, N materials difficult,
“Oval” defects, Low
throughput, expensive (capital)

Solid-Phase
Epitaxy (SPE)

Applicable to a variety of material
systems, for which epitaxial thin
film growth is difficult.

Laser Chemical
Vapor Deposition
(LCVD)

Maskless selective epitaxial
growth, low substrate
temperature, high deposition rate,
in-situ multicomponent device
integration on the same wafer,
clean epilayer

Special cases
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Vapor phase epitaxy has advantages in the precise control and uniformity of epilayer
thickness and impurity doping. However, there had been a serious problem of polytype
mixing in VPE growth of a-SiC [Yoshida et al. (1987)]. A new technique named “step-
controlled epitaxy” solved this problem successfully. In this technique the polytype of
epilayers can be controlled by surface steps existing on the off-substrates. The
breakthrough of this technique lies in that growth temperature can be reduced more than
300 °C and epilayers deposited have very high quality enough for device applications
[Kimoto et al. (1997)]. Using this technique high quality single crystalline o-SiC
homoepitaxial layers have been successfully produced [Karmann et al. (1992) and Rupp

et al. (1995)].

1.2.5 Laser Interaction with Semiconductors

The interaction mechanisms between laser beam and matter depend on the parameters of
the laser beam and the physical and chemical properties of the material. Laser parameters
include the wavelength, intensity, spatial and temporal coherence, polarization, angle of
incidence, and dwell time (illumination time at a particular site). While the material is
characterized by its chemical composition and microstructure, i.e., the arrangement of
atoms or molecules within a solid, which determine the type of elementary excitations

and the interaction between the laser and matter [Bauerle (2000)].

As far as laser processing of semiconductor is concerned, this process depends upon how

laser energy is introduced into the material and this starts with excitation of electrons that
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the photons of a laser can couple [Brown (1983)]. The strength of the coupling is heavily
dependent on the laser wavelength and the material. The excitation mechanisms involved
can be divided into two major types: hole-electron pair generation and free carrier
absorption [Brown (1983)]. In the hole-electron pair generation mechanism, a photon
with high enough energy is capable of breaking an electronic bond, promoting an electron
from the valence to the conduction band of the semiconductor and thus providing a free
electron and a corresponding free hole. Electronic band structure of semiconductors can
be altered by doping and correspondingly hole-electron pair generation takes place for
relatively lower energy photons. In the second excitation mechanism, photons are
absorbed by free electrons or holes and are promoted to higher energy states within the
conduction or valence bands. Such absorption depends directly on the density of free

carriers present in the semiconductors.

Laser processing of semiconductors can be viewed as dominantly thermal because the
material gets heated by energy rapidly flowing from the laser beam to the electrons and
then to the vibrating lattice. The time of energy transfer from electrons to the lattice by
generation of phonons (elementary lattice vibrations) was estimated >10"" s but <10® s
[Gamo et al. (1981)]. So the laser can be considered as an intense source of localized
heat. However, the thermal behaviors of the semiconductors under different laser
irradiation mode of operation, continuous wave (CW) and pulsed, are quite different. A
CW laser beam provides a continuous heating to the material during a certain time and
the material cools when the laser radiation is switched off. While in the pulsed mode, the

energy is supplied at regular intervals with cooling periods.
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1.2.6 Temperature Distribution during Laser Irradiation Process

Temperature rise induced by the absorbed laser irradiation on a material surface or within
its bulk is a basic quantity in laser processing and knowing the temperature distribution is
a prerequisite for both fundamental investigations and technical applications. The
physical phenomena involved in the material heating by laser irradiation, such as surface
heat treatment, melting and evaporation can be described by the well-known heat
conduction differential equation. This partial differential equation can be solved by
numerical methods or analytical methods. The main disadvantages of the numerical
methods include the development and implementation of algorithms and the high
acquisition cost of the commercial software; while the limitation of analytical methods lie
in such methods are not suitable when the mathematical description of the physical
phenomena leads to a non-linear equation, where the material properties are temperature

dependent [Conde et al. (2002)].

Temperature profiles of various physical phenomena such as surface heat treatment,
surface melting and evaporation in different materials (metals, semiconductors, polymers,
etc.) under certain laser processing conditions (CW or pulsed, stationary or scanning laser
beam, circular or rectangular beam, etc.) has been determined by many researchers. Cline
and Anthony [Cline and Anthony (1977)] derived a temperature field for laser heating
and melting materials for a Gaussian beam moving at a constant velocity. Chen and Lee
[Chen and Lee (1983)] obtained the temperature profiles of a semi-infinite slab heated

with a scanning laser beam and considered the effects of the scanning velocity, the beam
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radius and the beam shape on the temperature. Tokarev and Kaplan [Tokarev and Kaplan
(1999)] solved the one-dimensional time dependent heat conduction equation for surface
heating with a solid-melt phase boundary for a rectangular pulse laser beam. Kar et al.
[Kar et al (1996)] presented an expression for the temperature distribution during laser
heating with single or multiple rectangular chemical oxygen-iodine laser beams.
Mazhukin et al. [Mazhukin et al. (1995)] presented a mathematical model including the
processes of heating, melting-solidification and evaporation of superconducting ceramics
in pulsed laser action by numerical simulation. Conde et al. [Conde et al. (2002)]
calculated the spatial and temporal temperature distribution in a material by the Green

function for both CW and pulsed laser radiation.

1.3 Objectives

The purpose of this project is to provide a laser-based process for metallization and
doping to laser direct metallize without metal deposition and laser dope in SiC without
high temperature annealing, as an alternative to the conventional ion implantation, and
find applications of this laser direct write metallization and doping technique on the

fabrication of PIN diodes, endotaxial layer and optical structure on SiC substrate.

The research includes the following studies:
e Temperature distribution of silicon carbide substrate during laser metallization
and doping process.

e Realization of laser direct metallization on silicon carbide substrate.
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N-type and p-type doping on silicon carbide wafer by different laser sources and
concentration profile characterization of n-type and p-type dopants.

Diffusion model of dopants during laser doping process.

Laser fabrication of endotaxial layer on SiC substrate.

Laser fabrication and electrical characterization of SiC PIN diodes on different
mediums.

Laser fabrication and characterization of embedded optical structure.
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CHAPTER 2: TEMPERATURE DISTRIBUTION ANALYSIS
DURING LASER METALLIZATION AND DOPING
PROCESS OF SILICON CARBIDE

2.1 Introduction

The aim of this chapter is to present the analysis results on mathematical modeling of the
temperature distribution of the wafers irradiated by the lasers to optimize the laser
processing parameters and help understanding the mechanisms of laser metallization and

doping process.

Depending on the laser energy absorption characteristics of the substrate at different
wavelengths, two distinct heating mechanisms can be envisaged during laser irradiation.
One of the mechanisms is laser internal heating while the other one is surface heating as
illustrated in Fig. 2.1. The internal heating mechanism (Fig. 2.1a) can be achieved with a
Nd:YAG laser (A=1064 nm) because of its low absorption coefficient in SiC. When the
laser beam is incident on the top polished surface of the SiC wafer, a fraction of its
energy is reflected and the rest of the energy propagates through the wafer towards the
bottom surface. Since the bottom surface is unpolished in this study, most of the energy is
absorbed by this surface. To achieve the surface heating (Fig. 2.2b) mechanism, A
excimer laser (A=193, 248, 351 nm for ArF, KrF and XeF lasing media respectively) is
used because of its high absorption coefficient in SiC. When the excimer laser beam is

incident on the top surface of the wafer, the laser energy is directly absorbed by this
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surface. Since the heating is localized at the top surface, the wafer can be doped to a very

small depth in this case.

Nd:YAG laser irradiation
L 0
R
S 6H-SiC
’ ; :_.I d
Laser beam passing
z
(a)
Excimer laser irradiation
Laser beam causing
Tea
' 0
6H-SiC
— d
y z

(b)

Figure 2.1 Different heating mechanisms for laser irradiation: (a) Volumetric heating

during Nd:YAG laser irradiation and (b) Surface heating during excimer laser irradiation.
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2.2 Mathematical model and analysis of laser internal heating

2.2.1 Mathematical model and solution

The determination of the temperature distribution due to a scanning Gaussian laser beam
would require solving a three-dimensional heat conduction equation. However, a one-
dimensional model is considered in this study for a stationary Gaussian beam to simplify
the analysis. Such a model is a very good approximation because the heat flux is very
large in the z direction, i.e, in the direction of laser beam propagation. The heat flux in
the other two orthogonal directions would be comparatively low because of high thermal
conductivity of SiC. Additionally the dopant atoms diffuse predominantly in the z
direction for which a one-dimensional diffusion model would be adequate. However, the
temperature will decrease radically for a beam of finite diameter. This trend in the
temperature distribution is approximated through the Gaussian irradiance profile of the
beam. Also the model is based on constant optical and thermo physical properties of the

substrate.

The governing equation can be expressed by:

0T
ox*

oT
k = - 2.1
+9=p0C, P (2.1)

—o[(1=R)1,e 7" /" e g(t)]
OX

Where g is heat source and g = (2.2)

in which ¢(t) defines the triangular shape of the laser pulse.
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Boundary conditions are described by:

ﬂ=0 atx =0
15)4

kﬂ:Ald atx=d
OX

In which the heat losses caused by the ambient are neglected.

Take Laplace transform of Eq. (2.1) to obtain

d’T,(x) s
dx? a

T.00+ 15,00 +10 =0
k a

and g, (X) = Igeistdt =ul pgseiﬂx , where | P (1- |?)|()872r2/'r°2
0

So equation (2.5) can be rewritten as

d’T,(x) s
dx? a

_ _ T
T.0+21 ge™ +-2=0
k a

_ ) ul p¢1e""X T
T.(x) =C,Sinh(v/s/ax) + C,Cosh(+/S/aX) + PPN 0

—+
(s/la—u") s
Laplace transforms of boundary conditions and replace into Eq. (2.8) yield

o Ml
"Kks/a(s/a - u)
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(1= A1 e “Cosh(v/s/ ax) - a(l- Al e .
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[_ . + (/JX) + z (_1) 1 (2 ) -
@d - sinh(ud) & d(2, + 1)
e ap’l pCosh(\/s/ad)Cosh(\/s/ax)] :_ayzlp .
kv's/a(s—au’)Sinh(v/s/ad) k 2.16)
= 1 N Cosh(ud )Cosh(ux)e™ N i (—1)™ 2Cos(4,d)Cos(4, x)e‘“ﬁ"z‘]
4 4Sinh(ud) d(a,” +4%)
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Using convolution theorem, T(x,t) can be expressed by:
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2.2.2 Results and Discussion

Temperature distribution calculated by Eq. (2.18) can be utilized to analysis the effect of
different laser parameters such as laser intensity and pulse repetition rate on the laser
process, to help understanding the energy transfer process and laser metallization and

doping mechanisms.

The properties and parameters of the SiC wafer used in this study are listed in Table 2.1,

which are substituted into Eq. (2.18) to calculate the temperature profiles.

Fig. 2.2 shows a transient temperature distribution along the thickness of the wafer for the
case of internal heating. The highest temperature is at the bottom surface since most of
the laser energy passes through the bulk and is absorbed at the bottom surface. After the
optical energy of the laser beam transforms into heat, the thermal energy conducts
upward into the bulk. So the temperature decreases continuously from the bottom to the
top surface of the wafer as indicated by the right hand side portion of the curve in Fig.

2.2.
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Table 2.1 The properties and parameters of the SiC wafer used in this study.

4H-SiC 6H-SiC
Thermal conductivity k (W/cmK) 3.7 4.9
Thermal diffusivity o (cm?*/s) 1.7 2.2
Absorption coefficient p (cm™) 6.07 6.07
Reflectance of the top polished surface R (%) 20 20
Absorbance of unpolished surface A (%) 52 51.5
Thickness d (pm) 270 270, 430
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Figure 2.2 Transient temperature distribution along the depth of the substrate (d =270
um) at t = 48 ns during Nd:YAG laser irradiation. The laser irradiance = 80.6 MW/cm?,

beam radius = 150 pum, pulse length = 72 ns and pulse repetition rate = 3 kHz.
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To realize the laser metallization of the bottom surface, we need to modify the
composition of the surface to a carbon-rich phase without affecting the composition of
the bulk evidently hence a temperature slightly above the decomposition of silicon

carbide (~ 3100 K) is desired.

The temperature rise during the laser irradiation is determined by the laser pulse intensity
(Ip) and pulse on time (t,n) of different pulse repetition rate based on Eq. (2.18). The
highest bottom surface temperature increases with the intensity of the laser at the same
laser pulse on time (Fig. 2.3) and with the pulse on time at the same laser intensity (Fig.
2.4). While the laser intensity and laser pulse on time are related each other by the
equation:

P
| =—0 2.19
S T 219

on
in which pulse on time increases with the pulse repetition rate for the laser source used in
this study. So the laser intensity at particular pulse repetition rate (pulse on time) is
determined by the different combination of average power and laser diameter. With the
increase of pulse repetition rate (pulse on time), the intensity needed to rise the
temperature of the wafer to the decomposition temperature of silicon carbide is
decreased, shown in Fig. 2.5. To summarize, the curves shown in Fig. 2.6 indicate the
decomposition temperature of SiC that can be reached by the combination of laser

intensity and pulse repetition rate (in the range of 2 kHz ~ 35 kHz) for 6H- and 4H- SiC

respectively (thickness of the substrate d, 430 um, is chosen for the calculation).
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Figure 2.3 Temperature distribution of 6H-SiC wafer (d = 430 um) irradiated at different
laser intensity (I=50, 100 and 150 MW/cm®) and same pulse repetition rate (f=3 kHz) and

accordingly pulse on time (t,,=72 ns).
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Figure 2.4 Temperature distribution of 6H-SiC wafer (d = 430 um) irradiated at different

pulse repetition rate (=3, 10, 20 and 35 kHz) and pulse on time (t,, =72, 126, 200 and

290 ns) and same laser intensity (I=50 MW/cm?).
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Figure 2.5 Variation of peak temperature with laser intensity at different pulse repetition

rate (f=3, 10, 20, 35 kHz) on the 6H-SiC substrate (d =430 pum).
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Figure 2.6 Variation of peak temperature for 4H- and 6H-SiC at the combination of laser

intensity and pulse repetition rate. The curves indicating the decomposition temperature

of SiC, 3100 K.
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The same temperature rise can be achieved by all of the pulse repetition rates and higher
pulse repetition rate (hence longer pulse on time) induces longer time at high
temperatures (shown in Fig. 2.7), which is preferred for the laser doping process since
dopant atoms have longer time at high temperatures to diffuse into the deeper bulk
lattices. However, another concern is the temperature rise during the multiple laser pulse
irradiation. Since the higher pulse repetition rate the shorter pulse off time for the wafer
to cool down, the temperature at the end of one single pulse increase with the pulse
repetition rate, which can be seen in Fig. 2.7. The temperature at the end of one single
pulse, 322 K at 2 kHz of pulse repetition rate, increases to 370 K using the pulse
repetition rate 17.5 kHz and to 427 K at 35 kHz of pulse repetition rate. Considering the
neglect of heat conduction in the directions perpendicular to the x axis in the model, this
temperature can be a little lower and reaches almost room temperature for the repetition
rate of 2 kHz. But for higher repetition rates, this temperature rise is still evident even we
consider the heat conduction along the directions except the x axis direction. Fig. 2.8
gives the temperature at the end of one single pulse in the whole range of pulse repetition
rate (2 kHz ~ 35 kHz) for both 4H- and 6H- SiC, indicating clearly this temperature rises

with the pulse repetition rate.

This elevated temperature will increase the whole temperature profile of the following
pulse, which is indicated in Figs. (2.9-2.11) where the temperature profiles of three laser
pulses at different repetition rate, 3 kHz, (Fig. 2.9), 17.5 kHz, (Fig. 2.10) and 35 kHz
(Fig. 2.11) are shown. The peak temperature increases from 3100 K to 3144 K after two

more pulses at the repetition rate of 3 kHz. But if we consider the heat conduction along
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the directions perpendicular to the x axis, as mentioned above, the temperature at the end
of the first pulse is able to reach almost room temperature, which will not affect the peak
temperature much. At the repetition rate of 17.5 kHz, the peak temperature increases
from 3100 K to 3182 K after two more pulses and this peak temperature rise is more
evident, from 3100 K to 3288 K, if 35 kHz of repetition rate is used. Such rapid peak
temperature rise will finally damage the wafer during the multiple pulse laser irradiations

so low pulse repetition rate is preferred combining all these considerations.

Fig. 2.12 gives the temperature distribution near the bottom region along the thickness of
the 6H-SiC at different transient time during one single pulse. After the bottom surface
reaches the peak temperature (curvel), heat transferred by the laser energy conducts up in
the bulk and increase the bulk temperature accompanying the decrease of surface
temperature (curves 2, 3 and 4) with the time. With the increase of distance from the
bottom surface the time that temperature reaches its peak value at that particular position
extend, shown in Fig. 2.13, such times at positions of bottom surface, 1 um from the
surface, 2 um from the surface and 3 pum from the surface are 48 ns, 56ns, 64 ns and 72

ns respectively.
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Figure 2.7 Temperature distribution of one single pulse with same peak temperature
(3100 K) irradiated at different pulse repetition rate (=3, 17.5 and 35 kHz) and laser

intensity (I=88.7, 56.4 and 44.2 MW/cm®) on 6H-SiC substrate (d = 430 pum).
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Figure 2.8 Variation of temperature at the end of one single pulse with pulse repetition

rate for 4H- and 6H- SiC wafers (d =430 um).
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Figure 2.9 Temperature profiles of three pulses of 6H-SiC wafer (d = 430 um) irradiated

at pulse repetition rate of 3 kHz and laser intensity of 88.7 MW/cm?.
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Figure 2.10 Temperature profiles of three pulses of 6H-SiC wafer (d = 430 pm) irradiated

at pulse repetition rate of 17.5 kHz and laser intensity of 56.4 MW/cm®.
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Figure 2.11 Temperature profiles of three pulses of 6H-SiC wafer (d =430 um) irradiated

at pulse repetition rate of 35 kHz and laser intensity of 44.2 MW/cm®.
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Figure 2.12 Time evolution of temperature along the thickness of the 6H-SiC wafer (d =

430 pum) near the bottom surface region. (Laser intensity: 91 MW/cm?; Pulse repetition

rate: 3 kHz).
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Figure 2.13 Temperature profiles of 6H-SiC (d = 430 um) at particular position during

the laser irradiation. (Laser intensity: 91 MW/cm?; Pulse repetition rate: 3 kHz).

45



2.3 Mathematical model and analysis of surface heating

2.3.1 Mathematical Model and Solution

The one-dimensional laser irradiation of surface heating can be described by the

following heat conduction equations, boundary conditions and initial condition.

oT oT?
—=a 2.20
ot ax’ (220)
—ka—T=AI¢(t)—HCI'—TO) (2.21)
OX

T(o,t) =T, (2.22)
T(x,0)=T, (2.23)
In this model #(t) defines a rectangular shape of laser pulse for excimer laser.

1 nt, <t<nt, +t,
P(t) = (2.24)

0 nt, <t<(n+Dt, n=0,1,2A
Take Laplace transform of Eq. (2.20) to obtain
T TO —Js/ax s/ax
T,(X,9) =?+C1e +C,e (2.25)
Laplace transform of Egs. (2.21) and (2.22) and replace into Eq. (2.23) yield

Alg,
C=——=—— (2.26)
' ks/a +H

C,=0 (2.27)

By using inverse Laplace transform, we obtain
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So T(x,t) can be expressed by using convolution theorem,
X2 aHAI Hx t aH “(t-7)

JaAl | 1 o :
e £¢(7)Eexp[—4a(t_7)]dr— E ek£¢(r)e T

erfe VAETD X g, (2.30)
k 2 Jat—1)

TXt) =T, +

2.3.2 Results and discussion

In this case, three different lasing media of excimer laser, XeF with wavelength of
351nm, KrF with wavelength of 248 nm and ArF with wavelength of 193 nm are
considered. The absorption of the 4H- and 6H- SiC wafer used in this study at the
different wavelengths of excimer laser and their heat transfer coefficients are given in

Table 2.2.
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Table 2.2 Absorption and heat transfer coefficients of 4H- and 6H-SiC [Levinshtein et al.

(2001)].
4H-SiC 6H-SiC
193 62 58
Absorption 248 73 71
(%) 351 77 77
Heat transfer coefficient (W/cm'K) 5 5
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The temperature profiles of 6H- and 4H-SiC in a single pulse at three different
wavelengths and particular laser pulse intensity are shown in Figs. 2. 14 and 15,
respectively. Higher peak temperature can be reached for 4H-SiC than 6H-SiC at same
laser intensity for all the three wavelengths because of the lower thermal conductivity and
diffusivity of 4H-SiC. For both cases the wafer reaches the highest peak temperature
irradiated by the XeF with the wavelength of 351 nm and lowest peak temperature by the
ArF with the wavelength of 193 nm. However, high temperature is not the only
consideration for the laser doping process. With the decrease of the laser wavelength, the
photon energy increases. The higher photon energy the higher energy input efficiency,
which is not considered in the temperature distribution modeling. Considering both of the
temperature profile and photon energy, KrF excimer laser (A=248 nm) is preferred
because of its much higher photon energy (5 eV) than XeF with wavelength of 351 nm
(3.53 eV) and much higher peak temperature (shown in Figs. 2.14 and 2.15) than ArF
with wavelength of 193 nm. The time evolution of temperature distribution along the

thickness of the 6H-SiC wafer irradiated by KrF laser is shown in Fig. 2.16.
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Figure 2.14 Temperature profiles of 6H-SiC irradiated by different excimer laser sources

(A=351, 248 and 193 nm) and same laser intensity (60 MW/cm?).
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Figure 2.15 Temperature profiles of 4H-SiC irradiated by different excimer laser sources

(A=351, 248 and 193 nm) and same laser intensity (60 MW/cm?).
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Figure 2.16 Time evolution of temperature along the thickness of the 6H-SiC wafer near

the top surface region. (Laser intensity: 73 MW/cm?; wavelength: 248 nm).
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CHAPTER 3: EXPERIMENTAL METHODS AND
CHARACTERIZATION TECHNIQUES

3.1 Samples Preparation

Three different silicon carbide samples purchased from II-VI incorporation were used in
this study. The corresponding characteristics of the samples are listed in Table 3.1. The
average micropipe densities of these wafers are below 12 cm™ and the dislocation

densities are about 5.8 x 10* cm™ [Emorhokpor et al. (2004)].

Table 3.1 Silicon carbide samples used in this study.

Sample Specifications

6H-SiC Single crystal, n-type doped with the dopant concentration of 5x10'®

cm™, 270 pm thick, one side polished

6H-SiC Single crystal, (0001) Si-face semi-insulating, 430 um thick, one side
polished
4H-SiC Single crystal, n-type doped with 10 um epitaxial layer with the dopant

concentration of ~10'® cm™, 270 um thick, epilayer side polished
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Prior to laser irradiation experiments, all samples were first washed with soap and
deionized (D.I.) water, blow dry nitrogen gas for drying and then cleaned by soaking in
H,0,:H,SOy4 solution (1:1 by volume) for 15 minutes. This was followed by rinsing with
D.I. water, dipping in buffered oxide etch (BOE), cleaning with actone, methanol and

D.I. water, and blowing dry nitrogen gas for final drying.

3.2 Laser Irradiation Experimental Set-up

Experiments can be conducted using two different laser sources: (1) A lamp-pumped
Nd:YAG laser (LEE-8150MQ) of wavelength 1064 nm that can be operated in both
continuous wave (CW) and Q-switched modes. In the CW mode, the output power of the
laser varies from 8 to 200 W. In the Q-switched mode, the pulse repetition rate and pulse
on-time can be turned in the range of 2 kHz to 35 kHz and 60 to 300 ns, respectively. The
beam profile of the Nd:YAG laser used in this study is shown in Fig. 3.1, in which the
laser beam intensity is almost uniform, and that is why we assume uniform laser beam in
the calculation of temperature distribution during laser irradiation. (2) A multigas
excimer laser (LPX 210i) with three lasing media (ArF for 193 nm wavelength, KrF for
248 nm wavelength and XeF for 351 nm wavelength). The repetition rate is in the range
of 1 to 100 Hz and the nominal pulse duration is 20 ns for wavelength of 193nm and 25

ns for wavelengths of 248nm and 351 nm.
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(b)

Figure 3.1 Intensity profile of the incident Nd:YAG laser beam. (a) Front view. (b) Top

view.
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A schematic of the laser doping, direct metallization and growing endolayer experimental
set-up is shown in Fig. 3.2. The sample was placed inside a vacuum chamber where it
was simultaneously irradiated with the laser beam and exposed to an appropriate gas, i.e.,
different gases for different irradiation purposes. The laser beam can focus on the top or
bottom surface of the substrate according to different heating mechanisms. The height of
the chamber can be controlled through an intermediate stage to obtain different laser spot
sizes on the SiC substrate surface. The chamber can be either stationary or moving on a
stepper motor-controlled translation stage depending on different experiment
requirements. The substrate was kept at room temperature before laser irradiation in all

the experiments.

There are three types of ambient gases used in this study:

(1) Dopant containing gas: Highly pure nitrogen gas was used as an n-type dopant source
during laser irradiation. Trimethylaluminum [(CH3);Al (TMA)] was used as the p-type
precursor for the aluminum doping. TMA was separately heated in a bubbler until it
evaporated and then a carrier gas Ar was passed through the bubbler to deliver the TMA
vapor to the laser doping chamber through a gas-tight tube. TMA decomposes at the
laser-heated substrate surface producing Al atoms, which subsequently diffuse into the
substrate.

(i1) Inert gas such as Ar or He serving as the protecting gas during the laser direct
metallization process.

(ii1)) Methane (CHy4): It was used as the carbon source for growing endolayer. Both the

pyrolytic and photolytic reactions during excimer laser irradiation process will contribute
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to the formation of carbon atoms from methane for the formation of endolayers, which

will be illuminated in Chapter 6.

Bending Mirror
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Excimer Laser
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Gas Tight Chamber
Sample
j Gas-Regulator and Flow meter
Exhaust Carrier Gas
Sample Holder Dopant Containing Flask
[ ] - /
Z-level Controlling Stage Hot Plate
I | |

EI Motorized Translation Stage

Figure 3.2 Experimental set-up for laser doping, direct metallization and growing

endolayer system.
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3.3 Materials Characterization

Different analytical techniques were used to quantitatively determine the dopant profiles
of both n-type and p-type doped samples, study the crystal structure of the laser irradiated

samples and analysis carbon contents in the endolayer.

3.3.1 Secondary lon Mass Spectroscopy (SIMS)

Cameca IMS-3F SIMS lon Microscope (Second ion mass spectroscopy) was used to
determine the n-type dopant (nitrogen) and p-type dopant (aluminum) depth profiles in
the surface region of the substrates after laser doping experiments. The SIMS
measurements were performed using Cs and O," sources with a primary beam of ~ 8

keV. The primary beam current is 1 pA and it was rastered over an area of ~ 200x200 pm
of the laser treated wafer. The depth scale was calculated from the sputtering rate and

time.

3.3.2 Focused lon Beam Instrument (FIB)

A FEI 200 TEM Focused lon Beam (FIB) instrument was used to obtain 10 pm x 5 pm %
150 nm cross-sections of the endolayer sample and parent sample in order to prepare
TEM specimens. Platinum film was deposited by Ga™ ion beam-assisted chemical vapor

deposition operating at 30 kV as a protective layer for subsequent FIB milling operation.
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3.3.3 Transmission Electron Microscopy (TEM)

To examine the effect of laser processing on the crystalline order of the endolayer, a high
resolution transmission electron microscope, FEI Tecnai F30 TEM, operating at 200 keV
was used to study the crystal structure along the cross section of the annealed endolayer
specimen. The crystal structure along the cross section of the parent wafer was also

analyzed for comparison.

3.3.4 X-ray Energy Dispersive Spectrometry (XEDS)

To determine the thickness of the endolayer, carbon contents along the depth of both
annealed endolayer specimen and parent wafer were analyzed by line scanning on the
cross sections of both annealed endolayer specimen and parent wafer using X-ray energy

dispersive spectrometry (XEDS), equipped with FEI Tecnai F30 TEM.

3.3.5 Rutherford Backscattering Spectroscopy (RBS)

Geneal IONIX 1.7MU Tandetron RBS system, involving the channeling of a 1.4 MeV He
beam, was used to analyze the lattice disorder of laser induced solid phase diffusion
processed specimens by comparing their aligned RBS channeling spectra with that of the

parent wafer.
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3.4 Electrical Characterization

3.4.1 Current-Voltage (I-V) Characteristics of the Laser Direct Metallized
Electrodes

The contact between the substrate and the electrode has a rectifying or ohmic property
that can be indicated by different I-V characteristics of the electrodes on the substrate.
Current-Voltage measurements between two separated laser direct metallized electrodes
on the SiC substrate were performed using a Tektronix 576 curve tracer by contacting the

electrodes directly with microprobes.

3.4.2 Resistivity of the Endolayer

The resistivity of the endolayer is calculated using the expression [Edwards, et al.
(1997)], p = RA/d, where A is the area of the top Ni contact, d is the thickness and R is
the resistance of the endolayer. To obtain the resistance of the endolayer, I-V
characteristics of the endolayer sample and the parent wafer were analyzed. The
resistance of the endolayer sample (R) obtained from I-V measurements are the sum of
the resistances of the endolayer (R.), contacts (R.) and substrate (R;) [Nadella and
Capano (1997)]. Knowing R and the sum of the resistances of the contact and substrate
obtained from the parent sample, the resistance of endolayer is obtained. The resistivities

of both the as-formed endolayer and annealed endolayer are obtained using this method.
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3.4.3 Current-Voltage (I-V) Characteristics of the PIN Diodes

Forward and reverse Current-Voltage (I-V) measurements of laser fabricated PIN diodes
on different mediums, including laser fabricated endolayer and as-received homoepilayer,
were performed by using a Tektronix 576 curve tracer by contacting the metal deposits or
laser direct metallized electrode with microprobes. Breakdown voltage and Forward

Voltage drop at 100A/cm” of the diodes are indicated from their I-V characteristics.

3.5 Optical Characterization

3.5.1 Laser Beam Characteristics

A laser beam analyzer, Spiricon LBA 300 PC, connected to a pyroelectric camera
(Pyrocam I) was utilized to measure the Nd YAG laser beam profile. A highly reflective
mirror was put in the optical path between the output laser beam and the camera to avoid

the damage of camera detector, whose damage threshold is 4 W/cm®.

3.5.2 Reflectivity and Transmitivity of Optical Structure at Particular
Wavelength

The optical properties (reflectivity and transmission) of the parent 6H-SiC wafer and the
laser synthesized embedded structures were calculated based on the transmitted (Pr) and
reflected (Pr) powers measured at a laser wavelength of 1064 nm, whose set-up will be

illuminated in Chapter 6.
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CHAPTER 4: LASER DOPING AND DIRECT
METALLIZATION OF SILICON CARBIDE

4.1 Introduction

Lasers have been used to incorporate dopants into semiconductor wafers and such
techniques have been classified as laser thermal processing (LTP), gas immersion laser
doping (GILD) and laser-induced solid-phase doping (LISPD) as we reviewed in Chapter
1. Lasers also have been utilized in several methods to form ohmic contacts or improve
the performance of ohmic contacts to SiC in the literatures. Pulsed laser deposition (PLD)
of Ni,Si on 4H n-type SiC was conducted by excimer laser at room temperature and
followed by rapid thermally annealing (RTA) for 30s at 950°C, which resulted in very
good ohmic behavior [Cole, M. W. et al. (2001). Pulsed laser doping (PLD) method was
used to in-situ dope Ni impurities to form ohmic electrodes in SiC, in which Ni impurities
were provided by Ni vapor that continuously evaporated to the SiC substrate using the

thermal evaporation source within the vacuum chamber [Eryu et al. (1997)].

Laser dopant incorporations on different semiconductors (SiC and GaN) have been
conducted in our group using different doping techniques [Salama (2003)]. However,
more work need to be done in this section such as doping mechanisms and effective
diffusivity analysis of dopants. This chapter presents experimental results on n-type and

p-type laser doping of different SiC polytypes using different laser sources and laser
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doping methods and the discussion of the laser doping mechanisms and effective

diffusivity of the dopants.

Laser direct metallization on n-type SiC based on the laser direct write technique in our
group has been illuminated in the previous work, in which laser induced conversion of
electric resistivity, surface analysis of the laser metallized SiC, Schottky barrier height
calculation of laser fabricated rectifying contacts and specific contact resistance
calculation of laser fabricated ohmic contacts were discussed [Salama (2003)]. This
method relies on the ability of laser to locally change the stoichiometry of the SiC in the
laser-treated region through the photonic and thermal energy coupling between the beam
and the material by transforming SiC surface into either Si-rich (excimer laser irradiation)
or C-rich phases (Nd:YAG laser irradiation) [Salama (2003)]. In this chapter this method
was extended by combining the laser direct metallization with the laser doping to
improve the performance of the contact, i.e., fabrication of laser direct metallized contact

on heavily laser doped SiC substrate.

4.2 Laser Doping Process of Silicon Carbide

Two different methods, illuminated in section 2.1, are used to dope silicon carbide. The
laser irradiation parameters are listed in Table 4.1. For internal heating method, in which
Nd:YAG laser with the wavelength of 1064 nm is used, low pulse repetition rates (3 kHz)

are chosen because of the consideration of temperature rise during the multiple pulse
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laser irradiation. For surface heating method, KrF excimer laser with the wavelength of
248 nm rather than ArF excimer laser (A = 193 nm) and XeF excimer laser (A= 351 nm)
is chosen because of the high absorption of silicon carbide with respect of the wavelength

of 248 nm and the high photo energy of the laser light with 248 nm wavelength.

Fig. 4.1 shows the temperature distribution of 6H-SiC during n-type doping using the
parameters of laser internal heating listed in Table 4.1. The peak temperature of the
bottom surface, where is the location of highest temperature during the laser irradiation
shown in Fig. 2.2, is below the decomposition temperature of silicon carbide (Fig. 4.1a).
That means the wafer does not melt during the laser doping process. This will allow
fabrication of electronic devices using the doped sample. The transient temperature
distribution along the thickness of the wafer from the bottom surface at the peak
temperature (t=48ns) (Fig. 4.1b) shows the non-uniformly temperature distribution

decreasing along the substrate thickness from the bottom surface.
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Table 4.1 Processing parameters for different laser doping methods.

Methods Internal Heating Surface Heating
Sample n-type 6H-SiC n-type 6H-SiC n-type 4H-SiC
with epilayer
Doped region n-type p-type p-type
Laser source Nd:YAG Nd:YAG KrF excimer
Wavelength (nm) 1064 1064 248
Pulse repetition 3000 3000 1
rate (Hz)
Beam area (cm”) 1(0.03)%/4 1(0.03)%/4 0.2x0.4
Pulse energy 4 4.33 120
(mlJ)
Laser fluence 5.65 6.1 1.5
(J/em?)
Pulse intensity 78.6 85.1 60
(MW/cm?)
Scanning speed 1 1 -
(mm/s)
Irradiation passes 1 1 -
Laser shots - - 1000, 3000
Ambient gas N, at 30 psi TMA delivered TMA delivered
by Ar at 30 psi by Ar at 30 psi
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Figure 4.1 Temperature distribution of 6H-SiC during n-type doping using the parameters

of method A listed in Table 4.1.(a) Bottom surface temperature distribution with the time;
(b) Transient temperature distribution along the thickness of the wafer from the bottom
surface at the peak temperature (t=48ns).
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Fig. 4.2 shows the temperature distribution of 6H-SiC during p-type doping using the
internal heating method listed in Table 4.1. Different from n-type doping in which the
absorption of laser energy by the dopant, nitrogen gas, is negligible, during p-type
doping, certain amount of laser energy will be absorbed by the chamber window because
of the deposition of aluminum on it and the high concentration dopant, trimethyaluminum
(TMA) itself. The amount of laser energy absorbed by the window and dopant depends
on the dopant concentration, wavelength of the laser, laser beam area, and the distance
laser light passing through in the dopant ambient. In this case the loss of laser energy
about 10% 1is estimated and hence the peak temperature is around 3000 K. Such
estimation is based on the experiment phenomenon that decomposition of silicon carbide
is observed if the pulse energy is increased from 4.33 mJ to 4.6 mJ, which corresponds to
peak temperature slightly above peritectic temperature (3125 K) when considering 10%
loss of laser energy by the medium. The transient temperature distribution along the
thickness of the wafer from the bottom surface at the peak temperature (t=48ns) (Fig.
4.2b) also shows the non-uniformly temperature distribution decreasing along the

substrate thickness from the bottom surface.
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Figure 4.2 Temperature distribution of 6H-SiC during p-type doping using the parameters
of method A listed in Table 4.1.(a) Bottom surface temperature distribution with the time;

(b) Transient temperature distribution along the thickness of the wafer from the bottom

surface at the peak temperature (t=48ns).
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The temperature distribution of 4H-SiC during p-type doping using the parameters of
surface heating listed in Table 4.1 is shown in Fig.4.3. The loss of laser energy is
estimated as about 5% considering the lower Trimethylaluminum concentration filled in
the chamber compared to the former case and the experimental observation that the wafer
was decomposed by increasing the pulse energy from 120 mJ to 130 mlJ, which
corresponds to peak temperature slightly above peritectic temperature (3130K) when
considering 5% loss of laser energy by the medium. The transient temperature
distribution along the thickness of the wafer from the top surface at the peak temperature
(t=25ns) (Fig. 4.3b) shows the non-uniformly temperature distribution decreasing along

the substrate thickness from the top surface.

The temperature profile in Fig. 4.3a is much narrower than in Figs. 4.1a and 4.2a. This
indicates that the sample remains at high temperature for much shorter time during
excimer laser irradiation than during Nd:YAG laser irradiation at similar peak
temperature. Therefore the dopant atoms will have much shorter time to diffuse into the

substrate during excimer laser doping than during Nd:YAG laser doping.
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Figure 4.3 Temperature distribution of 4H-SiC during p-type doping using the parameters

of method C listed in Table 4.1.(a) Top surface temperature distribution with the time; (b)

Transient temperature distribution along the thickness of the wafer from the top surface at

the peak temperature (t=25ns).
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4.3 Doping profiles

Dopant depth profiles of laser doped wafers were obtained using secondary ion mass
spectroscopy (SIMS). Before the SIMS measurements aluminum surface residue was
removed by immersing the sample in a KOH solution for several minutes. KOH attacks
aluminum aggressively but etches SiC very slowly. Then the sample was rinsed with D. I.

water and blown nitrogen gas for drying.

4.3.1 Doping Profiles Obtained by Laser Internal Heating

Fig. 4.4 shows n-type nitrogen dopant concentration along the depth of 6H-SiC wafer,
which was obtained by the Nd:YAG laser doping process. The results indicate that the
nitrogen concentration at the wafer surface, approximately 1x10*' c¢m™, drops to the
background nitrogen concentration of about 1.5x10" cm™ within a depth of
approximately 800 nm. It should be noted that the surface concentration of nitrogen
(1x10*' cm™) exceeds its maximum solubility limit in 6H-SiC (6x10%° cm™ [Schoner
(2002)]), which can be explained by the non-equilibrium process of laser doping in
silicon carbide because of high cooling rate due to the excellent thermal conductivity of
silicon carbide. Fig. 4.5 shows the p-type aluminum dopant concentration along the depth
of 6H-SiC wafer, obtained using the same Nd:YAG laser doping process as for nitrogen
doping. The aluminum concentration at the wafer surface is approximately 5x10% cm™,
which drops to about 1.5x10" cm?, the background of aluminum in the near surface

region, at a depth of about 800 nm.
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The neat dopant concentration profiles of nitrogen and aluminum after removing the
background concentration are compared in Fig. 4.6. The two profiles show similar
decreasing curves, indicating their similar diffusion mechanisms. In both of the profiles
there are two diffusion regions can be identified according to the evident change of the
profile slopes. The first region is located near the surface, within the depth of
approximately 200 nm for nitrogen and about 100 nm for aluminum, corresponding to the
fast decrease of the dopant concentration (large curve slope) in the whole profiles. In this
region the slope of the aluminum dopant profile is larger than that of nitrogen, indicating
that aluminum atoms diffuse slower than that of nitrogen. The rest part of the profiles can
be considered as the second diffusion region, with the characteristic of relatively smaller
curve slope compared with the first region. The change of the curve slope indicates the

change of the diffusion mechanisms.
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Figure 4.4 Nitrogen dopant profiles obtained with a Nd:YAG laser. C,: Concentration of

nitrogen in the as-received wafer; C4: Concentration of nitrogen in the doped wafer.
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Figure 4.5 Concentration depth profiles of aluminum doped by LISPD method measured

with SIMS.
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Figure 4.6 Comparison of concentration of Al and N, dopants along the depth of 6H-SiC

wafer using similar laser doping parameters.
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4.3.2 Doping profiles obtained by Laser Surface Heating

Fig. 4.7 shows aluminum dopant concentration distribution, which was obtained with the
KrF excimer laser doping process. The substrate was doped to a depth of 200 nm with
maximum dopant concentration 2 x 10** atoms/cm’ using 1000 laser pulses in the doping
experiment. 3000 laser pulses drove the dopant to a depth of about 450 nm. The junction
depth of 200 nm obtained here is much higher than that in the ref [Eryu et. Al (1995)]
where 50 nm junction depth was obtained on 6H-SiC using same parameters by KrF
excimer laser with the wavelength of 248 nm. The changes in the slopes of the
concentration profiles at the depth of about 120 -150 nm indicate fast and slow diffusion

processes in the near-surface and far-surface regions respectively.
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Figure 4.7 Aluminum dopant profiles obtained with an excimer laser. C,: Concentration
of aluminum in the as-received wafer; C41: Concentration of aluminum in the 1000 laser
pulses doped wafer; Cqp: Concentration of aluminum in the 3000 laser pulses doped

wafer.
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4.4 Mechanisms of Laser Doping Process

The dopant atoms pass through a non-uniformly heated region with a maximum
temperature at the surface region and decreasing along the substrate thickness. This
lowers the thermal energy of the diffusing atoms as they travel along the substrate
thickness and therefore their diffusion is controlled by the less energetic processes such
as interstitial diffusion. The diffusion coefficient is generally given by
D =D, exp[- Q/(k,T)] (4.1)

where Dy is the mass diffusivity, Q activation energy, kg Boltzmann constant and T the
absolute temperature of the substrate. Q/(kgT) represents the ratio of the activation
energy of the diffusion process to the thermal energy (kgT) at a given temperature. For
symmetric lattice structures, interstitial diffusion has lower activation energy (Q=0.5-1.5
eV) than substitutional diffusion (Q = 3-5 eV) [Pankove (1999)] since no energy is
required to form a vacancy in interstitial diffusion. So the dopant atoms possessing higher
thermal energy near the wafer surface have the ability to diffuse by more than one
mechanism, such as substitutional and interstitial mechanisms, simultaneously. As the
diffusion depth increases, the diffusion mechanism changes depending on the specifics of
the laser-induced temperature field and the diffusivity is expected to decrease [Salama

(2003)].

The diffusion of dopant atoms into the bulk silicon carbide can be explained by
considering the laser-enhanced substitutional and interstitial diffusion mechanisms.

Laser-induced heating and stresses can generate defects such as vacancies, which are
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normally localized near the solid surface. The concentration of vacancies can be very
high in semiconductors up to 10" or 10*° cm™ near their melting temperature. The
vacancy concentration can be much higher than their equilibrium values due to thermal
diffusion, stress effects related to thermal expansion, laser-induced shock waves and
electronic or vibrational excitations [Béuerle (2000)]. So in the near-surface region, the
dopant atoms can easily diffuse into the bulk by occupying these vacancies as well as
interstitial sites because of the low activation energy for interstitial diffusion. The site
occupancy can be analyzed by using the following relationships because it has been
found that Al preferentially occupies Si vacancy sites [Gadiyak (1998)] and N
preferentially occupies C vacancy sites in SiC:

Ni+ Ve =N¢ (4.2)
Al + Vs = Alg; (4.3)
where N; and Al; represent the nitrogen and aluminum atoms at the interstitial sites
respectively, Ve and Vg; denote carbon and silicon vacancies respectively, N¢ represents
nitrogen occupying the lattice site of carbon, and Alg; represents aluminum occupying the
lattice site of silicon. The substitutional impurities, however, have a low probability of
diffusing substitutionally, while the interstitial impurities have a much higher diffusion
coefficient since they are less strongly bound to the lattice. The diffusion process is then

dominated by the highly mobile interstitials [Schubert (1993)] in the far-surface region.
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45 Effective Diffusivity Analysis

Usually the diffusivities of dopants, such as aluminum, in silicon carbide are very low
both from vapor source and ion implantation because of the chemical inertness and
densely packed atomic structure of silicon carbide. The diffusion coefficient of aluminum
in SiC is 2x107"° cm?/s at a temperature of 1700°C [Usov (1999a)] and 3x107 - 6x107"
cm?’/s at temperatures higher than 2500°C from typical vapor sources [Schoner (2002)],
and 2.7x10™"* cm?/s during 1800°C annealing after ion implantation at room temperature
[Tajima (1982)]. It has been reported that the diffusion of aluminum can be enhanced in
silicon carbide during ion implantation at high temperatures [Suvorov (1996), Usov
(1999a) and Usov (1999b)]. Usov et al [1999a] implanted aluminum into 6H-SiC wafers
at 1700°C, showing the widening of the dopant concentration profile in the near-surface
region and the anomalous deep penetration tail compared with the Gaussian distribution
of the aluminum profiles of the sample implanted at room temperature. They reported
diffusivities in the range of 1.5x10™"- 2x10™"* cm?/s and 5x107''- 2x10" cm?s in the
near-surface and far-surface regions respectively, and the diffusivities in both regions
decrease with the increase in the implantation time. Their data also shows that the

diffusivity is lower in the near-surface region than in the far-surface region.

The driving forces for the diffusion of dopants in silicon carbide differ between the laser
doping and high temperature ion implantation methods. During ion implantation, the
substrate is kept at a constant temperature and the diffusion of aluminum is enhanced by

the vacancies and interstitials generated by the bombarding ions; so the diffusion occurs
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under an isothermal condition. During laser doping, however, the substrate experiences
both temporal and spatial variation of temperature (Figs. 3-6); so the diffusion occurs
under a non-isothermal condition. Therefore, the variation of the diffusion coefficient as a
function of temperature, D(T), needs to be considered to understand the laser doping

process. The temperature dependence of D(T) can be approximated by

D(T)=D, exp(—_l_g-zA t)) . (4.4)

Here D," is the pre-exponential factor, T(z,t) is the absolute temperature of the substrate

and T, is the activation temperature for the diffusion process, which is defined as
Ta=Q/ks 4.5)

where Q is the activation energy and kg is the Boltzmann constant.

For symmetric lattice structures, interstitial diffusion has a lower activation energy
(Q=0.5-1.5¢V) than substitutional diffusion (Q=3-5¢V) [Pankove, (1999)] since no
energy is required to form a vacancy in interstitial diffusion. So the dopant atoms
possessing higher thermal energy near the wafer surface could be capable of diffusing by
more than one mechanism, such as substitutional and interstitial mechanisms,
simultaneously. As the diffusion depth increases, the diffusion mechanism changes
depending on the specifics of the laser-induced temperature field and the diffusivity is
expected to decrease. Based on the available data [Neudeck et al. (2000) and
Ruschenschmidt et al. (2001)] for the diffusion coefficients of N, and Al in SiC in the

temperature range of 1800°C - 2450°C, the values of Q are calculated to be 2.25 eV for
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nitrogen and 3.40 eV for aluminum and the values of D," are found to be 5.8 x 10 cm*/s

and 5.9 x 10 cm?/s for N, and Al respectively by using Eq. (4.4).

Since the peritectic reaction temperature for SiC is ~ 2800 °C, the dopant diffusion
temperature T(z, t) will be less than the peritectic temperature for laser doping of SiC
without melting the wafer. However the activation temperatures (Tx = Q/kg) are 2.6 x 10*
K and 3.9 x 10* K for nitrogen and aluminum, respectively, which are much larger than

T(z, t). So the ratio Ta/T(z,t) is very large. This fact will be utilized later in this section to

determine the mass diffusion length.

The one-dimensional dopant diffusion process can be represented by [Libenson et al.

(1973)]
oC(z,t) _ 0 oC(z,t)
Y o (D(I'(z,t))—az ) z>20, t>0 (4.6)
C(z,0)=0 z>0 (4.7a)
C(0,t) =Cy t>0 (4.7b)
C(0,0)=0 t>0 (4.7¢)

The thermal diffusivity of 6H-SiC is 2.2 cm?’/s, which is much higher than the mass
diffusivity of various dopants in SiC (Table 4.2). Therefore, the thermal diffusion length
is expected to be much deeper than the mass diffusion length. So the temperature can be

considered to be uniform over the small mass diffusion length and then Eq. (4.6) can be
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solved by considering D(T(z,t))to be a function of the substrate surface temperature,
i.e., D(T(z,1)) = D(T(0,1)). (4.8)

So Eq. (4.6) can be rewritten as

o0C(z,t) 0°C(z,t)
—/ 27 = D(T(0,t)) ——= 4.9
o (T(0,1)) pog (4.9)
To solve Eq. (4.9) a new variable 1 is defined such that
t
7= DT O,t)dt’ (4.10)
Then we can get
C(z,t)=C'(z,n) (4.11)
or Lotz + Lt =X g, L g, 4.12)
0z ot 0z on
This yields
x_& (4.13)
oz oz
and Ldt=Lay (4.14)
ot on
oc oc'dnp oc
=== 2o D(T(0,t 4.15
ot opdt  on (T(0,1)) (4.15)
Then considering Eq. (4.9), (4.11) and (4.15) together, Eq. (4.16) can be obtained
' 21
oC'(z,n) _0°C'(z,n) (4.16)

on oz’

The solution to Eq. (4.16) yields the following expression for the dopant concentration

distribution:
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C'(z,n) = coerfc(li), (4.17)

m
satisfying the initial and boundary conditions (4.7a-c). It should be noted that Eq. (4.17)
is based on the assumption that the host lattice contains no dopant atoms prior to the
onset of the diffusion process and therefore it is suitable only for a single irradiation pass.

The mass diffusion length | , in Eq. (4.17) is given by

|~ 2\/ j; D(T (0,t"))dt’ (4.18)

TA
Now j; D(T(0,t"))dt’ = D, j;e T gt (4.19)

Generally T >> T(0,t’). We define

6 =T(0,t") (4.20)
then d@ = 6T(?;t ) gt 4.21)
or dt’' = _do (4.22)
®o.t)
So Eq. (4.19) can be rewritten as
Ta

[[dD@t)=D,[ "' " 4o (4.23)

0 ’ 0Jo -Fg((),t') '
and this equation can be approximated by

“dt'D(T (0,1 D, (100577 4
J,aDa )~ mr ],

ot

TA
~ M D e7T<0,t)
~ 0

T,7¥0,1)
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the surface temperature is
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©.9) k7

and ﬁo,t)z%

21at
T?(0,t) k7
then 'I8(0,t) =T(0,1) Va
K/t

= 2T (0, D)t

So the integral in Eq.(4.18) can be approximated as [Libenson et al. (1973)]

2T (0,£)D(T (0,t))t

j(: dt'D(T (0,t')) ~ =

Eq. (4.18) and Eq. (4.28) yield

| —o \/ZT(O,t)tD(T(t))
m -I-A

2

or D(T(0,t)) _—ST(O 0t

12T,
2|\/_
kf
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Now C(z, t) can be expressed as

z

, [2TO.HIDT 1)
Q/k,

C(z,t) =Cerfc (4.32)

For the near-surface region the diffusion time t is taken as 20% and 10% of the total
laser-wafer interaction time for Nd:YAG and excimer lasers, respectively. These
percentages approximately correspond to the high temperature (~3000 K) heating time
during which the vacancies are expected to form in high concentrations at the near-
surface region [Béuerle (2000)], leading to high diffusivity. A higher percentage is
chosen for Nd:YAG laser doping because the substrate remains at higher temperatures for
longer times than in the case of excimer laser doping as discussed in Section 4.2. The
total laser-wafer interaction time is given by Pitito,, where P; is the pulse repetition rate,
tir 1S the total laser irradiation time (pulse-on plus pulse-off times), t,, is the pulse length
(pulse-on time). t;, is given by 2ry/v in the case of a scanning beam, where 1y is the radius

of the laser beam on the wafer surface and v is the laser scanning speed.

The calculated concentration profile C(z, t) matches with the nitrogen dopant profile (Fig.
4.8a, Nd:YAG laser doping process) at the near-surface region within 160 nm very well
for t = 13 ps, T(0,t) = 3000 K and D(T(t)) = 2.4 x 10° cm?%s, validating the
approximation D(T(z,t)) = D(T(0,t)). For the case of excimer laser doping, the calculated
concentration profiles C(z,t) for both 1000 and 3000 laser pulses also match well with the

experimental aluminum dopant profile (Fig. 4.9a) at the near-surface region over a depth
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of 120 nm for 1000 pulses and 150 nm for 3000 pulses for t = 2.5 and 7.5 us for 1000 and
3000 laser pulses, respectively, T(0,t) = 3000 K and D(T(t)) = 1.2 x 10™ cm?/s for both

pulses.

However, the theoretical dopant profile deviates from the experimental data at the far-
surface region because the temperature there is significantly different from the substrate
surface temperature, T(0,t) and, therefore, the above approximation is invalid in the far-
surface region. Additionally different diffusion mechanisms dominate in the near-surface
and far-surface regions. At the near-surface region the dopant atoms can diffuse by
occupying vacancies created by laser irradiation, and interstitial sites. The effect of lasers
on the creation of vacancies generally diminishes as the distance from the hottest point
increases. So the diffusion mechanism gradually changes with distance and ultimately it
is dominated by the interstitial mechanism in the far-surface region. So the theoretical
dopant profile, Eq. (4.32), can be modified as follows by considering another effective

diffusion coefficient, which denotes the diffusion behavior in the far-surface region.

C(z,t) =Cerfc : +C,erfc _ (4.33)
5 \/ZT(O,t)tD(T(t)) 2,/D,t’

Q/k,

Here C; is a characteristic concentration representing the diffusion process in the far-
surface region, D denotes the average diffusion coefficient in the far-surface region and
t' is the diffusion time in the far-surface region, which is taken as the total laser-wafer

interaction time for the Nd:YAG and excimer lasers respectively. The values of t, t', C,,
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Ci, Q and kg are listed in Table 4.2 for both Nd:YAG and Excimer laser doping
experiments. The modified profile, Eq. (4.33), fits the experimental dopant profile quite
well as shown in Fig. 4.8b (Nd:YAG laser doping) for C; = 1.4x10* cm™, D = 9.2x10°
cm” and t' = 65 ps. For the case of excimer laser doping the modified profiles also fit
well with the experimental dopant profiles as shown in Fig. 4.9b for C; = 1x10" cm™, t’
=25 ps and Dg = 1.3x10° em™ in the case of 1000 laser pulses, and C; = 1.7x10% cm™,

t' =75 ps and D = 1.3x10 cm™ in the case of 3000 laser pulses.

Two sets of diffusion coefficients are obtained for each laser doping process and these
values are listed in Table 4.3. Similar enhancement in the dopant diffusion coefficient has
been reported for laser doping in Si [Kimerling (1980)] as listed in the table. The mass
diffusivities of nitrogen are 2.4 x 10” cm?/s for near-surface region and 9.2 x 10 cm?/s
for far-surface region. The corresponding results of aluminum are 1.2 x 10™ cm?/s for
near-surface region and 1.3 x 10 cm®/s for far-surface region. These values are 6 order
of magnitude higher than the typical values of 5x10™? cm?/s for nitrogen and 3x10™* -
6x10™'? cm?/s for aluminum [Schoner (2002)], indicating that lasers enhance the dopant

diffusion in silicon carbide significantly.
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Figure 4.8 Comparison between the diffusion theory and experimental data for a selected

diffusion coefficient in the case of Nd:YAG laser doping of nitrogen in 6H-SiC.
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Figure 4.9 Comparison between the diffusion theory and experimental data for a selected

diffusion coefficient in the case of KrF excimer laser doping of aluminum in 4H-SiC.
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Table 4.2 Fitting parameters used in Eqs. 4.32 and 4.33 to compare the theory with

experimental dopant profiles in Figs. 4.8 and 4.9 for determining the effective diffusivity.

Calculated Fig.4.8a  Fig. 4.8b  Fig.4.9a, Fig.4.9b, Fig.4.9a, Fig.4.9b,
curve 1000 1000 3000 3000
pulses pulses pulses pulses
Co(em™  12x10*"  12x10°"  2.5x102  25x102  2.5x102  2.5x10%
t (s) 1.3x10°  1.3x10°  2.5x10°  2.5x10°  7.5x10°  7.5x10°
t'(s) - 6.5x107 - 2.5x107 - 7.5%107
TO,t) (K)  ~3000 ~3000 ~3000 ~3000 ~3000 ~3000
Drhear-surface ~ 2.4x10°  2.4x10°  12x10°  1.2x10°  12x10°  1.2x107
(cm?/s)
Cy(cm™ - 1.4x10% - 1x10" - 1.7x10%
Dfar-surface - 9.2x10°° - 1.3x10°° - 1.3x10°
(cm?/s)
Q (eV) 2.3 3.4
kg (eV/K) 8.617x107
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Table 4.3 Comparison of diffusion coefficients in conventional and laser doping

processes for different impurities in SiC and Si.

Conventional doping Laser doping
([Schoéner (2002)])
Wafer Dopant
Diffusion = Temperature Near-surface Far-surface Surface
coefficient (°0) Diffusion Diffusion  temperature
(cm’/s) coefficient  coefficient °O)
(cm?/s) (cm?/s)
N 5x107" >2500 24x10°  9.2x10° ~3000
SiC
Al 3x107- >2500 1.2 x10° 1.3 x10°° ~3000
6x10™"
p 1x107"- 1100-1400 ~ 1400
6x10™"!
Si 10°-10°  ([Kimerling
B 3x107- 1100-1400 (1980)]) ~ 1400
5x10™"!
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4.6 Laser Metallization Process of Silicon Carbide

Laser internal heating method, in which Nd:YAG laser with the wavelength of 1064 nm
was utilized to dope and metallize the bottom surface of the n-type 6H-SiC substrate. The
experiment was designed as a two-step process: in the first step, n-type SiC substrate was
heavily laser doped with n-type dopant, nitrogen, to obtain an n’ region at the near
surface region, and then laser was utilized to direct metallize the surface of the n” region
of the substrate (Sample A). Laser direct metallization of the original surface of SiC
substrate without the introduction of n" region by laser doping was also conducted for

comparison (Sample B). The laser irradiation parameters are listed in Table 4.4.

Fig. 4.10 shows the temperature distribution of SiC substrate during laser direct
metallization using the parameters listed in Table 4.4. The peak temperature of the
bottom surface, where is the location of highest temperature during the laser irradiation
shown in Fig. 2.2, during one pulse, exceeds the decomposition temperature of silicon
carbide (Fig. 4.10a). That means the outer layer of the bottom surface will experience the
decomposition of silicon carbide and form a conductive carbon rich phase [Salama
(2003)], which can serve as a direct metallization layer. The transient temperature
distribution along the thickness of the wafer from the bottom surface at the peak
temperature (t=48ns) (Fig. 4.10b) shows that the region exceeding the decomposition

temperature is within 200 nm.

93



Table 4.4 Processing parameters for laser direct metallization.

Sample A B
Steps 1 2 1
Method Laser dope Laser Laser
metallization metallization
Laser source Nd:YAG Nd:YAG Nd:YAG
Wavelength (nm) 1064 1064 1064
Pulse repetition 3000 3000 3000
rate (Hz)
Beam area (cm?) 7(0.03)*/4 7(0.03)*/4 7(0.03)*/4
Pulse energy 4 4.33 4.33
(mJ)
Laser fluence 5.65 6.1 6.1
(J/em?)
Pulse intensity 78.6 85.1 85.1
(MW/cm?)
Scanning speed 1 1 1
(mm/s)
Irradiation passes 1 1 1
Ambient gas N, at 30 psi Ar at 30 psi Ar at 30 psi
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Figure 4.10 Temperature distribution of 6H-SiC during laser direct metallization using
the parameters listed in Table 4.4.(a) Bottom surface temperature distribution with the
time; (b) Transient temperature distribution along the thickness of the wafer from the

bottom surface at the peak temperature (t=48ns).
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4.7 Realization of Laser Direct Metallization on the Surface of Silicon
Carbide

Using the processing parameters listed in Table 4.4, two different electrode structures are
fabricated in n-type 6H-SiC substrates shown in Fig. 4.11: laser direct metallized contacts
fabricated on laser heavily doped n" substrate (Fig. 4.11a, specimen A) and laser direct
metallized contacts fabricated on original substrate (Fig. 4.11b, specimen B). The doping
profile of laser heavily doped n" region can be found in Fig. 4.4, where the substrate was
doped to the thickness of 800 nm with a very high surface dopant concentration (1x10*'
cm™). Ni ohmic contacts were also marked and deposited on original SiC substrate (Fig.
4.11c, specimen C) by DC magnetron sputtering as reference ohmic contacts to judge on
the behavior of the laser generated contacts. To assure the ohmic behavior of the Ni-SiC
contact, a high temperature annealing (at 1050°C for 5 min.) was conducted in argon
[Porter, (1995)] after the Ni contact deposition. The sizes of all the electrodes are 400 um

% 400 um and the distances between two electrodes are about 300 um.
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Figure 4.11 Electrode structures in n-type 6H-SiC substrates by different processing: (a)
laser direct metallized contacts fabricated on laser heavily doped n" substrate (specimen
A); (b) laser direct metallized contacts fabricated on original substrate (specimen B); (¢)

Ni contacts deposited on original substrate (specimen C).
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The performance of laser direct metallization of carbon rich contacts in the SiC substrates
can be evaluated by comparing the current-voltage (I-V) characteristics of the laser direct
metallized electrodes with those of electrodes fabricated by Ni deposition. The I-V
measurements were conducted by contacting the microprobes of the I-V measurement

instruments directly on the electrodes.

Fig. 4.12 shows that the current-voltage characteristics between the two separated
electrodes on the SiC substrate formed by three different methods at room temperature.
These results show that all of the contacts between the SiC substrate and the electrodes
have ohmic properties, indicating that we have succeeded in the formation of the laser
direct metallized ohmic contacts on SiC substrate. However, the ratios of the rise of
current to the applied voltage for the electrodes formed by the laser direct metallized
methods (specimens A and B) are less than 0.7 of the Ni deposited one, which means the
contact resistances of laser direct metallized contacts are higher than that of Ni deposited
contacts. This may be due to the degradation of the surface layer, i.e., the surface
decomposition layer could perturb the contact performance, such as a voltage drop across
the electrode to the substrate [Eryu et al. (1997)]. On the other hand, laser direct
metallized electrodes formed on heavily doped n" substrate increase the ratio of the rise
of current to the applied voltage from 0.49 of that of the Ni deposited electrodes (data for
the laser direct metallized electrodes on original substrate) to 0.67 of that of the Ni
deposited ones. This means the combination of laser direct metallization and laser doping
improve the performance of laser direct metallized contacts dramatically. Defects such as

vacancies created during laser doping process may be associated with an enhanced
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electron concentration underneath the contacts to promote tunneling in the substrate, and
defect-assisted tunneling or recombination by point defects near the surface and well
within the band gap may also contribute to the improvement of laser direct metallized

ohmic contact on laser doped SiC substrate [Mohammad et al. (2005)].

The current-voltage characteristics between the two separated electrodes on the SiC
substrate formed by these three methods at elevated temperatures (150 °C and 250 °C)
are shown in Fig. 4.13. The ohmic behaviors of all the three kinds of electrodes improve
with the increase of temperature indicating the specific contact resistances for all three
cases decrease with the increase of temperature. Compared to the I-V characteristics of
all the three cases at room temperature, same conclusion can be drawn, i.e., the
performances of laser direct metallized contacts are comparable to that of Ni deposited
contacts and combination of laser direct metallization with laser doping improve the

performance of laser direct metallized contacts.
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Figure 4.13 Current- voltage characteristics between two electrodes on the SiC substrates

formed by different methods at elevated temperatures: (a) 150 °C; (b) 250 °C.
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CHAPTER 5: FABRICATION OF ENDOLAYER AND PIN
DIODES OF SILICON CARBIDE

5.1 Introduction

Pulsed laser can be used to produce epilayer by transforming an amorphous or disorder
layer on a crystalline substrate into a thin crystalline layer, which is called pulsed laser-
induced epitaxy (PLIE). PLIE can be described as a two-step process. Firstly, a target
layer with unnecessary high quality crystalline and homogeneity is grown on top of a
semiconductor substrate. In a second step a pulsed laser induces melting/solidification
cycles to transform the top layer into a thin crystalline layer [Boulmer, et al. (1998)]. This
technique has been successfully used to realize SiGeC/Si heterostructures [Boulmer, et al.
(1995) and Kramer and Thompson. (1996)] and, GaP homoepitaxy [Solanki, et al.
(1988)]. The application of this technique to single crystal silicon carbide, however, has
not been reported because silicon carbide does not melt under equilibrium conditions at

the normal pressure [Scace and Slack (1959)].

In this chapter an endotaxial layer was created by incorporating carbon into an epilayer-
free SiC substrate with a pulsed laser using LISPD method. Carbon atoms are introduced
into the top layer of an n-type SiC substrate to form a high resistance endolayer for
various applications such as device isolation and high voltage blocking. The wafer is not

melted in the LISPD method because this process is based on the solid-state diffusion for
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dopant atoms into the wafer. The dopant precursor can be either a dopant film deposited
on the wafer surface or a dopant gas (dopant-containing vapor) such as an organometallic
compound surrounding the wafer in the processing chamber. The substrate is heated with
a laser beam to diffuse the dopant atoms from the film or to cause pyrolytic

decomposition of the dopant gas producing the dopant atoms that diffuses into the wafer.

SiC PIN diodes were also fabricated by laser doping different mediums including this
endolayer and a parent homoepitaxial SiC layer grown by the conventional chemical
vapor deposition (CVD) method. The performances of these diodes were compared with

others’ PIN diodes fabricated using epilayers and other doping techniques.

5.2 Fabrication of Endolayers in N-Type 6H-SiC Substrates

5.2.1 Experimental Procedures

An n-type 6H-SiC substrate with nitrogen dopant concentration of 5x10'® atoms/cm® was
used to fabricate endolayers by incorporating carbon atoms into the top layer of the
substrate using an excimer laser. This process relies on the principle that some of the
nitrogen atoms diffuse out of the substrate during laser irradiation and the incorporated
carbon atoms occupy the vacant sites left behind by the nitrogen atoms. The carbon
atoms can also occupy other vacancies as well as defect sites that might have been

present in the parent substrate. The endotaxy process thus allows improvement of the
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crystal lattice to an intrinsic semiconductor bond structure. Silicon atoms can also be
incorporated into the SiC substrates to balance the deficiency of silicon atoms in the
substrate. The incorporation of carbon and silicon atoms, therefore, provides a

mechanism of improving the crystalline quality at the substrate surface.

An experimental set-up for laser endolayer fabrication and doping of the substrate is
presented in Fig. 3.2. A laser beam irradiates the substrate placed in a vacuum chamber,
while an appropriate gas, such as methane (CHj) for carbon incorporation or
trimethylaluminum ((CH3)3;Al) for aluminum doping of SiC, is passed through the
chamber. A convex lens of focal length 250 mm is used to create different focused spots
on the substrate surface. Various laser processing parameters are listed in Table 5.1. KrF
and ArF excimer lasers of wavelengths 248 and 193 nm respectively were used for

endolayer fabrication by incorporating carbon using methane as the precursor gas.

5.2.2 Carbon Source

Methane is generally cracked into carbon and hydrogen atoms through pyrolytic
decomposition at relatively low temperatures (500 - 800°C) using specific catalysts
[Fukada, et al. (2004)]. Although no special catalyst was used in this study, the pyrolysis
of methane may occur at the laser-heated substrate surface at high temperatures. The
photolysis of methane is also possible due to its interaction with the photons of the laser
beam. These two chemical reactions can be written as follows.

Pyrolytic decomposition [Sharma et al. (1999)]:
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Table 5.1 Laser processing parameters for endotaxy experiments.

Endolayer formation Endolayer formation

Laser source

KrF excimer

ArF excimer

Wavelength (nm) 248 193

Pulse length (ns) 25 20

Pulse energy (mlJ) 75 50

Laser fluence (J/cm?) 1.5 1

Pulse intensity (MW/cm?) 60 50

Pulse repetition rate (Hz) 1 1

Laser shots 600 600

Beam area (cm?) 0.2x0.25 0.2x0.25
Ambient gas Methane at 30 psi Methane at 30 psi
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CH, 1019, C(s)+2H,, AH=74.9 kJ/mol (5.1

Photolytic decomposition [Mazumder and Kar (1995)]:

CH, (g)+hv (4.3eV)—C(s)+2H, (g) (5.2)

The substrate surface peak temperature can be estimated using the following expression

[Tian, et al. (2005)]:

T =T, + for t <t,. (5.3)

21, Aa
T

Here T(t) is the peak temperature at any time t as the laser irradiation progresses, Ty is
the initial temperature of the substrate, I; is the laser irradiance, A is the absorptivity
which is taken as 0.71 and 0.58 at the wavelengths of 248 and 193 nm respectively for
6H-SiC [Levinshtein, et al. (2001)], a is the thermal diffusivity which is 2.2 cm’s™ for
6H-SiC, k is the thermal conductivity which is 4.9 Wem™'°C™ for 6H-SiC and t, is the
laser pulse length. For laser irradiances of 60 and 50 MW/cm® during KrF and ArF laser
endotaxy experiments respectively, the corresponding peak temperatures are estimated to

be 2330°C and 1430°C.

Since these temperatures are much higher than the pyrolytic decomposition temperature
as given in chemical reaction (5.1), the pyrolysis of methane is expected to occur in the
present case. Since the carbon atoms are removed from the reaction product due to their
diffusion into the substrate, reaction (5.1) will proceed in the forward direction under
nonequilibrium conditions, which generally increases the reaction yield. On the other
hand, photolytic reaction (5.2) is also expected to occur in the present case since the

energy of a photon of the KrF and ArF excimer lasers are 5 and 6.4 eV respectively,
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which are higher than the energy of a carbon-hydrogen bond (413 kJ/mole, i.e., 4.3 V) in
methane [Speight (2003)]. So both the pyrolytic and photolytic reactions will contribute

to the formation of carbon atoms from methane for the formation of endolayers.

5.2.3 Hydrogen removal from the endolayer

It should be noted that both carbon and hydrogen atoms are generated in the chemical
reaction and both of them can diffuse into the substrate. To produce contamination-free,
i.e., hydrogen-free endolayers, the samples were annealed at 1000 °C for 10 min in an Ar
ambient after the laser endotaxy experiment in order to diffuse out the hydrogen atoms.
Fig 5.1 shows the concentrations of hydrogen in the endolayer, annealed endolayer and
parent wafer measured by SIMS. The endolayer samples are prepared by KrF excimer
laser irradiation. It indicates that the annealing process reduces the hydrogen
concentration to the background level of the parent sample. The data in this figure are
normalized by the silicon concentration in the silicon carbide substrate. During carbon
incorporation hydrogen atoms also diffuse into the substrate with the peak normalized
concentration of 0.45% decreasing to 0.15% at the depth of 300 nm. After annealing the
SiC endolayer at 1000 °C for 10 min, almost all of the hydrogen atoms diffuse out of the
substrate; the hydrogen concentration decreases to the original-content in the parent

substrate.
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Figure 5.1 Comparison of the hydrogen content in a 6H-SiC sample of three different

qualities.
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5.2.4 Determination of the Thickness and Crystalline Order of the Endolayer

To examine the effect of laser processing on the crystalline order of the endolayer, TEM
images of an annealed endolayer that was prepared by ArF excimer laser irradiation were
compared with those of the parent wafer. The samples were sputter-coated with a ~ 40
nm Au layer using an Emitech K550 sputtering equipment. A Focused Ion Beam (FIB)
instrument was used to obtain cross-sections of these samples in order to prepare TEM
specimens. Platinum film was deposited by Ga™ ion beam-assisted CVD as a protective
layer for subsequent FIB milling operation. The TEM studies were carried out with a FEI
Tecnai F30 TEM operating at 200 keV with x-ray energy dispersive spectrometry

(XEDS). The thickness of the endolayer was measured by XEDS.

Figures 5.2a and b show two XEDS scanning line with four points a, b, ¢ and d on each
line for the endolayer and parent samples respectively. The carbon concentrations along
these lines were measured by XEDS equipped with the TEM instrument, and the data are
presented in Fig. 5.2c. The XEDS scan starts from the platinum film (point a) and ends at
a depth of about 400 nm in the bulk of the SiC substrate (point d) for both samples as
shown in Figs. 5.2a and b. Comparing the carbon counts of these two samples in Fig.
5.2¢, it can be observed that the carbon concentration is nearly constant in the parent
sample whereas the endolayer specimen exhibits a carbon-rich region. This region is
bounded between two vertical dashed lines in Fig. 5.2c, at the depths of 65 and 163 nm

corresponding to points b and ¢ respectively in Fig. 5.2a. So the endolayer can be
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(c) XEDS data for carbon counts along the depth of the specimens.

Figure 5.2 XEDS analysis for the carbon contents along the depth of both annealed
endolayer specimen and parent wafer: (a) XEDS scanning line showing four locations a,
b, c and d along the depth of the endolayer specimen; (b) XEDS scanning line showing
four locations a, b, ¢c and d along the depth of the parent specimen; (¢) XEDS data for
carbon counts along the depth of the specimens. The four locations a, b, ¢ and d are
marked on these data to show higher carbon content in the endolayer than in the parent

specimen, indicating carbon incorporation into the wafer during the endotaxy experiment.
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considered to be about 100 nm thick, containing a larger amount of carbon than the

parent substrate.

TEM images of the cross-sections of an annealed endolayer and a parent substrate are
presented in Fig. 5.3 to show that the laser endotaxy process does not generate defects in
the substrate. Fig. 5.3a shows an amorphous layer of thickness of ~17 nm at the surface
of the annealed endolayer specimen. A similar amorphous layer is also present at the
surface of the parent wafer in Fig. 5.3b, indicating that amorphization is not due to the
laser processing. The TEM image at a higher magnification in Fig. 5.4a shows the
integrity of crystalline lattices beneath the amorphous layer, which is comparable to the

crystalline lattices of the parent wafer in Fig. 5.4b.

The amorphous layers in both types of specimen may have formed during the deposition
of the platinum film that was used as a protective layer for subsequent FIB milling of the
sample to produce TEM specimen. Although a gold film was directly deposited on top of
the SiC substrate, the platinum film deposition process is expected to amorphize the
specimens as explained below. The platinum film was deposited by Ga' ion beam-
assisted chemical vapor deposition using an accelerating voltage of 30 kV with 2.2 pA
beam current. Lipp et al [Lipp, et al (1996)] and Kempshall et al [Kempshall, et al
(2002)] reported amorphous layers of thickness 40-50 nm on silicon substrates due to
platinum deposition with a 30 kV Ga' ion beam. Even a sputter-deposited 70 nm thick
Au-Pd coating on a silicon substrate could not completely prevent the substrate damage

during the subsequent 30 kV Ga’ ion beam-assisted platinum deposition [Kempshall, et

112



Gold film deposited
for TEM

Amorphous
layer
6H-SiC ——— B
| Crystal lattice sl _ -—“"' -
-____.*‘““'; : .“ = "‘--u-‘--q.__h‘ - "" — ,._“_.._
[ ——— ——————  10nm @

(a)

Amorphous
layer

6H-SiC
Crystal lattice

10 nm

(b)
Figure 5.3 TEM images of cross-sections of an annealed endolayer and parent wafer: (a)

Observed amorphous layer in the endolayer specimen; (b) Observed amorphous layer in

the parent wafer.
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Figure 5.4 High-resolution TEM images of cross-sections of an annealed endolayer and
parent wafer: (a) The interface between damaged amorphous and crystalline SiC of the
endolayer specimen; (b) The interface between damaged amorphous and crystalline SiC
of the parent wafer.
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al (2002)]. In our studies, gold coatings of thicknesses 41 and 44 nm were sputter-
deposited on the endolayer (Fig. 5.2a) and parent (Fig. 5.2b) samples respectively to
prevent any substrate damage during the subsequent platinum film deposition process,
but the gold films were evidently not thick enough to prevent amorphization at the

sample surface.

The aligned and random RBS channeling spectra of endolayer and annealed endolayer
specimens that are prepared by KrF excimer laser irradiation as well as the parent wafer
are also compared to analyze the lattice disorder of this laser-induced solid phase
diffusion process, which are shown in Figs. 5.5-5.7, respectively. The aligned spectra for
the endolayer specimen and annealed endolayer specimen are very similar to the one for
the parent wafer, indicating no evident damage to the lattices occurs during the laser-
induced solid phase diffusion process. The RBS data also shows the crystalline integrity

of the endotaxy process.

Al, N, He and H ion implantations have been reported to cause amorphization in SiC
[Canut, et al. (1997) and Musumeci, et al. (1996)]. RBS channeling spectra [Canut et al.
(1997)] showed that aluminum ion implantation in SiC at room temperature (maximum
Al concentration of about 5 x 10" ¢cm™ and implantation depth of 50 nm) induced
amorphization in the substrate and a general decrease of the backscattering yield was
observed in the channeling region after annealing. The relative disorder remained large

(80%) near the sample surface in spite of annealing at high temperatures. Nitrogen ion
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Figure 5.5 The aligned and random RBS channeling spectra of parent 6H-SiC sample.
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Figure 5.6 The aligned and random RBS channeling spectra of endolayer specimen.
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implantation at room temperature (maximum nitrogen concentration of about 5 x 10%

cm” and implantation depth of 450 nm) also amorphizes SiC [Kimoto, et al. (1997)].

Amorphization is caused by the elastic collisions of dopant atoms with the wafer lattice
atoms and the long range order disappears when the threshold ion dose (¢g) is exceeded
during ion implantation. The amorphization process involves point defect accumulation
[Musumeci, et al. (1996)], whereas annealing allows partial recrystallization of the
amorphous phase [Canut, et al. (1997)]. Laser induced solid phase diffusion process does
not cause amorphization due to different doping mechanism compared to the case of ion-
implanted doping. Laser induced solid phase diffusion utilizes laser-heating to
incorporate and diffuse impurities in a wafer. It is a diffusion-based process and elastic

collisions between the dopant atoms and SiC lattice atoms are not evident.

5.2.5 Determination of the Resistivity of the Endolayer

To examine the resistivity of the endolayer, the I-V characteristics of the parent wafer,
endolayer and the annealed endolayer samples that were prepared by ArF excimer laser
irradiation were analyzed. For electrical characterization, Ni contacts were formed on
both sides of an endolayer sample, an annealed endolayer sample and a parent 6H-SiC
wafer using e-beam evaporation. The samples were annealed after Ni deposition at
1000°C for 1 min [Porter and Davis (1995)] for Ohmic contact. The current-voltage (I-V)
measurements were performed using a Tektronix 576 curve tracer by contacting the Ni

deposits with microprobes.
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The samples are treated as a composite structure consisting of the contacts, endolayer and
substrate in the case of endolayer samples and only the contacts and substrate in the case
of the parent sample. The resistances of the endolayer samples (Ry) obtained from I-V
measurements are the sums of the resistances of the endolayer (Re), contacts (R.) and
substrate (R;) [Nadella and Capano (1997)], i.e.,

Row =R + R, + R, (54)

total
Knowing Ry and the sum of the contacts and substrate of the parent sample, which
yields the value of R; + Ry, the resistances of both types of endolayer samples (R.) are
obtained from Eq. (5.4), and listed in Table 5.2. The resistivities of the endolayers (p.)
are estimated using the expression [Edwards, et al. (1997)], p. = RcAni/de, where Ay; is
the area of the top Ni contact and d. is the thickness of the endolayer. The value of d. is
determined as 100 nm from the XEDS data. The resistivities of the endolayer samples are
also listed in Table 5.2 including the resistivities of intrinsic (pure) Germanium and
Silicon for comparison. The resistivity of the endolayer is 1.1 x 10° Q-cm, which is much
higher than the resistivity needed for device isolation, 2 x 10* Q-cm [Nadella and Capano
(1997)]. After annealing, the resistivity of the sample decreases slightly to 9.4 x 10*
Q-cm, which may be due to the out-diffusion of hydrogen atoms thus losing any
passivation caused by these atoms. Typical range of resistivities for insulators,
semiconductors and conductors including silicon carbide is shown in Fig. 5.8 [Sze,

(2001)].
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Table 5.2 Resistances and resistivities of parent sample, endolayer and annealed

endolayer.

Samples RR; RARAR;,  R.(Q) Ani(em®) de(nm) p. (Qem)
Q) Q)

Parent sample 1.55
Endolayer 12.5 62.5 50 0.15%0.15 100 1.1x10°
Annealed 12.5 54.3 41.8 0.15%0.15 100 9.4x10"
endolayer
Intrinsic 47

(pure)

Germanium

[Sze (1981)]

Intrinsic 2.3x10°

(pure) Silicon

[Sze (1981)]
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Figure 5.8 Typical range of resistivities for insulators, semiconductors and conductors.
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5.3 Fabrication of PIN Diodes on Substrates with an Endolayer

To fabricate PIN diodes, a p-type dopant, aluminum was incorporated into the annealed
endolayer using a KrF excimer laser (Fig. 5.9a). Trimethylaluminum was used as the
precursor for the aluminum dopant atoms. The laser doping parameters are listed in Table
5.3. To compare the performance of the PIN diode to another device that does not contain
the insulator region, a p-n junction was fabricated as a reference sample (Fig. 5.9b) by
doping the parent n-type SiC substrate with aluminum using the same laser processing
method and parameters as for the PIN diode in Fig. 5.9a. This allows evaluation of the

effectiveness of the insulator region in the PIN diode.
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Table 5.3 Laser processing parameters for p-type doping on the endolayer and parent

substrate.

P-type doping on
endolayer (PIN
Diode)

P-type doping on
parent substrate
(p-n junction)

Laser source

KrF excimer

KrF excimer

Wavelength (nm) 248 248
Pulse length (ns) 25 25

Pulse energy (mlJ) 75 75
Laser fluence (J/cm?) 1.5 1.5
Pulse intensity (MW/cm?) 60 60
Pulse repetition rate (Hz) 1 1

Laser shots 300 300
Beam area (cm?) 0.2x0.25 0.2x0.25
Ambient gas TMA at 30 psi TMA at 30 psi
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Al/Ti contact Al/Ti contact

p doped 70 nm junction depth p doped 70 nm junction depth
Endolayer 30 nm
n n
PIN Diode P-n Junction
6H-SiC 6H-SiC
AV/Ti contact Al/Ti contact
(a) (b)

Figure 5.9 Device designs on SiC substrates with and without an endolayer: (a) PIN

diode on laser-formed endolayer and (b) reference p-n junction.
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Laser doping of aluminum was carried out by focusing the KrF excimer laser beam of
wavelength 248 nm on the wafer segment with a beam area 2x2.5 mm?, laser fluence 1.5
J/em?, repetition rate 1 Hz and laser pulses 300. The doped samples were cleaned by
immersion in a KOH solution for several minutes to remove the aluminum residue
formed on the wafer surface during the laser doping experiment. The laser doped regions
were cut into planar diodes with a size of 1.5 x 1.5 mm?. Ohmic contacts were formed by
depositing Al/Ti on the top and bottom sides of the sample using an Edwards Thermal
Evaporator and by annealing at 1000°C for 5 min. The I-V characteristics of the PIN
diodes were measured using micromanipulators connected to a Tektronix 576 curve

tracer.

Fig. 5.10 shows SIMS data for laser-doped aluminum concentration in the endolayer of a
6H-SiC substrate. The endolayer was doped to a depth of 70 nm with maximum dopant
concentration 1 x 10?' atoms/cm’. Fig. 5.11 shows the I-V characteristics of a laser-
fabricated endolayer PIN diode and a reference p-n junction in parent 6H-SiC. The p-n
junction exhibits the rectifying property of a typical diode with high forward current and
relatively low leakage current. Considering a leakage current density of 10? A/cm? as a
threshold, which is generally used for defining blocking voltage in standard commercial
Si power devices [Singh, et al. (2002)], the breakdown voltage of the p-n junction is
found to be about 13 V. The forward current of the endolayer PIN diode is much lower
than that of the p-n junction because of the high resistance of the endolayer. The leakage

current of the diode is also reduced compared to that of the p-n junction and the
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breakdown voltage of the diode is found to be about 18 V based on the same leakage

current density threshold as above.
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the endolayer measured by SIMS.
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SiC.
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5.4 Fabrication of PIN Diodes on Substrates with Epilayer

Prototype SiC PIN diodes with a size of 0.5 x 0.5 mm? were fabricated on n-type 4H-SiC
wafer segments with a 10 um thick epitaxial layer containing a donor concentration in the
range of 8x 10" to 1.3x10'° cm™. A reference Schottky diode was also fabricated to
evaluate the effect of epilayer laser doping parameters on PIN diode performance.
Schematics of the diodes are presented in Fig. 5.12. Two different structures are used for
the diode fabrication: (1) a laser aluminum doped top p region on the mentioned substrate
(Diode A, Fig. 5.12a); (2) same laser doped top p region on the same substrate with
different laser pulses (1000 and 3000 for Diodes B and C respectively) and a laser direct
metallized bottom (Diode B in Fig. 5.12b and Diode C in Fig. 5.12¢). The top p region
was aluminum doped by using surface heating doping method, and the laser direct
metallized bottom regions were fabricated using a Nd:YAG laser internal heating
method, both of which have been discussed in Chapter 4. Laser processing parameters for
p-type doping and laser direct metallization on the Diodes are shown in Table 5.4. Au/Pt
was sputtered onto the top laser doped p' region of all three diodes (Diodes A, B and C)
and bottom of the substrate of Diode A to create a metal thin film ohmic contact; for
Diodes B and C the laser direct metallized bottom regions has been created carbon rich
ohmic contacts which were contacted directly by the microprobes of the I-V
measurement instruments. The reference Schottky diode (Diode D, Fig. 5.12d) was
fabricated by sputtering Au/Pt on both low doped epitaxial layer surface and substrate
bottom. Au/Pt sputtered on such low doped epilayer surface (8x 10" to 1.3x10'® cm™)

can not form ohmic contact and only Schottky contact can be formed with the SiC
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[Kassamakova 2002]. The current-voltage (I-V) characteristics of the PIN and Schottky

diodes were measured by using micromanipulators connected to a Tektronix 576 curve

tracer.
Au/Pd contact Au/Pd contact Au/Pd contact Au/Pd contact
p 200 nm junction depth p 200 nm junction depth p 450 nm junction depth

n” epitaxial layer 9.8 um
8x10" ~ 1.3x10" cm™

n” epitaxial layer 9.8 um
8x10" ~ 1.3x10'"° cm™

n epitaxial layer 9.55 pm
8x10" ~ 1.3x10" cm

n epitaxial layer 10 um
8x10" ~ 1.3x10' cm”

n

Diode B

n

n

Diode C i
Diode A Diode D
(77T I I IIITIITT T T T T T T ITITT7777
Au/Pd contact Laser direct metallized contact Laser direct metallized contact Au/Pd contact
(a) (b) () (d)

Figure 5.12 Cross-sectional views of the laser fabricated PIN diodes and referenced

Schottky diode. (a) Diode A, with just top laser doped p region; (b) Diode B, with both

top laser doped p region (200 nm junction depth) and bottom n+ region; (c¢) Diode C,

with both top laser doped p/p region (450 nm junction depth) and bottom n" region; and

(d) Diode D, reference Schottky diode.
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Table 5.4 Laser processing parameters for p-type doping and laser direct metallization on

the Diodes shown in Fig. 5.12.

Methods Top p-type doping Laser direct
metallization
Sample Diodes A and B Diode C Diodes B and C
Laser source KrF excimer KrF excimer Nd:YAG
Wavelength (nm) 248 248 1064
Pulse repetition 1 1 3000
rate (Hz)
Beam area (cm’) 0.2x0.4 0.2x0.4 7(0.03)*/4
Pulse energy 120 120 3.73
(mJ)
Laser fluence 1.5 1.5 53
(J/em?)
Pulse intensity 60 60 73.4
(MW/cm®)
Scanning speed - - 1
(mm/s)

Irradiation passes - - 1
Laser pulses 1000 3000 -
Ambient gas TMA delivered TMA delivered N, at 30 psi

by Ar at 30 psi by Ar at 30 psi
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The doping profiles of top p doped regions in Diodes A-C have been discussed in Section
4.3.2, in which 200 nm and 450 nm junction depths were obtained for 1000 and 3000
laser pulses respectively. The temperature distributions of SiC substrate during laser
direct metallization using the parameters listed in Table 5.4 are shown in Fig. 5.13. The
peak temperature of the bottom surface (3268 K) exceeds the peritectic temperature of
silicon carbide (Fig. 5.13a) so the bottom surface will create a carbon rich phase after the
decomposition of silicon carbide and can serve as a direct metallization layer. The
transient temperature distribution along the thickness of the wafer from the bottom
surface at the peak temperature (t=48ns) (Fig. 5.13b) shows that the region exceeding the

decomposition temperature is about 190 nm.
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Figure 5.13 Temperature distribution of 4H-SiC during laser direct metallization using
the parameters listed in Table 5.4.(a) Bottom surface temperature distribution with the
time; (b) Transient temperature distribution along the thickness of the wafer from the

bottom surface at the peak temperature (t=48ns).
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Fig. 5.14 shows the I-V characteristics of the reference Schottky diode (Diode D) (Fig.
5.12a) and three laser fabricated diodes (Fig. 5.12b) at room temperature. Under forward
current the Schottky diode reaches 100 A/cm® at 19 V and shows an abrupt breakdown
voltage of 320 V when reverse bias is applied. Diode A exhibits a breakdown voltage of
500 V and reaches Vi of 20 V at 100 A/cm”. The improved breakdown voltage is
attributed to a new reverse leakage current mechanism. The high leakage current of the
reference Schottky diode is due to majority carriers that overcome the barrier. The PIN
diode suppresses the leakage current resulting from minority carriers diffusing to the

depletion layer.

Diode B decreases the Vi at 100 A/cm®to about 13 V, and Diode C, having a deeper laser
doped p junction depth, exhibits a Vi at 100 A/cm” of 12.5 V, indicating the effectiveness
of the laser direct metallized contact. Although both possess laser doped p region and
laser direct metallized layer, Diode C shows an abrupt breakdown voltage of 460 V while
Diode B does not show abrupt avalanche breakdown but rather a soft breakdown, which
may be due to the different dopant profiles of the p regions doped in the two diodes or the
defects such as micropipes (screw dislocation) and stacking faults in the Diode B cause
its soft breakdown. Using a leakage current density of < 10> A/cm® as a threshold, which
is considered acceptable for defining blocking voltage in standard commercial Si power

devices [Singh, Irvine, et al. (2002)], the breakdown voltage of Diodes B is about 420 V.

The theoretical breakdown voltage of the PIN diode can be estimated by determining the

drift region thickness from the basic depletion equation [Singh, et al. (2002)]:
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Wzgr-gO~EC_\/5r-50-EC2 ) (5.5)

] _(25r &, Vp
q'ND q'ND q'ND

where V; is the breakdown voltage, W is the drift layer thickness that is taken as the
epilayer thickness, q is the electronic charge, &, is the relative dielectric constant of SiC,
e, & =9.72 [Singh (1994)], &, is the permittivity of vacuum, and E. is the critical
electric field which was empirically derived by Konstaitinov [Konstantinov, et al. (1997)]

relating E. to the dopant concentration (Np cm™) in the epilayer for 4H-SiC wafers, i.c.,

6
E, = ?'49X10N V /cm (5.6)
I_Zloglo (107?6

Substituting Eq. (5.6) into Eq. (5.5), the following expression is obtained:

249x10°W  W?.q-Ng

1 N,

l—zloglo (loﬁ)

Vg =

2z, (5.7)
Considering an average dopant concentration N = 1x10'® em™, an epilayer of thickness
W = 9.8 um, the theoretical breakdown voltage of the PIN diode is 1547 V. The
measured breakdown voltages of the PIN diodes are about 500 V which are
approximately one third of the theoretical value. This discrepancy may be due to several
reasons:

(a) Lack of proper edge termination and passivation - This can produce concentrated
electric field at the corners of three-dimensional structures leading to early breakdown at
the edges. An effective edge termination is expected to make the electric field distribution
uniform at the edges of the device and therefore increase the breakdown voltage of the

device. It has been reported that the breakdown voltages of SiC Schottky and PIN diodes
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were improved significantly by different edge termination designs compared to those
without edge termination [Alok, et al. (1994), Itoh, et al. (1996) and Biserica, et al.
(2001)].

(b) Defects such as micropipes (screw dislocation) and stacking faults in the epilayer -
The micropipes are generally aligned along the c-axis of the SiC crystal. Since our
devices had a vertical structure along the thickness of the substrate, the applied electric
field, which could be almost parallel to the c-axis, induces leakage current through the
micropipe defects causing electrical breakdown of the PIN diode at a low voltage [Tin, et

al. (1996)].

The performances of laser-fabricated PIN diodes and conventionally fabricated PIN
diodes are summarized in Table 5.5. The results are comparable to the others’ data
considering the absence of edge termination in the laser-fabricated PIN diodes. These
results indicate the promise of this novel laser direct doping and metallization technique

for the fabrication of SiC PIN diodes.
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Figure 5.14 Measured Schottky diode and PIN diodes I-V curves at room temperature. (a)

Schottky diode. (b) Laser fabricated PIN diodes.
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Table 5.5 Comparison of the performance of the PIN diodes fabricated in the literatures

and our group.

4H-SiC 6H-SiC 4H-SiC Laser Laser
[Sugawara, [Fujihira, et [Alexandrov, fabricated PIN  fabricated PIN
etal. (2001)] al. (2002)] etal. (2001)] diodeon4H-  diode on 6H-
SiC (this work)  SiC (this work)
Fabrication method Epitaxial Epitaxial Ion Laser doping Laser doping
growth growth implantation
Epilayer thickness 200 31 30 9.55,9.8
(m)
Endolayer 0.03
thickness (pum)
Dopant 8x10" 1x10" 1x10" 8x10" ~
concentration in the 1.3x10'®
epilayer (cm™)
Edge termination JTE none MITE none none
method
Breakdown 19500 4200 5000 420 ~ 500 18
Voltage (V)
Ideal breakdown 29700 5281 5139 1345 ~ 1668
voltage (V) based
on Eq. (5.7)
Forward Voltage 6.5 3.75 4.2 12.5~20
drop at 100A/cm’
V)

JTE: Junction termination extension. MJTE: Multistep junction termination extension.
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CHAPTER 6: LASER SYNTHESIS OF OPTICAL
STRUCTURE IN SILICON CARBIDE

6.1 Introduction

Silicon carbide (SiC) is a promising semiconductor material for optical devices,
particularly mirrors and lenses, because of its low thermal coefficient of expansion,
hardness (and hence good polish ability), high thermal conductivity (350-490 Wm'K™)
and chemical stability in hostile environments [Goela et al. (1991) and Heft et al. (1995)].
Rohm and Haas Company, Advanced Materials Division, and more recently, Polo
Corporation (circa 2004) are developing silicon carbide as a mirror or mirror coating on
beryllium. The material can be polished to less than 3 Angstrom RMS surface finish and
is resistant to wet oxygen up to 1650°C; Rohm and Haas CVD SiC has a reflectivity of
greater than 41% for wavelengths 120-190 nm and 70-99% for wavelengths ranging form
10500-12000 nm [Goela et al. (1991) and Narushima et al. (1990)). The objectives of this
chapter are 1) to present the laser direct write technique for fabrication of optical
structures in SiC and 2) to characterize the optical properties of the optical structures

created in SiC by this process.

6.2 Laser Synthesis of Embedded Optical Phases

Semi-insulating 6H-SiC with the thickness of 430 um was used for the synthesis of

embedded optical phase. The laser processing parameters are listed in Table 6.1.
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Table 6.1 Laser processing parameters for the synthesis of embedded optical phases.

C-rich phase

C-rich phase

C-rich phase

containing containing
nitrogen aluminum
Laser source Nd:YAG Nd:YAG Nd:YAG
Wavelength (nm) 1064 1064 1064
Pulse repetition 3 3 2
rate (kHz)
Beam area (cm?) 7(0.03)%/4 7(0.03)%/4 7(0.03)%/4
Pulse energy 4.7 4.7 5.5
(mJ)
Laser fluence 6.65 6.65 7.75
(J/em?)
Pulse intensity 92.3 92.3 118
(MW/cm?)
Scanning speed 1 1 1
(mm/s)
Irradiation passes 1 1 1
Ambient gas Ar at 30 psi N at 30 psi TMA delivered
by Ar at 30 psi
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The incident focused laser beam is transmitted through the top surface of the 6H-SiC
wafer and most of the laser energy are absorbed by the unpolished bottom surface, as
shown in Fig. 6.1. Since the pulse intensities of all these three cases are higher than the
critical pulse intensity for decomposition of SiC shown in Fig. 2.6, carbon rich phase can
form from the bottom surface toward the bulk [Salama (2003)]. This is a direct write
process. Optical interferometry roughness measurements showed no deterioration in
surface roughness of the embedded optical phase (e.g., a reflector) after this mode of
laser processing; consequently, no post anneal was required [Salama et al. (2002)]. The
fact that the width of the laser written reflector is smaller than the diameter of the incident
focused laser beam is surprising and is not anticipated by Snell’s Law. A plausible
explanation is the activation of nonlinear absorption, which leads to the onset of a self-
focusing effect in SiC wafers on the order of 430 um thick [Salama (2003)]. An optical
carbon rich phase embedded in a polished single crystalline 6H-SiC substrate is shown in

Fig. 6.2.
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Focused laser beam
at the surface

Laser beam
passing through
the bulk

Figure 6.1 Fabrication of an embedded optical structure.
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Figure 6.2 Silicon carbide substrate showing an embedded optical structure.
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6.3 Optical Property Modification

Such embedded laser-synthesized optical phase was tested for reflectivity using a green
laser (wavelength, A = 532 nm). The reflectivity of both the laser-synthesized and parent
silicon carbide substrate were found to be 16% and 10% respectively. This is a
reflectance increase of 60% for 532 nm wavelength irradiation, at room temperature.
These promising results led to a literature search on SiC reflectivity. Epitaxial SiC
surfaces (epilayers) have been observed [Goela et al. (1991)] to provide sufficient
reflectivity for signal processing. Our preliminary laser synthesized optical structures

yield comparable results.

In this present study the reflectivity and transmission of the laser synthesized embedded
structures were calculated based on the transmitted (Pt) and reflected (Pr) powers
measured at a laser wavelength of 1064 nm, whose set-up is illustrated in Fig. 6.3. The
transmitted and reflected powers are measured using detector #1 and detector #2

respectively.
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Incident laser power Py
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Figure 6.3 Experimental set-up for measuring the reflectivity and transmission of laser

synthesized optical structures at particular wavelength.
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The absorption coefficient of the original wafer 1 is first determined from the following
equation:

P, =P,(1-R)e™ (6.1)
where Py is the incident laser power, Pr is the reflected laser power, R is the reflectivity
of the parent wafer and d is the distance the laser beam travels in the wafer. d’ is
calculated using Snell’s Law.

The reflectivity of the laser synthesized structure Ry is calculated from the following
equation:

P,R+P,(1I-R)R ™™ =P, (6.2)
where d* is the distance that the laser beam travels from the beam incident side of the

wafer to the top of the embedded structure.

The transmission, T, of an embedded structure is obtained from the following equation:
T, =P /[P,A-R)e ™ (6.3)
where Pris the transmitted laser power.

The measurement data of Py Pr and Pr and the calculated results of Ry and Ty for all the

samples are listed in Table 6.2.
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Table 6.2 Reflectivity and transmission calculation of laser synthesized optical structure

Parent wafer C rich phase C rich phase C rich phase

containing Nj containing Al

Py (mW) 1000 1000 1000 1000
Pr (mW) 368 327 329 332
Pt (mW) 390 53.3 51.0 56.0

n (cm™) 6.07 - - -

d (um)* 430 430 430 430

d’ (um) 450 450 450 450

d* (um) ~450 ~450 ~450 ~450

Ry (%) 20 27.3 27.7 28.2

TL (%) 60.5 8.7 8.4 9.2

* d: Thickness of the original SiC substrate.

** Obtained from double face polished semi-insulating 6H-SiC wafer with the thickness

of 430 pm.
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The calculated absorption coefficient of parent 6H-SiC, 6.07 cm™ corresponds with the
data given in the reference [Goldberg et al (2001)]. The reflectivity of laser synthesized
embedded optical structures are increased by 40%; the parent wafer has a reflectivity of
20% and that for the laser synthesized structures are about 28% as shown in Fig. 6.4.
Accordingly the transmission of the laser synthesized optical structures decrease to about

9% compares to 60.5% of the parent wafer (Fig. 6.5).

32

30 -
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Reflectivity (%)
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18 |-

16 -

Parent Crich phase Crich phase  C rich phase
wafer containing N, containing Al

Figure 6.4 Reflectivity of parent wafer, C rich phase, C rich phase containing N, and C

rich phase containing Al measured at 1064 nm.
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Figure 6.5 Transmission of parent wafer, C rich phase, C rich phase containing N, and C

rich phase containing Al measured at 1064 nm.
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CHAPTER 7: SUMMARY

7.1 Conclusions

A novel laser direct metallization and doping technique is provided to direct metallize the
surface of silicon carbide without metal deposition and dope silicon carbide without high
temperature annealing in order to overcome some barriers in metallization and doping

during the fabrication of silicon carbide devices.

Laser irradiation of silicon carbide in a dopant-containing ambient allows to
simultaneously heating the silicon carbide surface and incorporating dopant atoms into
the silicon carbide lattice. Nitrogen and Trimethyaluminum (TMA) are used as dopants to
produce n-type and p-type doped silicon carbide, respectively. Two laser doping methods
are presented in this dissertation. i) Internal heating: Nd:YAG laser beam (A=1064nm)
irradiates on the top polished surface of the silicon carbide wafer, but passing through the
bulk wafer, reaching the unpolished bottom surface and dopants are incorporated from
the bottom surface; ii): Excimer laser is used to irradiate the top surface of silicon carbide

wafer and dope the dopants simultaneously.

Laser internal heating doping method created a 800 nm n-type doped junction with a high

surface dopant concentration of 1x10*' ¢cm™ decreasing to 1.5 x 10" c¢m™ at the junction

and a 800 nm p-type doped junction with a surface dopant concentration of 5x10?° cm™
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decreasing to 1.5 x 10" cm™

at the junction based on laser enhanced solid phase
diffusion. Laser surface heating method produced p- type dopant depths of 200 nm and
450 nm for different numbers of laser pulses. For both types of lasers two diffusion
regions, near-surface region and far-surface region, were identified and two different
diffusion mechanisms are dominant in these two regions. The diffusion of dopant atoms
into the bulk silicon carbide can be explained by considering the laser-enhanced
substitutional and interstitial diffusion mechanisms. In the near-surface region, the dopant
atoms can easily diffuse into the bulk by occupying the vacancies created during the laser
irradiation process as well as interstitial sites. In the far-surface region the diffusion
process is dominated by the highly mobile interstitials. The effective diffusion
coefficients of nitrogen are 2.4 x 10” cm?/s for near-surface region and 9.2 x 10 cm?/s
for far-surface region; and those of aluminum are 1.2 x 10™ cm?/s for near-surface region
and 1.3 x 10 cm?/s for far-surface. These values are 6 orders of magnitude higher than

the typical values of the diffusivity of nitrogen and aluminum in SiC. This indicates that

laser doping process enhances the diffusivity of dopants significantly.

Laser direct metallization can be realized on the surface of silicon carbide by generating
metal-like conductive phases due to the decomposition of silicon carbide. The laser
metallized contact can act as ohmic contact and it has been successfully used in the
fabrication of silicon carbide PIN diodes. Combination of laser direct metallization with
laser doping, i.e., fabricating laser direct metallized contacts on laser heavily doped SiC

substrate can dramatically improve the performance of such ohmic contact.
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A pulsed laser-induced endolayer was fabricated on an n-type 6H-SiC substrate by
incorporating carbon based on laser solid-phase diffusion. Carbon atoms can be
incorporated into the top layer of silicon carbide substrates by excimer laser irradiation
using methane as a precursor. XEDS analysis shows the endolayer thickness to be 100
nm. TEM images show that there is no amorphization during the laser endotaxy process
and that the lattice structure of the endolayer remains undistorted compared to that of the
parent wafer, indicating the crystalline integrity of the endotaxy process. Rutherford
backscattering studies also show no amorphization and evident lattice disorder occur
during this laser solid phase diffusion process. In this study, the resistivity of the
endolayer is 1.1 x10° Q-cm before annealing and 9.4 x10* Q-cm after annealing at
1000°C for 10 min, which are high enough for many applications such as device

i1solation.

Prototype silicon carbide PIN diodes have been fabricated on different silicon carbide
mediums, laser fabricated endolayer and parent epilayer on silicon carbide substrate,
using this laser doping technique and/or laser direct metallization. Results show that the
PIN diode fabricated on a 30 nm thick endolayer can block 18 V. High breakdown
voltages (420 ~ 500 V) and forward voltages drop at 100A/cm” (12.5 ~ 20 V) have been
reached by laser doping and/or direct metallization fabricated PIN diodes on 4H-SiC with
a low doped homoepilayer, showing the effectiveness of the laser direct metallized
contact and the promise of this laser doping and direct metallization technique for the
fabrication of SiC PIN diodes compared to the PIN diodes fabricated by other techniques
such as epitaxial growth and ion implantation.
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Embedded optical structures were also synthesized based on this laser direct metallization
technique. The increase of 40% reflectivity of the laser synthesized optical structures
compared to the parent wafer shows potential for the creation of optical, electro-optical,
opto-electrical, sensor devices and other integrated structures that are stable in high

temperature, high-pressure, corrosive environments and deep space applications.

7.2 Future Work

1) Experimental design for a dopant precursor delivery system that accounts for the
pyrophoric, and moisture sensitivity nature of some of the precursors such as
trimethylaluminum (TMALI) to control precisely the amount of dopant each fill and allows

the addition of more TMALI to the bubbler without exposure to the atmospheric moisture.

2) Transmission electron microscopy (TEM) and high resolution scanning electron
microscope (SEM) investigations should be utilized to study: (i) the crystal structure of
the laser-fabricated metal-like contacts. (ii)The orientation relationship between the
contact layer and the original wafer. (iii) The lattice defects at the interface between the
laser generated-track and the original Epilayer. (iv) Structural and compositional analysis

at the interfaces between laser doped, laser-metallized regions and the SiC wafer.

3) Investigating the impact of extended high temperature exposure in various ambients on
the stability of the laser generated contacts and diodes, endotaxial layers and optical

structures.
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4) Dynamic characteristic of laser fabricated PIN diodes. More application of laser direct
metallization and doping technique on fabrication of silicon carbide devices such as LED

and optical filter.

5) Effect of laser induced vacancies on the diffusion coefficient. Mechanisms and

Characterization of laser induced vacancies.
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