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Highly conductive phases have been generated on different polytypes of SiC substrates
using a laser direct-write technique. Incorporation of both n-type and p-type impurities into
the SiC substrates was accomplished by laser irradiation in dopant-containing ambients.
X-ray diffraction, energy dispersive X-ray spectroscopy, and X-ray photoelectron
spectroscopy have been used to detect the presence of the dopant atoms and the
compositional variation induced by laser irradiation. Scanning electron microscopy was
used to study the microstructure, morphology and dimensions of the converted regions.
The conversion in electric resistance has been attributed to both structural and
compositional variations observed for the irradiated tracks
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1. Introduction

Silicon carbide is the only tetrahedral compound known
to be formed by the IVB group elements in the periodic
table. As many other close-packed materials, SiC ex-
hibits a one-dimensional type of polymorphism known
as polytypism. While SiC crystallizes mainly in three
lattice structures (cubic, hexagonal and rhombohedral),
more than 200 different polytypes are known to exist
for SiC with the exact physical properties of each type
being dependent on the crystal structure [1]. The poly-
types are similar within the closest-packed planes (basal
planes) and are different in the stacking direction nor-
mal to these planes. The stacking sequence, expressed
by the ABC notation, describes the alternative arrange-
ments of the different atomic layer. Here, each letter
represents a bilayer of individual Si and C atoms. The
ABCA. . .. stacking sequence resulted in the zinc blend
crystal structure where each SiC bilayer can be oriented
only into three different positions with respect to the
lattice point while maintaining the sp>-bonding config-
uration of the SiC [2]. This particular arrangement is
known as 3C-SiC or the 8-phase, where 3 refers to the
number of the Si/C bilayers needed for the periodic-
ity, and it is the only possible polytype of SiC in the

cubic structure. When the stacking sequence is ABA,
the crystallographic symmetry is hexagonal (Wurtzite)
and the material is known as 2H-SiC. All other poly-
types are intermixed forms of both the hexagonal and
the cubic symmetries. One defines hexagonality, H, as
the fraction of two-layer stackings that are hexagonal
out of all the possible cubic and hexagonal stackings,
i.e., H = h/(h 4+ ¢) where h and ¢ are the numbers
of hexagonal and cubic stackings, respectively. Two
most common polytypes of this category are 4H-SiC
and 6H-SiC where the overall symmetry is hexago-
nal with stacking sequence of ABCBABCB and AB-
CACBABCACSB, respectively [3]. The 6H-SiC is com-
posed of one-third hexagonal bonds and two-third cubic
bonds while the 4H-SiC has an equal contribution of the
hexagonal and cubic bonding configurations. All the
non-cubic polytypes are collectively known as «-SiC
[4].

Different polytypes of silicon carbide have different
physical and electronic properties. At room tempera-
ture, 3C-SiC has the lowest bandgap energy (E, ~
2.4 eV) with very high electron mobility, second to 4H-
SiC (E, ~ 3.02 V). The hole mobility (i) and elec-
tron mobility (u.) are important parameters that affect
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the device performance [5], e.g., the direct proportion
between the transconductance, g,,, and the carrier mo-
bility in field effect transistor (FET) devices. The ratio
of the electron mobility in the basal plane (/) to that
along the normal to these planes (w4 ) is about 1.25 and
0.16 for 4H-SiC and 6H-SiC polytypes, respectively.
Due to this anisotropic property of 6H-SiC, 4H-SiC
polytype is the first choice in microelectronic device
applications [4].

Compared to other wide bandgap semiconductor ma-
terials, SiC is the fastest emerging candidate for appli-
cations where high operating temperature, high-power,
-frequency, -switching speed, and radiation hard mi-
croelectronic devices are needed [6]. SiC is superior to
the conventional semiconductor materials (Si, Ge and
GaAs) in many aspects that are crucial for integrated
device design. The bandgap energy in silicon carbide
(E, = 2.36 t0 3.5 V) [7] is three times that of Si and
GaAs, and more than five times that of Ge. The electric
field breakdown strength of SiC (3-5 MV/cm) is typi-
cally six times that of Si. Despite its higher electric field
strength, the saturation electron velocity (v & 2 x 107
cm/s) in SiC is similar to that in GaAs. Excellent ther-
mal conductivity of SiC (350-490 W m~! K~1), which
is three times higher than silicon and seven times higher
than GaAs [7, 8], allows silicon carbide to remove heat
more efficiently, operate at lower internal junction tem-
perature and therefore the cooling hardware is reduced
for SiC devices.

To fully utilize the above-mentioned electrical and
thermal properties of SiC for high temperature and high
power applications, some fabrication building blocks
(n-region, p-region, and heavily doped channels) must
be established. Historically, the fabrication of a defect
free SiC substrate has been the most difficult step lim-
iting the utilization of SiC in microelectronic indus-
tries. Various techniques can be used for SiC growth,
e.g.,melt-growth, physical vapor deposition (PVD) and
chemical vapor deposition (CVD). The requirements
of high temperature (7" > 3000°C) and high pressure
( P > 10’ atm) to obtain a stoichiometric melt and
the solvent (Si) evaporation problem at 7 > 1750°C
exclude the melt-growth technique as a viable method
to grow SiC crystals. PVD via seeded sublimation has
been the most investigated and widely used technique
to produce SiC boules where the vapor phase of SiC (Si,
Si,C, SiCy) is deposited on a SiC seed crystal at a high
temperature (7 > 2000°C). Commercial fabrication of
3-inch diameter SiC wafers by using this technique has
been reported [9]. Different arrangements are possible
in the CVD method. One technique is to use silane and
propane gases as precursors to grow SiC on a graphite
substrate, where the growth temperature is in the range
of 1500-1700°C and the precursors are diluted in hy-
drogen carrier gas.

Low diffusion coefficient of most impurities in SiC
[10], and the hardness, chemical inertness and high
bond strength of SiC eliminate the use of conventional
diffusion techniques for doping SiC. Ion implantation
and epilayer doping are the two most widely used tech-
niques for doping SiC substrates. In the latter case, in-
situ doping is accomplished during the CVD epitaxial
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growth through the introduction of N for n-type and
Al for p-type epilayers [11]. Other dopants such as
phosphorous (P), boron (B), and vanadium (V) can be
used for n-type, p-type, and semi-insulating epilayers,
respectively. The production of defect free and semi-
insulating SiC substrates is extremely important to pro-
duce electronic and optoelectronic devices [12]. Recent
development in the epilayer doping includes the use of
the site-competition technique in which certain dopant
species can be either excluded or heavily introduced
into the growing SiC crystal by varying the Si to C ratio
in the reactant gas. SiC epilayer with dopant concen-
tration ranging from 9 x 10'* to 1 x 10'° atoms/cm? is
commercially available with a high doping uniformity
(4% variation in the dopant concentration over 30 mm
wafer) for both n-type and p-type substrates [13].

Ton implantation is another technology for doping
SiC substrates which requires high temperature treat-
ment of the substrate to achieve acceptable implanta-
tion and electrical activation of the dopant [14, 15].
Most of the ion implantation processes are carried out
in the temperature range 600-800°C using a patterned
high temperature masking material and then the mask is
stripped to anneal the substrate at a much higher temper-
ature (1400-1800°C) to maximize electrical activation
of the dopant. For n-type implants, both nitrogen and
phosphorus are widely used elements due to their low
ionization energy and the ease of electrical activation
in SiC. Al, B, and Ga are used for p-type implants in
SiC. The main challenges in the case of p-doping are
higher ionization energy for the p-dopants than for the
n-dopants, out-diffusion at high temperature annealing
especially in the case of B [15] and damage-assisted
sublimation etching of SiC, i.e., selective loss of sil-
icon from the SiC surface upon annealing [16]. Co-
implantation of carbon with p-type dopant has been in-
vestigated as a means of improving the electrical con-
ductivity of implanted p-type contact layer [15, 17].
One of the disadvantages of ion implantation in SiC is
the generation of defect centers [18]. Dopant implanta-
tion in compound semiconductors such as SiC alters the
stoichiometry of the substrate by changing the atomic
ratio of Si to C near the SiC surface, and thereby af-
fects further implantation [18, 19]. One of the current
challenges in ion implantation is the requirement of
high ion energy to obtain a deep level junction and the
associated lattice damage that increases with the im-
plantation energy. For a deep level p-type implant, B
is preferred to Al because Al can cause more lattice
damage due to its higher atomic mass. Also high tem-
perature implantation is preferred to room temperature
implantation since the latter can cause amorphization
to the substrate while the former does not.

A laser conversion technology, first reported by
Quick as the laser direct-write technique [20, 26], was
used by Sengupta et al. [27] to generate conductive
tracks on an insulating SiC substrate surface without
requiring any metallization. The laser direct-write pro-
cess alters the electric properties of SiC thin films
and bulk substrates significantly (e.g., resistivity de-
creases from 10'! to 10~* ©-cm) and this conversion
is stable at high temperatures [26]. Sengupta et al. [27]



also demonstrated laser metallization and fabricated
a Schottky diode on a SiC substrate using the laser-
direct write technique. The electrical property conver-
sion, selective-area doping, post-doping treatment by
using the direct-write technique and the effect of var-
ious processing parameters were reported by Salama
et al. [28]. The present paper reports microstructural
and compositional changes in laser-irradiated samples.
The electric resistance conversion in various laser-
treated samples and the effect of different process
parameters on the extent of this conversion are dis-
cussed. Different analytical techniques are used to un-
derstand the mechanism of the observed electric re-
sistance conversion in SiC samples. Precise controlla-
bility, ease of computer automation to direct a laser
beam and its localized intense heating capability make
the laser direct-write technique advantageous over the
conventional methods for processing wide bandgap
materials.

2. Experimental studies

Three types of samples: black color polycrystalline sin-
tered «-SiC (6H-SiC) samples (2.5 mm thick) pro-
cessed by a pressureless sintering thermal treatment
cycle, black color CVD B-SiC (cubic SiC) wafers
(0.20 mm thick) and greenish 4H-SiC low-doped
epilayer wafers (0.25 mm thick) are considered in
this study. Laser-irradiation experiments were con-
ducted using a Nd: YAG laser source of wavelength (1)
1064 nm that can be operated in both continuous wave
(CW) and Q-switched modes. The incident laser power
was varied from 10 to 170 W for the experiments with
the CW lasers. In the case of Q-switched mode, the
pulse repetition rate was varied from 1 to 35 kHz. The
laser was operated in these two modes due to the differ-
ent optical properties of these samples requiring differ-
ent amounts of laser irradiance at the substrate surface
to induce electric resistance changes in each case. The
sintered «-SiC samples were laser-treated in the CW
mode, while the 4H-SiC samples were laser-treated in
the Q-switched mode.

A schematic of the laser-direct writing and doping
system is shown in Ref. [28]. The SiC sample is placed
inside a gas-tight 10 x 10 x 10 cm? plexiglass chamber
with a soda-lime glass window for laser beam deliv-
ery. Laser-irradiated tracks were formed on the sample
surface by moving the chamber on a stepper motor-
controlled translation stage at different speeds referred
to as laser scanning speeds. The height of the cham-
ber was controlled manually through an intermediate
stage to obtain different laser spot sizes on the SiC
substrate surface. The laser scanning speeds were 0.8,
1 and 5.6 mm/s for various results presented in this
paper. For electrical property conversion, experiments
were conducted keeping the sample in an argon atmo-
sphere (P = 0.1 MPa). N-type tracks were formed in
a nitrogen atmosphere (P = 0.1 MPa) and insulating
tracks were created in an oxygen environment at a pres-
sure of 0.1 MPa. Trimethylaluminum (TMA) was used
as a precursor to incorporate Al into SiC. TMA was
separately heated in a glass flask till it evaporates and
then a carrier gas (Ar) was passed through the flask to

deliver the TMA vapor to the laser processing chamber
using a gas-tight tube.

Four-probe resistance measurements were carried
out at room temperature using an HP3478 A multime-
ter with a resolution of 12 and £10 €2 in 30 Q2 and
300 k€2 ranges, respectively. The probes were made of
copper wire having 0.5 mm tip diameter. The transmis-
sion of electromagnetic radiation in the CVD B-SiC
and 4H-SiC wafers was measured using a spectropho-
tometer in the wavelength range A = 200 to 3000 nm.
The reflected power from the sintered «-SiC sample
was measured as a function of the incident laser power
using a power detector.

X-ray diffraction patterns were obtained for powder
samples using Cu K, radiation in the angular range
(260 =10-105°) with a step size of 0.02° and a scanning
speed of 0.6° per min.

Noran Voyager 2 instrument, which is a scanning
electron microscope (SEM) equipped with energy dis-
persive X-ray spectroscopy (EDS), was used to analyze
the samples. The EDS was run at an accelerating volt-
age 15 keV, working distance 15 mm, take-off angle 90°
and X-ray signal acquisition time 150 s for all the sam-
ples discussed in this paper. The calculated elemental
atomic concentration was based on the ZAF correction
method involving 24 oxygen atoms and 6 iterations as
a standard in the Noran Voyager 2 instrument. The er-
ror in the elemental analysis was 0.1 wt% in the case
of Si and Al and 0.8 wt.% for C and N. The chemi-
cal composition and bonding states for both the laser-
treated and as-received samples were studied by X-ray
photoelectron spectroscopy (XPS) using a monochro-
mated Al K, source and a cylindrical mirror analyzer
for the spectrometer. The spectrometer was calibrated
using Au (4 f7,2) = 84 eV and Ag (4ds/» = 368.3 eV).
Each of the XPS spectra was acquired from 30 repeated
sweeps.

3. Results and discussion

The above-mentioned studies allowed analysis of the
opto-thermal effects, microstructural and composi-
tional changes in laser processing of SiC.

4. Opto-thermal analysis

The laser power absorbed by the sintered «-SiC sam-
ple is plotted in Fig. 1 as a function of the incident
laser power at A = 1064 nm. At the incident power
P = 80W (the critical value of the laser power at which
conversion in electric resistance was observed for the
sample irradiated in argon) [28], the reflectance (R) is
about 0.18 which is close to the value (R = 0.17) mea-
sured by Spitzer et al. [29] for the C-face of a 6H-SiC
single crystal. This value of the reflectance (R = 0.18
at P = 80 W) was then used to calculate the maximum
temperature at the laser beam center on the «-SiC sub-
strate surface as a function of the incident power using
the following expression [30, 31] for a scanning speed
of 1 mm/s, and is plotted in Fig. 1.
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Figure 1 The absorbed power Vs. the incident power for the sintered
«-SiC irradiated with CW Nd:YAG laser in different ambients (beam
diameter = 1 mm, CW mode at room temperature). Also illustrated is
the surface temperature calculated as a function of the incident power
for the sample.

Here T (0, ¢) is the substrate surface temperature at
the laser beam center, ¢ is the laser-substrate interaction
time which is defined as t = v/d for CW laser process-
ing where v is the laser beam scanning speed and d is
the laser beam spot diameter at the substrate surface.
1, is the absorbed power density given by %(1 — R),
k is the thermal conductivity and « is the thermal dif-
fusivity of the substrate. The values of k and « were
taken for the 6H-SiC polytype, i.e., 4.9 x 10> W/m K
and 2.2 x 10~* m?/s, respectively [7], since the samples
were found to contain this polytype substantially as ev-
ident from XRD analysis that will be discussed below.

The transmission spectrum of the 4H-SiC wafer
(green color) is shown in Fig. 2a indicating that min-
imum transmission (10%), i.e., maximum absorption,
occurs at A ~ 480—490 nm. This is consistent with the
green color appearance of the wafer. The transmission
increases to a peak at A &~ 700 nm and then it decreases
to 40%, i.e., the absorption is about 60%, at the wave-
length of Nd: YAG laser (A = 1064 nm). The maximum
transmission occurs at ¢ = 850 nm in the case of the
B-SiC wafer (Fig. 2b) and the sample exhibits almost
100% absorption in the visible range which is consis-
tent with the black color appearance of the sample.

5. X-ray diffraction (XRD) for phase
identification

The X-ray powder diffraction pattern of the untreated

sintered «-SiC sample is presented in Fig. 3a, showing

bU:""l"“l""l""|"“|""|"":

500 ]
g ; 1
2 40 E
£ 1 4H-SIC ]
7] 30F .
= L ]
g E ]
= 20f ]
X s ]
© 101 .

obodiiiiiii i Leoe ]

0 05 10 15 20 25 3.0 35

Wavelength (Um)

(a) Single crystal green 4H-SiC wafer

% Absorption

that most of the diffraction lines are identical to those
of the 6H-SiC polytype with the presence of excess
carbon phase (20 ~ 26°) and two small peaks of the
5SH-SiC polytype at 20 =~ 100-102° [32]. The X-ray
pattern of the laser argon-treated sample is presented
in Fig. 3b showing that laser treatment increases the
relative intensity of the free carbon peaks at 26 ~ 26°.
It also shows two other small peaks at 260 ~ 50° and
65° corresponding to the diamond cubic silicon phase
[33]. It can be seen in Figs 3a and b that the Si peak
at 20 ~ 65° coincides with one of the 6H-SiC peaks
[32, 33]. Since all other SiC peaks do not increase in
intensity upon irradiation, the increase in the relative in-
tensity of the diffraction peak at 260 = 65° is attributed
to the Si phase instead of the SiC phase. The relative in-
tensity of the 2H-graphite peak in the irradiated sample
is much higher than that of the untreated sample [34].
The diffraction pattern of the laser nitrogen-treated -
SiC sample is presented in Fig. 3c showing that all
of the SiC peaks, except the peak at 20 = 35.7°, are
substantially reduced in intensity. At the angular posi-
tions 20 ~ 26-27°, the deconvolution of the diffraction
lines revealed the presence of two different peaks for
the laser nitrogen-treated sample instead of a single
line observed in the laser-argon treated sample (see in-
serts in Figs 3b and c, respectively). The positions of
the peaks were 26.519° and 26.616° for the nitrogen-
treated sample. These two lines were fitted to those of
hexagonal nitrogen [34] and 2H-graphite [35] phases,
respectively. The diffraction pattern does not show any
silicon nitride peaks in the laser nitrogen -treated sam-
ple because the main peak of the silicon nitride phase
that should occur at 26 ~ 27.05°,33.6° and 36.05° with
relative intensities 100%, 99% and 93%, respectively,
were absent [36]. This suggests that laser-irradiation
of SiC in a nitrogen-containing environment favors the
incorporation of nitrogen into the SiC lattice to the for-
mation of silicon nitride or carbo-nitride compounds.

6. X-ray photoelectron spectroscopy (XPS)
for laser-treated surface analysis

XPS analysis was conducted to study the effect of Q-

switched Nd: YAG laser irradiation on the surface chem-

istry of 4H-SiC single crystal wafer (Figs 4a—). The

ratios of the carbon to silicon signal intensities obtained

from the core level spectra of C 1s, Si 2s and Si 2p3/?
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Figure 2 Transmission and absorption spectra showing the optical responses of two types of SiC substrates.
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Figure 3 X-ray powder diffraction patterns for (a) as-received (b) laser-
argon irradiated (c) laser-nitrogen irradiated, sintered a-SiC samples.
For the patterns shown in b and c the irradiation was performed using
Nd:YAG laser, CW mode, beam spot diameter =1 mm, scanning speed
= 1 mm/s. Gas pressure = 0.1 MPa for both nitrogen and argon.
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Figure 4 XPS spectra of the 4H-SiC single crystal wafer (a) in the as
received condition (b) after laser irradiation in argon (c) after laser irra-
diation in nitrogen. For samples in b and c the irradiation was performed
using Nd:YAG laser beam spot diameter = 1 mm. The laser runs in a
Q-switch mode at pulse repetition rate = 2.0 kHz, pulse width = 0.6 ns.
pulse energy = 2.8 mJ, scanning speed = 5.6 mm/s.

are listed in Table I. While laser irradiation in argon
increases the C to Si ratio for the two silicon signals, 2s
and 2 p*/? as shown in Fig. 4b, laser irradiation in nitro-
gen increases the C to Si ratio more than that observed
in the argon-treated sample and leads to the presence of
a nitrogen signal (N 1s at 397 eV) as shown in Fig. 4c.
The XPS spectrum of the laser nitrogen-treated sam-
ple confirms the results of the XRD pattern shown in
Fig. 3c, where the incorporation of nitrogen into the
SiC substrate has been demonstrated.

TABLE I The ratio of carbon to silicon (C/Si) signals’ intensities for
the XPS spectra shown in Fig. 4

Sample (C 1s/ Si 2s) (C 1s/ Si2p3/?
Untreated sample 1.379 1.340
Laser treated in argon 1.994 2.00
Laser treated in nitrogen 2.060 2.12
3/2

Figs Sa—c compare the Si 2p~/“ core level signals in
the SiC spectra of the as-received, laser argon-treated
and laser nitrogen-treated 4H-SiC wafers, respectively.
In the Si 2p3/? spectra, the laser irradiation in argon
has shifted the Si-C peak slightly from 101.5 eV of the
as-received sample (Fig. 5a), to a lower energy value
(Fig. 5b). After laser irradiation in argon, a weak signal
was observed at 98.9 eV corresponding to the binding
energy of silicon. The irradiation in nitrogen caused
overlapping of the Si-C and Si signals and broadened
the Si-C peak around 101 eV (Fig. 5c). The extensive
broadening of the Si-C signal for the nitrogen-treated
sample makes it difficult to detect the presence of any
Si-N signal that is typically present in bulk SiN, sam-
ples at 101-102 eV depending on the value of x that
represents the exact stoichiometry of the silicon nitride
phase (x = 0.3-1.3). However, the broadening in the
lower binding energy side (Fig. 5c) suggests that the
number of Si-Si bonded states has increased in the laser
nitrogen-treated sample compared to the laser argon-
treated one.

The C 1s spectra for the as-received, laser argon-
treated and laser nitrogen-treated samples are shown
in Figs 5d-f, respectively. Laser irradiation in ar-
gon broadens the C-Si peak at 282.7 eV towards the
higher binding energy side and causes it to slightly
overlap on the C=C signal at 285.4 eV. Irradia-
tion in nitrogen did not create the C=N (286.1 eV)
and C—N (287.5 eV) bondings that are typically ob-
served in CN, films. Instead, it broadened the C—Si
peak (Fig. 5f) preferentially towards the higher bind-
ing energy side overlapping it on the C=C signal at
285.5 eV. Fig. 5g presents the N 1s core spectra for
laser nitrogen-treated sample showing that the bind-
ing energy of the incorporated nitrogen is closer to
the N—Si bond than to the N—C bond, which indicates
that the N—Si bonding is more likely to occur than the
N—C bonding. The N—N and N—O signals at 402.2
eV are very small indicating that these bonds are not
formed.

The presence of the Si peak in the Si 2p”/“ spectra
and the overlap between the C=C and C—Si in the C
1s spectra (Fig. Se) suggest that laser irradiation de-
composes a certain amount of SiC into Si and C at
the substrate surface. This also agrees with the XRD
results (Fig. 3b) where the graphite peak intensity in-
creases and the free silicon peaks appear due to laser
irradiation in argon. The C 1s and N 1s spectra indi-
cate that the formation of Si—N is favored compared to
the C—N bonding during laser nitrogen treatment. This
means that nitrogen is more likely to occupy the C sites
in the SiC lattice owing to the similar atomic radii of N
and C atoms.

3/2
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Figure 5 The effect of laser irradiation on; Si 2p3/2 [shown in (a, b, ¢)], C 1s [shown in (d, e, f)] and N 1s [ shown in (g) ] signals in the XPS spectra

of the 4H-SiC wafers.

7. Scanning electron microscopy (SEM)
for microstructural analysis

Scanning electron microscopy (SEM) was used to ob-
tain secondary emission micrographs (Fig. 6) for the
sintered «-SiC sample laser-treated in argon and nitro-
gen with a CW Nd:YAG (A = 1064 nm) laser of power
80 W, beam diameter 1 mm and scanning speed 1 mm/s,
and gas pressure 0.1 MPa. The morphology of the ir-
radiated region is nonuniform across the laser beam
scanning direction. The variation in the track morphol-
ogy could be due to several reasons. A multimode laser
beam was used in this study. Discontinuous intensity
distribution in such a beam can cause localized heat-
ing and melting of the substrate leading to the observed
variation in the morphology. The second reason may
be due to the formation of periodic patterns frequently
observed in high energy laser processing [37], which is
due to the interference between the incident laser and
the diffracted electromagnetic waves. Different models

3974

have been proposed to explain the formation of such
periodic patterns [37-39].

Figs 6¢ and d represent higher magnifications of the
central regions al and bl of the laser-treated tracks in
argon and nitrogen environments, respectively, show-
ing the formation of carbon-rich globules. The forma-
tion of these globules at the track center is due to the
following reasons. The SiC substrate surface temper-
ature, calculated by using Equation 1, for an incident
laser power of 80 W is higher than the SiC peritectic
reaction temperature 7, ~ 2540°C [2]. Under equilib-
rium conditions, the peritectic reaction of SiC yields
two phases: liquid silicon with 27 at% dissolved car-
bon and a solid carbon phase. Due to short laser-matter
interaction time, fast heating and rapid solidification in
laser processing, the thermal and chemical conditions in
the laser-melted pool may deviate from the equilibrium
state. The short laser-substrate interaction time and the
nonuniform power distribution in the laser beam will



(¢) Higher magnification of region al.

(b) Laser nitrogen-treated track

Laser beam center

(d) Higher magnification of region bl.

Figure 6 SEM micrographs of a sintered «-SiC sample after laser irradiation in two different environments. Laser power 80 W in CW mode, beam

diameter = 1 mm, scanning speed = 1 mm/s, and gas pressure = 0.1 MPa.

cause nonuniform heating resulting in molten Si with
dissolved C, free C and unmelted SiC in the melt pool.
This melt pool solidifies rapidly causing less segrega-
tion of the solute (carbon) atoms. Under such nonequi-
librium conditions, the reaction products are unmelted
SiC, resolidified silicon with carbon content larger than
27 at% and free carbon phases. It should also be noted
that higher vapor pressure of Si than that of SiC [7],
and high surface temperature due to laser irradiation
will selectively vaporize silicon which will assist in the
formation of carbon-rich globules as observed at the
laser track center.

The globules are finer and more uniformly distributed
in the case of nitrogen treatment than in the case of ar-
gon treatment as illustrated in Figs 6¢ and d. This may
be because nitrogen enhances the decomposition of SiC
into liquid Si with dissolved nitrogen and carbon, and
unmelted SiC particles (Table I). The enhanced decom-
position reduces the amount of unmelted SiC particles
in the melt pool, which means fewer sites are avail-
able for heterogeneous nucleation. Therefore, most of
the carbon-rich liquid silicon will solidify via homo-

geneous nucleation resulting in uniformly distributed
small size globules.

While the sintered «-SiC samples (Fig. 6) were laser-
treated in the CW mode, the laser treatment in the case
of 4H-SiC wafer (Fig. 7) was performed with a Q-
switched Nd: YAG laser (A = 1064 nm) of beam diame-
ter 1 mm, pulse repitition rate 2 kHz, pulse width 70 ns,
pulse energy 0.7 mJ and scanning speed 0.8 mm/s, and
gas pressure 0.1 MPa. Due to different absorptivities
of these two types of samples, different laser process-
ing conditions were selected to induce microstructural
changes in the samples via laser heating mechanisms
in order to examine the effects of laser heating on mi-
crostructural changes in these two types of samples.
Two SEM micrographs of a laser-treated 4H-SiC wafer
are presented in Fig. 7 showing different microstruc-
tures compared to those observed for the sintered o-SiC
sample (Fig. 6). The surface of the carbon-rich phase at
the center of the irradiated track is flatter and smoother
in the case of 4H-SiC sample (Fig. 7a) than in the case
of the 6H-SiC samples (Figs 6a and b). The region A,
which is about 50 ©m away from the laser beam center
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(a) Region near the center of the
laser irradiated track

Si-globules in
C-rich phase
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(b) Region near the interface
between the irradiated track and
the wafer’s original surface.
Regions B and C are not shown in
Fig. 7a since they are relatively far
away from the laser beam center in
the lateral direction and therefore,
outside the micrograph.

Figure 7 SEM micrographs of single crystal 4H-SiC surface after laser irradiation in argon atmosphere. Laser beam diameter 1 mm, Q-switched
mode, pulse repitition rate = 2 kHz, pulse width = 70 ns, pulse energy = 0.7 mJ, scanning speed = 0.8 mm/s, and gas pressure = 0.1 MPa.

in Fig. 7a, contains a large amount of SiO,. The mor-
phology of region B, which is about 100 xm away from
the beam center (Fig. 7b), is quite similar to that at the
beam center shown in Fig. 7a. Higher magnification of
region C, which is about 200 um away from the beam
center, is shown in Fig. 8a where the white globules rep-
resent an almost pure silicon phase that is surrounded
by a dark carbon-rich phase. These two phases are de-
noted by Y and X, respectively, in Fig. 8a. The size
of the silicon globules is in the range of 0.2-2.0 pum,
much smaller than that of the carbon globules observed
at the beam center of the laser-treated 6H-SiC samples
(Figs 6¢ and d). The formation of such a highly seg-
regated microstructure at the interface of the irradiated
track and original wafer surface is attributed to the melt
flow, different solidification temperatures of the pure
Si and carbon-rich phases, and heterogeneous nucle-
ation. The melt moves away from the center of the melt
pool to the above-mentioned interface due to the sur-
face tension gradient-driven flow known as Marangoni
convection [40]. Since the solidification temperature of
the carbon-rich phase is higher than that of the pure
Si phase, the carbon-rich phase solidifies first via het-
erogeneous nucleation on the SiC substrate surface at
the above-mentioned interface. As the temperature de-
creases further, liquid Si solidifies via heterogeneous
nucleation at the surface of the solidified carbon-rich
phase and tends to assume circular symmetry due to
the surface tension force.

A cross-section of the irradiated track is shown in
Fig. 8b. The maximum depth of the laser-generated
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groove, which depends on the process parameters such
as the laser beam scanning speed, interaction time, laser
beam power and shape, was measured to be 50 um. The
groove is formed partly due to the loss of Si by vapor-
ization and partly due to the flowing away of the molten
material from the laser beam center to the edge of the
melt pool.

8. Energy dispersive spectroscopy (EDS)

for elemental analysis
EDS was used to measure the atomic concentration of
different species in CW Nd:YAG laser-treated sintered
«-SiC sample at various distances from the laser beam
center as shown in Fig. 9 highlighting the following
result:

The atomic ratio of Si to C for the as-received SiC and
after laser treatment in different environments are found
to be [Si/Clas-received > [Si/c]argon > [Si/c]nitrogen >
[Si/CltmAtargon at the beam center. These ratios are
based on the amount of Si and C present in all the
phases, such as unmelted SiC, free carbon, and silicon
with dissolved carbon formed due to laser irradiation.
The variation in the atomic ratio may be due to the for-
mation of liquid silicon by any of the three mechanisms,
i.e., thermal, doping, and chemical effects, during laser
treatment in different environments and subsequent loss
of silicon by vaporization. The thermal effect refers to
the peritectic decomposition of SiC [2, 7] at high tem-
peratures, while the doping effect involves the physical
process of an atom being displaced by the dopant atom.



a4

(a) Peripheral region of the irradiated track with different
sizes of Si-rich globules (white spots) surrounded by carbon-
rich (dark region) phases. High magnification of region C
shown in Fig. Th.

(b) Cross-section of the irradiated track showing the
formation of a U-shaped trench at the beam center due to the
loss of materials by vaporization and lateral flow of the
molten materials away from the track center.

Figure 8 SEM micrographs of the laser argon-treated 4H-SiC wafer.
Laser irradiation conditions are the same as in Fig. 7.
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Figure 9 The average elemental concentration obtained by EDS for dif-
ferent species along the radius of the laser-irradiated tracks for the sin-
tered @-SiC sample. Alsoillustrated is the measured Si/C ratio at different
locations along the track.

The chemical effect refers to the mechanism in which
the presence of dopant species in the irradiation en-
vironment weakens the Si—C bond and enhances the
kinetics of the peritectic reaction in the forward direc-
tion. In the case of laser doping of SiC [28], Al is more

reactive with SiC than nitrogen because the amount of
Al is found to be higher than the amount of nitrogen
(Fig. 9) at different lateral distances in the tracks pro-
duced by laser treatment in the presence of TMA and
argon mixture and nitrogen, respectively. Due to these
effects, different phases are formed in the laser-melted
pool as discussed below. Reaction (i)-laser irradiation
in argon environment (peritectic decomposition of SiC)

sic "2 ¢ 1 Si(C) [liquid] + SiC (unmelted)

Reaction (ii)—Ilaser irradiation in nitrogen environment
leading to nitrogen doping

SiC+N — Si'C'N(doped phase) + [C]doping effect
+ [C + Si(C)priquias + SiCunmelted) |

peritectic reaction

Reaction (iii)—Ilaser irradiation in argon and TM A mix-
ture leading to aluminum doping

SiC + Al — Si'C'Al(doped phase) + [Si]doping effect
+[C + Si(C)piquia) + SiClunmetiea)

peritectic reaction

Reaction (i) may be the first step preceding each of
the doping reactions (ii) and (iii) at high temperatures.
Nitrogen displaces C to occupy the C sites and Al dis-
places Si to occupy the Si sites in the SiC lattice in
reactions (ii) and (iii), respectively, because the atomic
radii of Al and Si as well as N and C are similar. There-
fore, the amount of free Si atoms formed in reaction (iii)
is expected to be larger than that in reaction (ii), and
hence more silicon is available in the liquid phase for
vaporization in the case of Al doping than in the case of
nitrogen doping. The melt pool is expected to lose more
Si atoms than C atoms due to vaporization since Si va-
porizes more readily than C. Accordingly, the Si/C ratio
in the laser nitrogen-treated track is higher than the Si/C
ratio in the tracks created in argon and TMA mixture.
Another reason for this trend could be the chemical
effect. Both ratios, [Si/Clyiwogen and [Si/Clrma+argon,
are lower than that in the argon-treated tracks since no
atomic replacement takes place in the SiC phase during
laser argon treatment. The presence of the unmelted SiC
phase as one of the products in reactions (i) through (iii)
is attributed to the fast heating and rapid solidification
in laser processing.

The results shown in Fig. 9 are in agreement with
the XRD and the XPS results as reported in Fig. 3c and
Table I, respectively. Since the irradiation environment
does not affect the surface temperature (Fig. 1), one
may conclude from the above-mentioned results that
the dopant atoms affect the peritectic reaction kinet-
ics and accelerate the formation of the nonequilibrium,
conductive phases in laser-treated SiC substrates.

9. Electrical resistance conversion

The electric resistances (R.) of CW Nd:YAG laser-
generated 7 mm long and 1 mm wide tracks ona 2.5 mm
thick sintered «-SiC sample are plotted as a function
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Figure 10 Electric resistances of 7 mm long and 1 mm wide laser-
generated tracks on a sintered «-SiC substrate in different ambient gases
as a function of the average absorbed power density. A CW Nd:YAG
laser of beam spot diameter 1 mm and scanning speed 1 mm/s was used.
The sample thickness was 2.5 mm. Gas pressure for nitrogen, argon, and
oxygen was 0.1 MPa, and atmospheric pressure for air.

of the incident laser power density in Fig. 10. The laser
irradiation experiments were carried out in argon, oxy-
gen, and nitrogen environments at 0.1 MPa for each
case and in air at atmospheric pressure. While the re-
sistance increases slightly in laser oxygen-treated sam-
ples, it decreases significantly from 300 k€2 to 1, 0.12,
and 0.07 k€2 in argon, air and nitrogen, respectively at
the maximum conversion power density of 17 kW/cm?.
The maximum conversion power density is defined as
the incident laser power density that reduces the electric
resistance by a maximum amount. For different gases,
there is a critical power density of the incident laser
beam, /., below which the effect of the laser irradia-
tion on the conversion of electric resistance is minimal.
The value of I, is lower for nitrogen than for argon,
while /. is higher for air than for argon. The decrease
in the electric resistance upon irradiation in air is at-
tributed to the competitive interactions of the nitrogen
and oxygen contents of air with the SiC substrate. The
increase in the electric resistance due to laser treatment
in oxygen environment is attributed to the formation of
athin oxide layer at the substrate surface. The exact stoi-
chiometry of the oxide film is not known at this time, but
whether it is pure silicon oxide or silicon oxicarbide, the
resistivity is expected to be higher than that of the origi-
nal SiC sample and its magnitude will depend on the ex-
act stoichiometry and degree of crystallinity of the film.

The results shown in Fig. 10 and Table II indicate
that the resistance of the track produced in the TMA

TABLE II Electric resistance of sintered a-SiC samples irradiated
in different environments. The laser irradiation was conducted us-
ing a CW Nd:YAG laser of beam spot diameter 1 mm and scanning
speed = 1 mm/s. The average absorbed power density was 10 kW/cm?
and the gas pressure was 0.1 MPa for argon and nitrogen and atmospheric
pressure in the case of irradiation in air

Sample condition Resistance (k2)

Untreated 300+5
Laser-treated in oxygen 200+ 5
Laser-treated in air 20£0.15
Laser-treated in argon 1.5+£0.2
Laser-treated in nitrogen 0.30+0.3
Laser-treated in argon-TMA mixture 0.25£0.7

and argon mixture is lower than that of the track pro-
duced in only argon atmosphere. Similarly, the tracks
generated in nitrogen environment exhibit substantially
lower resistance than the as-received and laser argon-
treated samples.

The decrease in the electric resistance of different
SiC polytypes after laser irradiation is due to the heat
effect of the laser beam and the dopant effect of nitro-
gen and Al in the SiC substrates. In laser argon-treated
samples, the formation of carbon-rich phases, fine
globular structures, and the appearance of new phases
containing Si—Si and C=C bondings at the substrate
surface as indicated by the XPS results reported in
Table I and Fig. 5 lead to the decrease in electrical
resistance. For samples irradiated in nitrogen and in the
mixture of TMA and argon, the dopant effect of N and
Al atoms, combined with the above-mentioned heat-
induced morphological and compositional changes,
decreases the electric resistance further. It should be
noted that the n-type (nitrogen) and p-type (aluminum)
dopants are expected to decrease and increase the
electric resistances of the doped substrate respectively.
In the case of sintered «-SiC, however, the electric
resistances of two types of laser-treated tracks (one
laser-treated in nitrogen and the other laser-treated in
argon-TMA mixture) are almost the same (Table II),
although the Al-content is significantly higher than
the nitrogen content in these two laser-treated tracks
(Fig. 9). This may be due to the higher energy
required for aluminum dopant activation, since the
ionization energy of shallow donors is 0.085-0.1 eV
and 0.23-0.24 eV for nitrogen and aluminum dopants
in 6H-SiC, respectively. This may also be due to the
difference in the mobility of the majority carriers in
the nitrogen-doped and the aluminum-doped silicon
carbide [7]. For 4H-SiC samples, the resistances R, ;
(Table III), where i = oxygen, argon and nitrogen
denoting the surrounding gas during laser treatment and
i = as-received implying the untreated sample, exhibit
a trend similar to the case of sintered a-SiC (Fig. 10),
ie., Re,oxygen > R as-received > Re,argon > Re,nitrogen-
The reasons for this decrease in the electric resistance
of 4H-SiC are also similar to those discussed above for
the sintered «-SiC samples.

However, due to the different optical properties of
these two types of samples (Figs 1, 2a and b), different
irradiation modes were used to induce electric resis-
tance changes in each case. High absorption of the

TABLE III Electric resistance of low-doped epilayer 4H-SiC wafer
irradiated in different environments. Laser beam diameter = 1 mm, Q-
switched mode, pulse repitition rate = 2 kHz, pulse width = 70 ns, pulse
energy = 0.7 mJ, scanning speed = 0.8 mm/s. gas pressure = 0.1 MPa
for oxygen, argon and nitrogen and atmospheric pressure in the case of
irradiation in air.

Sample condition Resistance (k2)
Untreated 23 x 10* £5
Laser-treated in argon 1.2£0.25
Laser-treated in nitrogen 0.25 £0.05
Laser-treated in air 25%x102+3
Laser treated in oxygen 30 x 104 £7
Laser-treated in argon followed by nitrogen 1.1 £0.15
Laser-treated in nitrogen followed by argon 0.85+0.2
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polycrystalline 6H-SiC samples at . = 1064 nm sug-
gested that the continuous wave (CW) laser irradiation
is sufficient to cause electric resistance conversion in
such samples. Lower absorption of the 4H-SiC low-
doped epilayer and CVD B-SiC samples at this wave-
length necessitates the use of Q-switched laser pulses
to achieve conversion in electric resistance. Nanosec-
ond pulses in the Q-switched mode allow to irradiate
the samples at higher power densities than the CW laser
and hence deposit more energy per unit area per unit
time overcoming the effect of lower absorptivity of the
sample. It should be noted that the electric resistance of
0.20 mm thick 4H-SiC wafer remained unaffected by
the CW laser irradiation at powers less than 100 W,
while the sample cracked along the irradiated track
at higher powers (>100 W). Although the incident
power density is much higher in the Q-switched case,
longer laser-substrate interaction time during CW
irradiation (i.e., 1 s at P = 120 W in the case of CW
irradiation versus 6 ms at the pulse repetition rate =
1 kHz, pulse energy = 0.8 mJ and pulse width =
60 ns in the Q-switched mode) resulted in a sufficient
thermal stress in the sample to initiate a crack along
the laser-treated track.

The double gas exposure experiments, i.e., laser ir-
radiation of the same substrate in two different envi-
ronments - nitrogen followed by argon and vice versa
(Table III), alters the electric resistance in the following
order: Re,nitrogen < Re,nitrogen—argon < Re,argon—nirogen
< Reargon- These results imply that less nitrogen is
incorporated into the substrate in the double gas ex-
posures than in the single nitrogen gas exposure. The
reason for this trend could be explained using the site
competition principle which states that p-type doping
into SiC lattice is enhanced by increasing the C/Si ratio
in the gaseous precursors during the SiC in situ dop-
ing by the chemical vapor deposition (CVD) method
[13]. Similarly, large Si/C ratio in the gaseous precur-
sors was reported to enhance the n-type doping in the
same method. By analogy, the incorporation of nitro-
gen atoms into the laser-induced carbon-rich SiC phase
could be energetically less favorable than nitrogen dop-
ing into as-received SiC. The variation in the electric
resistance observed in the double gas exposure exper-
iments could also be related to nitrogen out-diffusion
that might occur upon laser irradiation for the second
time in argon. The out-diffusion will decrease the num-
ber of the effective nitrogen atoms inside the SiC lattice
and hence will increase the resistance.

10. Conclusions

The absorption of the sintered 6H-SiC is higher than
that of the 4H-SiC low-doped epilayer and the CVD
B-SiC at A = 1064 nm. Due to this, a continuous wave
laser is used for processing the sintered 6H—SiC sam-
ple, while a Q-switched pulsed laser is used for the
4H-SiC wafer. The critical energy required to achieve
conversion in electric resistance coincides with that re-
quired to increase the silicon carbide surface tempera-
ture to its peritectic reaction. Different analytical (XPS,
XRD, SEM and EDS) studies of the laser-treated tracks
reveal the presence of carbon-rich phases. The presence

of both nitrogen and aluminum species is also detected
in the tracks irradiated in nitrogen and in a mixture of
TMA and argon, respectively. The conversion in elec-
tric resistance after laser treatment in inert gas (argon) is
mainly due to a thermal effect, i.e., laser heating caus-
ing peritectic reaction in SiC. In the case of irradiation
in nitrogen and in a mixture of TMA and argon, the
conversion is attributed partly to the thermal effect and
partly to the incorporation of nitrogen and aluminum
as dopants into the SiC matrix. The creation of con-
ductive tracks on insulating silicon carbide substrates
and the incorporation of dopant atoms into the SiC ma-
trix by laser treatment are important in using the laser
direct-write technique for SiC-based electronic and op-
toelectronic device fabrication.
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