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Abstract

The laser-induced crystalline disorder in silicon has attracted increasing interest
due to its impact on the device performance of Si-based solar energy, optoelec-
tronic, and electronic devices. Combined experimental and simulation
approaches are effective for investigation of the fundamental mechanisms respon-
sible for the formation of amorphous phase, polycrystalline structure, and crystal
defects in the course of laser processing. In this chapter, the effects of laser pulse
duration, wavelength, and fluence on the spatial distribution and concentration of
point defects and dislocations, as well as the thickness and morphology of
amorphous regions, are discussed based on the results of computer modeling
and experiments. The laser-based thermal annealing is also considered as an
effective technique for mitigating the laser-induced disorder. Overall, this chapter
provides an up-to-date review of the disorder generation in laser-processed silicon
and highlights the laser annealing technique for the disorder removal in silicon
photovoltaic, optoelectronic, and electronic devices.

Keywords

Laser processing - Silicon - Crystalline disorder -+ Amorphous phase - Point
defects - Dislocations * Photovoltaics - Laser annealing - Molecular dynamics
simulations - Continuum modeling

Introduction

The use of lasers in processing of silicon and other semiconductor materials has
been experiencing rapid expansion owing to the increasing adoption of laser-based
techniques in the fabrication of advanced photovoltaic, electronic, and optoelec-
tronic devices. Lasers offer the ability to achieve noncontact localized surface
treatment in material processing. Owing to these unique features, high-power laser
processing becomes the solution to enable manufacturing of intricate device struc-
tures and yield cost-effective advantages (Sugioka et al. 2010). For example, laser
ablation can facilitate the fabrication of interdigitated back contact (IBC) silicon
solar cells by removing nanoscale surface layers while reducing the manufacturing
cost through avoiding multiple patterning steps (Haase et al. 2018).

Recently, laser technology has experienced remarkable advances (Fig. 1a), espe-
cially in applications of lasers with ultrafast pulse duration and short wavelength
(Cheng et al. 2013). One example of successful demonstration of ultrafast laser
applications is the generation of periodic micro-texture on silicon surfaces (Bonse
et al. 2012; Halbwax et al. 2008; Iyengar et al. 2011). Meanwhile, the demands for
novel materials and high-performance devices (Fig. 1a) are driving the expansion of
laser-based applications into new areas, such as laser-processed thin films for
forming local contact opening or generating silicon surface passivation (Walter
et al. 2015; Sun et al. 2018).
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Fig. 1 Fast development of laser technologies and applications is not matched by the
corresponding growth in the number of investigations of laser-induced defect generation.
(a) Chart showing advanced laser technologies and emerging laser applications. (b) Comparison
between the number of articles with titles that include /laser processing and laser defects from year
1980 to 2018 based on the Web of Science database

Laser processing has been widely studied for silicon device fabrication, including
laser ablation, micro-texturing, doping, transfer of metal contacts, and annealing
(Dahlinger et al. 2017). The major challenge, however, is presented by laser-induced
structural disorder and defects, which can dramatically degrade the electrical prop-
erties of laser-processed silicon and negatively affect the performance of laser-based
photovoltaic (Hameiri et al. 2010) and microelectronic (Arora and Dawar 1996)
devices.

Table 1 summarizes various applications of laser processing in optoelectronic and
electronic device fabrication, highlights the irradiation conditions that are suitable
for these applications, and lists the corresponding types of the laser-induced disorder.
A relatively clean material removal by laser ablation can be achieved by using short-
pulse duration and ultraviolet (UV) wavelength lasers that minimize collateral
damage and limit the extent of the heat-affected zone. Yet, the generation of
amorphous phase and point defects can barely be avoided. The laser melting and
doping are reliant on the thermal effect of laser irradiation, and a laser with
nanosecond pulse duration is a typical option in this case. The unwanted presence
of ablation, thermal stresses, and fast rate of the solidification can be responsible for
the generation of amorphous phase and crystal defects in this regime. Laser
annealing, at temperatures near the melting threshold, can be used to reduce or
remove the laser-induced disorder. This effect can be achieved with longer, micro-
second or millisecond, pulse durations.

As can be seen from Fig. 1b, the literature on laser-induced generation of
structural disorder and crystal defects is limited as compared to the publications
that discuss the laser processing research. Thus, this chapter intends to summarize
the current experimental and computational studies of laser-induced structural trans-
formation and defect generation in silicon and to provide a brief overview of
methodology and approaches suitable for investigation of defects in laser-processed
semiconductors in general.
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Table 1 Laser processes and conditions used for optoelectronic and electronic device fabrication

Preferred
pulse Preferred
Processing Regimes | duration wavelength | Possible laser-induced disorder
Micro-texturing Ablation | fs, ps, ns uv Amorphous phase,
Ablation of polycrystalline structure, point
dielectrics atop defects, dislocations, grain
semiconductor boundaries
surfaces
Ablation of a-Si
Doping Melting ns, ps Visible
Transfer of metal Below
contacts melting
Annealing threshold | s, ms IR Disorder removal

Laser-Induced Crystalline Disorder in Silicon: Experiments and
Computer Modeling

Laser processing can induce crystalline disorder in silicon, mainly due to kinetic
limitations during rapid melting and resolidification (Yater 1992). The timescale for
generation of disordered metallic liquid phase under conditions of strong super-
heating created by the fast laser energy deposition is several picoseconds in the
thermal melting regime, and it can be as fast as a few hundred femtoseconds when
nonthermal melting mechanisms are activated by ultrafast pulses (Sokolowski-
Tinten et al. 1995). Experiments identify the timescale of nonthermal disordering
to be ~150 fs after the excitation by a 100 fs pulse (Shank et al. 1983; Tom et al.
1988). Computational studies further confirm the bond-breaking within ~200 fs after
excitation by a 20 fs pulse and also determine the melting and ablation thresholds
under incident pulses of different durations (Jeschke et al. 2002; Herrmann et al.
1998). Resulting from the rapid spatially localized heating, the high cooling rate
can hardly produce perfect arrangement of atoms, as schematically shown in Fig. 2.
As a result, the crystalline disorder, which disrupts the periodic crystal lattice,
is generated in the form of amorphous phase or a high density of crystal defects.

The induced crystalline disorder is principally defined by the formation of
amorphous phase or polycrystalline structure, as well as the generation of local
structural defects, such as point defects, dislocations, and grain boundaries. In the
amorphous silicon, the irregular arrangement of Si-Si bonds leads to the formation
of tail energy states at the edge of conduction and valence bands; and the localized
defects, especially dangling bonds, can cause the continuously distributed defect
states. Similarly, the crystal defects in the single crystal silicon can also introduce the
defect energy levels within the bandgap. These defect energy states function as the
electron-hole recombination sites and limit the minority carrier lifetime
(Ametowobla et al. 2012), increase leakage current (Young et al. 1982), and
adversely affect device performance.
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Fig. 2 Different types of laser-induced disorder: (a) formation of amorphous phase and (b) crystal
defects

The challenge for examining laser-induced disorder is the nonequilibrium nature
of processes occurring during the resolidification, where the generation of defects at
the rapidly advancing solidification front, nucleation of new crystallites, and thermal
stresses all affect the final microstructure of the resolidified region. Correlating
experimental observations with computational predictions is an effective method
to reveal the fundamental mechanisms governing the disorder generation in laser-
processed silicon. The following three sections will detail the state-of-the-art
investigations.

Experimental Studies on Laser-Induced Amorphous Phase in Silicon

The generation of the amorphous phase during laser processing of single crystal
silicon has been observed in experiments since the 1970s (Tsu et al. 1979). Figure 3a
illustrates the experimental setup for laser processing of silicon samples. The laser
beam enters a galvanometer scanner and is focused on a silicon surface with a typical
spot size of ~20 pm. A recent study (Crawford et al. 2008) using high-resolution
scanning transmission electron microscopy (STEM) clearly imaged the laser-
induced amorphous phase at the atomic scale (Fig. 3b). The short-range order in
the amorphous regions is revealed in a selected-area diffraction pattern shown in
Fig. 3c. In experiments, it is essential to understand the generation mechanisms of
the amorphous phase under different laser conditions and identify laser parameters
that can minimize the induced disorder, thus leading to superior device performance.

In this section, the physical properties of amorphous silicon and characterization
techniques for determining the amorphous phase are reviewed. Three essential
factors, including laser pulse duration, wavelength, and fluence, are discussed. In
general, laser processing with short wavelength and short pulse duration can create
a strong temperature gradient and induce rapid quenching of a transiently melted
region in an irradiated sample, which is the required condition for amorphization.
However, multiple additional factors can affect the amorphization process, and the
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Fig. 3 (a) Schematic of laser processing experimental setup. (b, ¢) Example of laser-induced
amorphous phase generated by an 800 nm wavelength, 150 fs pulse duration laser. (Adapted from
Crawford et al. (2008), with the permission of AIP Publishing). (b) Cross-sectional transmission
electron microscopy (TEM) image from a sample processed by a single pulse at a laser fluence
of 11 J/em?. (c) Diffraction pattern of amorphous phase produced after irradiation by five pulses
at a laser fluence of 1.3 J/cm?

observation of amorphous phase has been reported for different laser systems and in
different irradiation regimes, e.g., in laser ablation regime.

Physical Properties of Amorphous Silicon
Amorphous silicon is commonly represented by a continuous random network
(CRN) model, but the structure of the real amorphous phase is not yet fully
understood and can be strongly affected by the amorphization conditions. In the
network, the a-Si atoms have short-range order with fourfold coordination and
nearly constant bond length while lacking long-range order. The bond angle is
distorted in the amorphous silicon as compared to the crystalline silicon, leading
to a higher Gibbs free energy (G) as illustrated in Fig. 4a. Thompson et al. (1984)
determined the melting temperature of amorphous silicon (7}) to be ~250 K lower
than that of the crystalline silicon (7},,). At an undercooling exceeding 250 K (i.e.,
at temperatures more than 250 K below T7,,), the amorphous phase becomes ther-
modynamically more stable than the undercooled liquid silicon and can remain in the
metastable state with respect to the equilibrium crystalline silicon due to the kinet-
ically suppressed crystallization.

Stiffler et al. (1988) found that severe undercooling of ~500 K (0.7 of silicon
melting temperature 7,,) is a transition temperature for homogeneous crystalline
silicon nucleation. The extreme undercooling is expected to favor amorphization,
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Fig. 4 (a) Temperature dependence of the Gibbs free energies of liquid (I-Si), amorphous (a-Si),
and crystal (c-Si) phases of Si and (b) diagram showing the activation energy (Q) and the density
change (Ap) for the liquid to amorphous phase transformation

but the amorphous silicon has not been observed until below 0.7 T,,,. The reason is
not fully clear yet. It is possibly due to a long incubation time for the amorphous
phase formation from liquid or due to the remelting of any formed amorphous silicon
with the subsequent /-Si to ¢-Si process. The liquid/solid interface movement
involves the mobility of atoms at the interface, the covalent reordering, and density
change. The density of amorphous silicon is 1.8% smaller than that of crystalline
silicon, which, in turn, is 10% less dense than the liquid silicon (Custer et al. 1994).
During the amorphization, the phase transformation not only involves overcoming
the activation barrier (Q) but also needs to accommodate the density difference (Ap),
as schematically shown in Fig. 4b. In general, the temperature dependence of the
interface velocity is the key to revealing the kinetics of the phase transformation, and
this problem is addressed by simulations discussed in section “Multiscale Modeling
of the Laser-Induced Formation of Amorphous State.”

Characterization of Laser-Induced Disorder

Electron microscopy is the most direct and definite approach to determine the laser-
induced disorder. Electron diffraction performed in transmission electron micro-
scope (TEM) can reveal the characteristic diffraction patterns with diffuse rings
(e.g., Fig. 3c), which suggests the absence of long-range order in the atomic
positions and confirms generation of amorphous phase.

X-ray diffraction and spectroscopies can also be used to detect the presence of
disorder phases. Amorphous or poorly ordered phases eliminate the distinctive X-ray
diffraction peaks or, in partially amorphized regions, broaden the width of the
crystalline diffraction peak. Raman spectroscopy is widely used for studying the
disorder in silicon lattice (Bonse et al. 2004). A broad Raman peak at ~480 cm ™'
wave number appears as an evidence of amorphous silicon. Due to the low amounts
of amorphous phase typically present in the surface region of laser-processed
samples, the crystalline silicon peak is barely avoided, and the amorphous silicon
peak may not be prominent. Instead, the presence of amorphous silicon can be
characterized by studying the full-width-at-half-maximum (FWHM) value of the
crystalline silicon peak (Fig. 5a). Photoluminescence (PL) spectroscopy is another
effective technique to evaluate the crystal quality by checking the band-edge



804 M. C. Gupta et al.

(a) 5000 (b) 600
<00 h * Before laser processing
_ 4000 4 “‘ * After lascr processing at
‘% 5 400 . 1.28 Jem’® Muence
= 3000 = b
E H £ 300 i
2 2000 / \ g 7
| =200 s
1000 i 4
/{ SR 100
0 =1, - =
450 500 550 600

0
t 1100 1150 1200 1250 1300
Raman shift [em]

Wavelength [nm]

(c) 1500 F™ i S G SR
L ) i |
= L Theoretical 1
2 L '
0 | |\ Auger
£ 1000} ! limit ]
= \
= E 1
o 1
E \
Experimental
¢ 500F p -
E [ Tpaen = 2.3 MS
i FZ p-Si, 1.4 Qcm,
L 300 pm thick
0 Lot

10 10 10"

Excess carrier density (cm™)

Fig. 5 Characterization techniques for revealing the laser-induced disorder. (a) Raman spectro-
scopy: broadening of the c-Si peak at laser-processed spot. (Adapted from Amer et al. (2005), with
permission from Elsevier). (b) Photoluminescence spectroscopy: comparing band-edge emission
between bare silicon wafer and laser-processed silicon. (Reprinted from Sun and Gupta (2018a),
with the permission of AIP Publishing). (¢) Photoconductance decay measurement: the extracted
carrier lifetime as an indicator of crystal quality. (Reprinted from Nagel et al. (1999), with the
permission of AIP Publishing)

emission (Fig. 5b). Moreover, the crystalline quality can also be revealed by
measuring the surface electrical properties. Charge carrier lifetime extracted from
the photoconductance decay is a critical parameter to evaluate time duration before
the carriers are trapped in states created by the disorder (Fig. 5c).

Effect of Laser Pulse Duration

Investigations using femtosecond (Amer et al. 2005; Bonse et al. 2002; Crouch et al.
2004; Jia et al. 2004), picosecond (Liu et al. 1981), and nanosecond (Tsu et al. 1979;
Amer et al. 2005; Crouch et al. 2004; Sun and Gupta 2018b) laser systems have
all reported the amorphization of the c-Si surface after the laser processing. It is
necessary to clarify the laser modification regimes, including but not limited to
melting and ablation (removal of material). In the regime of surface melting and
resolidification, the amorphization occurs only at short pulse durations. In experi-
ments, the threshold values are determined to be 100 ps for 600 nm wavelength
pulses and 3 ns for 300 nm wavelength pulses (Yater 1992). The simulations predict
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a pulse duration threshold of 90 ps for 532 nm laser wavelength (see details in
section “Multiscale Modeling of the Laser-Induced Formation of Amorphous
State”). Above the threshold pulse duration, the formation of the amorphous phase
can be suppressed in the melting regime due to the relatively low-temperature
gradients suitable for crystallization. In contrast, laser ablation causes a complicated
physical scenario that is not yet fully understood. In the ablation regime, the
amorphous phase generation via laser processing with pulse durations of 30—50 ns
has been widely reported (Amer et al. 2005; Crouch et al. 2004; Sun and Gupta
2018b). Laser ablation is essential to many practical laser-enabled applications.
Thus, it is barely possible to avoid the disordered phases by simply selecting an
appropriate melting regime for laser processing.

In the laser ablation regime, Amer et al. (2005) compared the average
amorphization ratio between femtosecond and nanosecond laser-processed samples
(Fig. 6). At laser fluences below 10 J/cm?, which most manufacturing processes
apply to silicon devices, femtosecond laser processing induces more extensive
amorphization than nanosecond laser processing. Moreover, the degree of amor-
phization, quantified by the relative integrated intensity of the a-Si peak in the
Raman spectra, remains high for all femtosecond laser fluences studied, while it
gradually increases with fluence in the nanosecond laser processing, especially at
fluences below 10 J/cm?. A similar observation was reported by Crouch et al. (2004),
who compared the laser micro-textured silicon produced by femtosecond and nano-
second laser systems. The below bandgap absorption is much higher for femtosec-
ond micro-textured silicon, which is characterized by highly disordered structures.
Indeed, the processing by femtosecond pulses tends to induce larger amount of
disorder in silicon even in the laser ablation regime.

Nevertheless, the absence of an amorphous phase in the femtosecond laser
ablation is possible and has been reported by Rogers et al. (2009). The mechanism
is similar to the retention of crystallinity in nanosecond laser ablation (Sun and

(a) Femtosecond laser
processing

(b) Nanosecond laser processing

Induced amorphization [%]
=

0 IR S SR TR N T S TR TR N TN TR T T TN S TR S T NN SR S S 1
0 10 20 30 40 50

Laser fluence [J/cm?]

Fig. 6 Comparison of average induced amorphization as a function of laser fluence between (a)
150 fs and (b) 30 ns pulse laser processing. (Adapted from Amer et al. (2005), with permission from
Elsevier)
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Gupta 2018b), where the final surfaces are cleaned from any possible amorphous
regions by the strong ablation process. Further discussion of the effect of ablation
on surface amorphization can be found below in the subsection on the effect of
laser fluence.

Effect of Laser Wavelength

Wavelength is an important parameter that defines the laser absorption depth in silicon
and thus the temperature profile in the heated region. As shown in Fig. 7a, the absorption
depth significantly drops with wavelength, and UV light is mostly absorbed within a
depth of about 10 nm. In the melting regime, the UV wavelength pulse, due to strong
surface heating, can increase the pulse duration threshold for amorphization to the
nanosecond range. Tsu et al. (1979) have observed the formation of a disordered phase
upon irradiation by a 10 ns laser pulse at a wavelength of 266 nm. The shallow absorption
depth (<10 nm) at this wavelength leads to a cooling rate above 10'' K/s, which is one
order of magnitude higher than the rate of 5 x 10° K/s, below which the crystallization
can take place (Tsu et al. 1979; Thompson et al. 1983). Note that the cooling rate required
for the onset of crystallization determined in experiments is commonly an average
value based on photocurrent measurements at a timescale beyond 1 ns (Thompson
et al. 1983), whereas simulation studies overcome the time limitation of the experiments
and further confirm that the cooling rate has to be below 10'* K/s (see section
“Multiscale Modeling of the Laser-Induced Formation of Amorphous State”).

In the ablation regime, Lu et al. (2008) compared the ablation depth, or the depth
of craters, produced by UV (266 nm), visible (532 nm), and IR (1064 nm) wave-
length pulses (Fig. 7b). The laser ablation thresholds are dramatically decreased
when using a shorter wavelength pulse, and the ablation depth observed in the IR
laser processing is the lowest.

The strong wavelength dependence of the ablation behavior has direct implica-
tions for the structural disorder. A recent work (Sun and Gupta 2018b) investigating
silicon ablated by 1064 nm and 532 nm wavelength nanosecond pulses demonstrates
the retention of single-crystalline phase in strong ablation by the short-wavelength
pulse (Fig. 8a) and formation of amorphous and polycrystalline phases in ablation
by a long-wavelength pulse. As shown in Fig. 8b, the ablated material could be
redeposited on the laser-processed surface in an amorphous particulate state (Tsu
et al. 1979; Sun and Gupta 2018b).

Effect of Laser Fluence

Computational studies (section “Multiscale Modeling of the Laser-Induced
Formation of Amorphous State”) suggest that the generation of crystalline disorder,
i.e., amorphous structure, can be controlled by adjusting laser fluence. In the melting
regime, relatively high laser fluence can decrease the cooling rate and result in the
epitaxial regrowth of the crystalline phase during the resolidification. To a certain
extent, this prediction is also valid when laser ablation occurs.

Bonse et al. (2002) illustrated the physical processes occurring in different
regions of a single fs pulse-processed spot (Fig. 9a). With a Gaussian profile of
laser fluence distribution, the low local fluence at the outer region tends to generate
an amorphous phase, while the high local fluence in the inner region produces an
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Fig. 7 (a) Silicon absorption depth and corresponding absorption coefficient as a function of
incident light wavelength plotted based on data reported in Green (2008). (b) Comparison of
ablation depth as a function of laser irradiance observed in 266, 532, and 1064 nm wavelength
laser processing. (Adapted from Lu et al. (2008), with the permission of AIP Publishing). Pulse
duration was fixed at 3 ns

annealing effect that favors crystallization. Increasing the laser fluence of a single
pulse or applying multiple pulses can cause morphological changes together with
melting and ablation. Relatively high laser fluence with a single or a few pulse
irradiation (Region 1 in Fig. 9b) can avoid a dramatic change in surface morphology
while achieving the crystalline phase.

Another observation is that high laser fluences can cause ablation and feasibly
generate a clean surface. Strong ablation at extremely high fluences and irradiation
by multiple pulses (Region 2 in Fig. 9b) can also attain a crystalline surface. This is
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Fig. 8 (a) Retention of single-crystalline phase and (b) redeposition of amorphous nanoparticles in
laser ablation at laser fluences of 1.64 J/em? and 1.31 J/em?, respectively. The experiments are
performed at a laser wavelength of 532 nm and a pulse duration of 1 ns. (Adapted from Sun
and Gupta (2018b), with permission from Elsevier)
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Fig. 9 Effect of laser fluence on ablation and amorphous phase generation in femtosecond laser
processing. (Adapted from Bonse et al. (2002), with permission from Springer Nature). (a) Physical
processes occurring at different locations of a laser-processed spot with the Gaussian distribution of
laser fluence. (b) Schematic showing physical and morphological phenomena at various laser
fluences and pulse numbers

especially true for short-wavelength lasers which can easily produce strong ablation
(Fig. 7). Taking advantage of this mechanism, single-crystalline silicon is not only
retained using nanosecond pulses (Fig. 8a) but also observed after irradiation by
femtosecond pulses (Rogers et al. 2009).

Multiscale Modeling of the Laser-Induced Formation of Amorphous
State

Section “Experimental Studies on Laser-Induced Amorphous Phase in Silicon” has
provided a brief overview of the formation of amorphous structure in Si targets
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irradiated at the different laser wavelengths, pulse durations, and fluences. However,
experimental probing of the ultrafast laser-induced processes in the shallow laser-
modified region, which take place on femtosecond to nanosecond timescales
and sub-micrometer length scales, remains challenging. Moreover, the relationships
between numerous nonequilibrium processes involved in the laser-material interac-
tions and overlapping in time and space, such as rapid melting and resolidification,
fast cooling leading to amorphization, and generation of crystal defects, are unlikely
to be completely uncovered based on experimental data alone.

Numerical modeling of the laser-induced phase and structural transformations
provides a valuable tool for understanding the fundamental mechanisms responsible
for the modification of silicon structure by laser irradiation. In particular, the ability
of short-pulse laser irradiation to produce high density of point defects, dislocations,
and stable amorphous structure has been investigated in molecular dynamics (MD)
simulations for a variety of materials (Thompson et al. 1983; Lin et al. 2008; He et al.
2019; Yang et al. 2012; Shugaev et al. 2018). The MD technique is capable of
resolving complex processes on atomic scale but comes at the price of high compu-
tational cost. In order to describe the laser-induced processes at experimental
timescales and length scales, computationally efficient continuum simulations are
usually adopted (Shugaev et al. 2018; Kisdarjono et al. 2003; Bulgakova et al. 2005).

In this section, an advanced computational method is introduced, which enables
the integration of the predictive power of both atomistic and continuum simulations
into a multiscale model. In this method, the kinetics and mechanisms of laser-
induced phase and structural transformations are first revealed by atomistic simula-
tions. The results of the atomistic simulations then serve as the basis for the design
and parameterization of an advanced continuum-level model, so that the computa-
tional predictions can be directly mapped to experimental observations and used for
optimization of laser processing conditions in practical applications.

Molecular Dynamics Study of Solid-Liquid Phase Transformations

In MD modeling, the only input is the description of interatomic interactions, and no
assumptions are required for the processes or mechanisms under study, thus making
it well suited for exploring the kinetics of nonequilibrium processes (e.g., melting/
solidification under conditions of overheating/undercooling) and revealing new
physical phenomena (e.g., establishing the mechanisms responsible for the genera-
tion of crystal defects). Figure 10 shows two examples illustrating the application
of MD simulations to address the conditions for amorphization and the temperature
dependence of the movement of the solid-liquid interface.

The transition of the undercooled Si from liquid into amorphous state is illustrated
in Fig. 10a, b, which show the results from a series of MD simulations of rapid
cooling of a liquid Si system at different cooling rates (cr) (Zhang et al. 2015). The
temperature dependence of the number density of atoms (Fig. 10a) indicates a
structural change between 1000 K and 1500 K, since amorphous silicon is less
dense than liquid silicon. This abrupt transition to a low-density state coincides with
the change of temperature dependence of the Abraham ratio R = gp,in/gmax, Where
Zmin and g, are the magnitudes of the pair correlation function at the first minimum
and first maximum, respectively. The Abraham ratio is commonly used to



810 M. C. Gupta et al.

a 0054 " i " " " b N 4 s N
0.4 4
__0.053
RS 03 1
>
F 0.052 *ortesa0’ios L  cri=5x10"Ks
H « cr2=1x10""k/s 5 ! [ o cr2=1x10"K/s
3 cr3=5x10""k/s 'W 0291 & cr3=5x10"Kis
8 0.051 4 *o=ba0’is S VO cra=1x10"K/s
g « cr5=5x10"K/s -'\M * cr5=5x10"K/s
z - cr6=1x10"K/s '-‘ 0.1 4 cr6=1x10"K/s
0.050 4 * or7=5x10"K/s ,,'_ﬁr_],.,-ﬂ" cr7=5x10"K/s
+ cr8=1x10"k/s " cre=1x10"K/s
. . > v 4 0.0 T T —
3000 2500 2000 1500 1000 500 0 2500 2000 1500 1000 500
Temperature (K) Temperature (K)
€ 20
Ele 10
> 0
8
o —10
% V{’\{I(?O}(T)
g —20
5 ""’{'\1/'?0}(7-)
€ -30
= MD
V{111}(T)
-40

800 1000 1200 1400 1600 1800 2000
Temperature [K]

Fig. 10 The temperature dependence of the number density (a) and Abraham ratio (b) of liquid/
amorphous Si calculated in MD simulations of cooling of liquid Si performed with different cooling
rates. The Abraham ratio R is calculated based on pair correlation function and is defined as
R = gmin/€max> Where gin and g, are the magnitudes of the pair correlation function at the first
minimum and first maximum, respectively. (¢) Velocities of the crystal-liquid interfaces with
different crystallographic orientations as functions of temperature predicted in MD simulations of
a crystal-liquid coexistence Si system under constant temperature and zero pressure. (The figures in
(a, b) are adapted from Zhang et al. (2015) and the figure in (c) is adapted from Bergmann et al.
(2017))

characterize the structural transition from undercooled liquid into amorphous state
(Sastry and Angell 2003; Jakse and Pasturel 2007). The temperature below which a
stable amorphous structure is formed is identified as the amorphous transition
temperature, 7.

In addition to the conditions for the formation of amorphous structure, MD
simulations can also be applied to predict the velocity of the solid-liquid interface
as a function of temperature. As shown in Fig. 10c, the velocities of the crystal-liquid
interface with different crystallographic orientations are evaluated from a series
of crystal-liquid coexistence simulations performed at different temperatures
(Bergmann et al. 2017). The {111} interface has the smallest velocity compared to
the other two orientations, which is related to its densely packed structure and
absence of favorable sites for the attachment of additional atoms on a {111} crystal
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face. The MD predictions of the temperature-dependent interfacial velocities can be
used for parameterization of kinetic equations that describe the propagation of
melting/solidification front, e.g., Eq. 2 discussed below, in the section on contin-
uum-level modeling.

Continuum Modeling of Amorphization in the Course of Laser-Induced
Melting and Resolidification

The direct MD simulation of processes occurring on the scale of an entire laser spot
with a typical diameter of tens to hundreds of micrometers is clearly out of reach
even with the most powerful modern supercomputers. Nevertheless, some of the
predictions of MD simulations, such as the temperature dependence of the velocity
of solid-liquid interface, types and densities of crystal defects generated in the course
of rapid melting and resolidification, etc., can be used in the design and parameter-
ization of large-scale continuum-level model. Traditional continuum-level descrip-
tion of thermal processes in laser-material interactions is based on the numerical
solution of the heat diffusion equation complemented by source terms accounting for
the laser energy deposition and latent heat of phase transformations:

oT
pCPE =V (KthVT) =+ Staser — Sm — Se» (1>

where p, Cp, and K}, are density, heat capacity, and thermal conductivity of the target
material, respectively. The three source terms on the right side of Eq. 1 represent the
thermal energy sources/sinks due to the laser energy deposition Si,., the release/
absorption of heat at melting/resolidification front S,,, and the energy loss through
vaporization from the surface of the irradiated target S,.

In the description of laser-induced melting and resolidification, a simple phase-
change model based on conventional assumptions of local equilibrium at the solid-
liquid interface (Wood 1981; Vonatsos and Pantelis 2005) is not suitable for the
conditions created by short-pulse laser irradiation, where strong temperature gradi-
ents are created, and fast thermal energy flow to/from the solid-liquid interface can
lead to significant superheating/undercooling at the melting/solidification front.
Therefore, a nonequilibrium kinetic description (Gupta et al. 1995; Jackson 2002;
Kisdarjono et al. 2003), in which the instantaneous velocity of the solid-liquid
interface is defined by local temperature at the interface, is needed for a realistic
representation of the movement of the solid-liquid interface:

Va(Ty) = Vo(Ty) [1 ~ exp (— AG(T“"))], 2)

kB Tsl

where Ty, is the temperature at the solid-liquid interface, ¥ is a pre-factor related to
the self-diffusivity in the liquid phase, and AG is the difference in Gibbs free energy
between the liquid and solid phases. At moderate deviations from the equilibrium
melting temperature 7,,, the free energy difference can be approximated as AG
(Ty) =~ AH,(T,)(1 — T,/T,,), where AH,, is the latent heat of the solid-liquid
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phase transformation. As discussed above, the pre-factor V can be fitted to the
results of a series of solid-liquid coexistence atomistic simulations performed at
different temperatures.

As an example of the application of the multiscale model for investigation of the
laser-induced formation of amorphous structure, Fig. 11 illustrates the results of 1D
simulations of a Si target under different laser irradiation conditions in the regime of
melting and solidification. The glass transition temperature 7, = 0.71 T,,, is predicted
in MD simulations, which is close to the value determined in Fig. 10b. As shown in
Fig. 1la, b, the resolidification of the laser-melted region proceeds through the
propagation of the solid-liquid interface under conditions of fast cooling. When
the undercooling level for amorphization is achieved at the solidification front, the
front stops, and the remaining undercooled liquid transforms into a stable amorphous
phase. The maximum melting depth increases with laser fluence, resulting in a larger
depth of the liquid region that may potentially be frozen into the amorphous state.
This effect is counteracted by the decrease of the cooling rate with increasing
fluence, which retains the solidification front at elevated temperature, thus
suppressing the formation of amorphous structure. The fluence dependence of the
thickness of the amorphous region formed by laser irradiation with different pulse
durations is illustrated in Fig. 12a, which has similar trend as Fig. 6a. Based on the
above discussion, the formation of a ring-shaped amorphous region in the Si target
shown in Fig. 9a can be explained as follows: At the laser spot center, the local laser
fluence exceeds the threshold fluence that ensures sufficient cooling rate to induce
the transition to the amorphous state. Conditions for amorphization can only be
achieved at lower local fluences at the periphery of the Gaussian laser profile, leading
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Fig. 11 The evolution of temperature (a) and depth (b) of the crystal-liquid/amorphous
interface predicted in 1D continuum simulations of a Si target irradiated by a 30 ps laser pulse at
different fluences. The laser wavelength is 532 nm. In (a), T,, and T, mark the melting temperature
(1687 K) and the glass transition temperature, respectively. The termination of the profiles for
Fine = 0.18 J/em? and Fi,e = 0.30 J/em? in (a) indicates the complete crystal regrowth with the
solidification front reaching the target surface. (The figures are adapted from He and Zhigilei in
preparation)
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Fig. 12 (a) Prediction of the depth of amorphous region as a function of incident laser fluence from
1D continuum simulations of laser irradiation of Si with different pulse durations and a wavelength
of 532 nm. (b) Contour plot of the volume fraction of amorphous phase in a Si target predicted
in a 2D continuum simulation performed with a Gaussian laser beam profile. The laser fluence is
0.3 J/em?, the pulse duration is 30 ps, the spot diameter defined as the full width at 1/¢> height of the
Gaussian profile is 50 pm, and the laser wavelength is 532 nm. The inset illustrates the ring-shaped
morphology of the amorphous region marked by red color. (The figures are adapted from He and
Zhigilei, in preparation)

to the formation of a ring-shaped amorphous structure surrounding the fully crys-
tallized central part. This scenario is demonstrated in 2D continuum simulations with
cylindrical symmetry, and the volume fraction of amorphous phase after laser
irradiation is plotted in Fig. 12b.

Experimental and Computational Investigations of Laser-Induced
Generation of Structural Defects in Silicon

Laser-induced structural defects, such as point defects, oxygen impurities, and
dislocations, can locally disrupt the crystal lattice periodicity. Although the long-
range order of the silicon crystal still exists in the presence of laser-induced structural
defects, the electrical properties of silicon and the device performance have been
shown to undergo dramatic degradation. It is necessary, therefore, to include the
discussion of crystal defects within the context of the laser-induced generation of
structural disorder.

Experimental Observations

In experiments, progress on laser-induced damage investigation has been made
owing to the advances of atomic-level characterization techniques. Previous studies
(Mooney et al. 1978) identified the energy levels of induced defects in the silicon
bandgap. Together with the emergence of laser-processing techniques for silicon-
based energy applications, the research has recently focused on the evaluation of
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Fig. 13 Dislocation and point-defect quantification studies performed with (a) 1064 nm wave-
length, 50 ns pulse duration and (b) 532 nm wavelength, 1 ns pulse duration lasers, respectively.
The laser-induced dislocation density shown in (a) is determined by counting chemical etch pits.
(Reprinted from Sun and Gupta (2018a), with the permission of AIP Publishing). The ATR
(attenuated total reflectance) point-defect peak area in (b) is used as an indicator of the point-defect
concentration (Sun et al. in preparation)

performance degradation for solar cell devices due to the induced defects. Hameiri
et al. (2010) and Ohmer et al. (2011) explored the minimization of defect formation
in the laser doping technique by designing the device structure with a double SiO,/
SiN, stack and exploiting a line-focused laser beam, respectively.

A quantitative profile of defect density is of high interest in order to assess
the impact of laser-induced defects on device performance and identify the irradia-
tion conditions that minimize the generation of crystal defects. Recent studies (Sun
and Gupta 2018a) find that the dislocation density is limited at laser fluences below
the ablation threshold and increases nearly exponentially above the threshold
(Fig. 13a). The laser-induced point defects (Sun et al. in preparation), however,
exhibit very low concentrations at laser fluences either below the melting threshold
or above the ablation threshold (Fig. 13b). A maximum in the point-defect concen-
tration is observed between the two thresholds. The interstitials and vacancies
(hydrogen-vacancy and oxygen-vacancy complexes) display similar behaviors.
The mechanisms responsible for this non-monotonous laser fluence dependence
are revealed in simulations discussed below.

Modeling of Generation of Point Defects by Laser-Induced Melting and
Resolidification

MD simulations have been widely used to provide the atomic-level insights into the
kinetics of epitaxial crystal growth and formation of crystal defects at the solid-liquid
interface (Luedtke et al. 1988; Ishimaru et al. 1998; Bernstein et al. 2000; Nishihira
and Motooka 2002; Motooka et al. 2006; Chang et al. 2018), which is related to the
rapid advancement of solidification front under conditions of strong undercooling.
Figure 14 shows the results from a series of MD simulations of a Si solid-liquid
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Fig. 14 The results of the analysis of crystal defects generated in MD simulations of solidification
proceeding by epitaxial crystal growth at different levels of undercooling. Temperature dependence
of concentrations of individual interstitials (red squares) and vacancies (blue circles) is shown in
at.% (a). The concentrations of di-interstitials (red bars) and di-vacancies (blue bars) are shown in
(b). The results are averaged over four simulations performed under the same conditions. In (a),
error bars are calculated as the range with 68% confidence assuming a Poisson distribution of point
defects; in (b), error bars are calculated as the standard deviation of the mean. Predictions of
equilibrium concentrations of interstitials and vacancies from Sinno et al. (1996) are shown in (a) as
red and blue dashed lines, respectively. (The figures are adapted from Sun et al. in preparation)

coexistence system performed at different undercooling levels and zero pressure
(Sun et al. in preparation). Such simulations have a computational setup similar to
that described in section “Multiscale Modeling of the Laser-Induced Formation of
Amorphous State,” where the MD simulations were used to predict the temperature
dependence of the solid-liquid interface velocities, e.g., Fig. 10c. The analysis of
the resolidified part of the computational system reveals that a substantial number
of individual point defects and their clusters are generated at the solidification
front. The concentrations of individual point defects are averaged over four inde-
pendent simulations performed for (001) orientation of the solid-liquid interface and
the same undercooling conditions and are plotted as a function of temperature in
Fig. 14. As compared to the equilibrium point defect concentrations calculated using
the parameters provided in Sinno et al. (1996) and shown by the dashed lines in
Fig. 14a, strong supersaturations of the interstitials and vacancies produced in the
resolidified region are demonstrated.

The MD predictions of the concentration of point defects (vacancies and inter-
stitials) generated during rapid solidification can be used to parameterize a contin-
uum model capable of describing the distribution of point defects in the laser-melted
target (Sun et al. in preparation). The continuum-level thermal model discussed in
section “Multiscale Modeling of the Laser-Induced Formation of Amorphous State”
is complemented with the following equations accounting for the generation, diffu-
sion, and recombination of vacancies and interstitials in the irradiated target:



816 M. C. Gupta et al.

oC
Ttl =V .- (D/;VC;) =Ry — Ryy, + 51, (3)
9V . (DyVCy) = Riy — 2Ry +Riy, + S 4)
o~ V- WDvVly 1A vy + Ry, + Sv, (
oC
8tvz =V (Dv,VCv,) + Rvy — Ry, + Sv,, (5)

where Cj, Cj; and Cy, denote the instantaneous concentrations of single interstitials,
single vacancies, and di-vacancies, respectively, and D;, Dy and Dy, are their
temperature-dependent diffusion coefficients. R,y R;y,, and Ry are the terms
associated with reactions between different types of point defects, describing the
annihilation of an interstitial and a vacancy, the combination of a single interstitial
and a di-vacancy creating a single vacancy, and the formation of a di-vacancy from
two individual vacancies, respectively. The source terms describing the generation of
nonequilibrium interstitials and vacancies at the propagating solidification front, S},
Sy, and Sy,, can be parameterized based on the results of the atomistic simulations,
similar to those shown in Fig. 14.

The ability of the multiscale modeling to predict the generation of point defects
in the course of laser-induced melting and resolidification is exemplified in Fig. 15,
which shows the concentration of interstitials and vacancies generated in a silicon
target by a nanosecond laser pulse. In contrast to the simulation of picosecond
laser irradiation discussed in section “Multiscale Modeling of the Laser-Induced
Formation of Amorphous State,” the irradiation by a longer, 1 ns, laser pulse reduces
the cooling rate and does not result in the formation of the amorphous phase. The
undercooling in the vicinity of the solidification front, however, leads to the forma-
tion of distinct regions of strong supersaturation of both vacancies and interstitials
in the surface region that experiences transient melting and resolidification. At a later
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Fig. 15 Spatial distributions of interstitials (a) and vacancies (b) produced in the surface region of
a silicon target irradiated by a 1 ns laser pulse at a fluence of 0.45 J/m. The scale is shown in units
of atomic percent. (The figures are adapted from Sun et al. in preparation)



20 Generation and Annealing of Crystalline Disorder in Laser Processing of. .. 817

stage of the solidification process, the interfacial temperature increases from 0.91 to
0.95 T,,, due to release of the latent heat, resulting in decreasing levels of vacancy and
interstitial concentrations.

The multiscale modeling has also been successfully applied to explain the laser
fluence dependence of point defect concentration observed in experiments
(Fig. 13b). Figure 16 illustrates the results of the continuum-level simulations of
laser irradiation of a Si target at different fluences, showing the evolution of the
temperature at the solid-liquid interface as well as the concentration of point defects
averaged over the transiently melted region. As shown in Fig. 16a, the solid-liquid
interface undergoes rapid cooling at the beginning of the solidification process,
followed by an increase of the interfacial temperature due to the release of latent
heat. The temperature at the solidification front ranges from 0.9 T, to T, and,
according to Fig. 14a, the densities of both individual interstitials and vacancies can
be expected to decrease with increasing interfacial temperature. Indeed, as indicated
in Fig. 16b, a peak in defect concentration is observed at 0.4 J/cm?, a fluence that
provides conditions of the maximum level of undercooling at the solidification front
(Fig. 16a). At lower fluences, the maximum undercooling level is limited by the
melting depth, while at higher fluences, the decreased level of point defects can be
explained by the elevated temperature at the solid-liquid interface due to slower
cooling rate.
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Fig. 16 Evolution of temperature at the solid-liquid interface in the center of the laser spot on a Si
target (a) and average concentrations of interstitials and vacancies in a region that experienced laser-
induced melting and resolidification (b), as predicted by continuum-level simulations performed at
different laser fluences. The laser pulse duration is 1 ns. In (a), the temperature profile ends when
solidification is completed. The dashed lines mark the temperature levels of 7,,,, 0.95 T,,,and 0.9 T,,,.
The concentration of vacancies in (b) takes both individual vacancies and di-vacancies into account.
The computational predictions on the concentrations of vacancies and interstitials generated at the
rapidly advancing solidification front are used for informing the corresponding source terms in
Egs. 3, 4, and 5 of the continuum-level model, as described in the text. (The figures are adapted from
Sun et al. in preparation)



818 M. C. Gupta et al.

Thermal Annealing of Laser-Induced Crystalline Disorder in
Silicon: Experiments and Simulations

The laser-induced crystalline disorder can deteriorate the performance of silicon-
based devices due to the degradation of Si electrical properties. For example, the
conversion efficiency of silicon solar cells can be dramatically decreased by the
laser-induced amorphous phase that causes a high charge carrier recombination rate.
It is necessary to minimize or eliminate the laser-induced disorder and retain the
single-crystalline phase. The control of laser-induced disorder can be achieved
through two approaches: minimization of laser-induced structural disorder by proper
choice of laser-processing parameters and post-thermal annealing of the laser-
induced disorder. With its ability to realize surface-selective heating, laser-based
thermal annealing becomes a promising alternative to global annealing of the device.
Moreover, laser annealing has an additional benefit of easy integration with the laser-
based device fabrication process.

In the experimental section below, we focus on the demonstration of the ability of
laser annealing to minimize the silicon surface disorder induced by laser processing
and provide a brief discussion of the implementation of this method in the fabrication
of silicon solar cells. Since it is difficult to obtain detailed information on the
evolution of point defects in experiments, an analysis of the effect of laser param-
eters on the annealing efficiency is provided based on the results of continuum-level
simulations.

Experimental Studies on Thermal Annealing of Laser-Processed Si
Devices

The use of conventional furnace and rapid thermal annealing (RTA) have been well
studied over the last decades for making high-efficiency silicon solar cells and other
electronic devices (Hartiti et al. 1994; Pecz et al. 2005; Li et al. 2013). Recently,
laser-based thermal annealing has attracted considerable attention due to the selec-
tive, localized, and potentially cost-effective traits. The same laser setup used for
processing can be applied to laser annealing (Fig. 3a).

In particular, laser annealing of the amorphous phase in ion-implanted or laser-
processed silicon, as well as in amorphous silicon films deposited via chemical vapor
deposition, has been explored (Thompson et al. 1984; Sun and Gupta 2016, 2018a;
Qiu et al. 2014; Im et al. 1993). Thompson et al. (1984) and Im et al. (1993) have
extensively analyzed the phase transformation mechanism activated by laser
annealing that leads to crystallization of amorphous silicon in different laser fluence
regimes. At high laser fluences, the amorphous silicon film/layer undergoes com-
plete melting and follows the /-Si to ¢-Si transformation through the bulk nucleation
and growth of c-Si nuclei (Stiffler et al. 1988). In the case of laser-processed silicon,
the amorphous layer exists in direct contact with the underlying crystalline silicon,
and an epitaxial growth of the crystalline phase usually occurs (Ouwens and
Heijligers 1975). In contrast, at low laser fluences, the phase transformation is
found to proceed through the explosive crystallization at c-Si/a-Si interface. In this



20 Generation and Annealing of Crystalline Disorder in Laser Processing of. .. 819

mechanism, the a-Si layer is partially melted near the surface and recrystallizes to the
c-Si phase. The latent heat released in the crystallization of the surface region
is conducted to the underlying layer and initializes the subsequent melting
and regrowth process (Thompson et al. 1984; Im et al. 1993). Below the melting
temperature, the relaxation of amorphous structure, with the decrease of bond angle
spread and material densification, occurs at temperatures exceeding 250 °C, while
the recrystallization starts above 500 °C (Yater 1992). Solid-state phase transforma-
tion is very slow, ie., ~0.03 nm/ns at 1300 °C (Stiffler et al. 1988), but this
mechanism is still possible in microsecond or millisecond laser-based anneals.

The laser-induced annealing of crystalline defects in the ion-implanted silicon has
been reported by Young et al. (Young et al. 1978; White et al. 1979) and Gat et al.
(1978). The observations from these studies include the redistribution of dopant
impurities and the recovery of crystallinity, as well as the improvement of electrical
properties. The redistribution of dopants is attributed to the diffusion in the transient
molten state. The dislocations, dislocation loops, and stacking faults can also be
removed by laser annealing (Sun and Gupta 2016; White et al. 1979). The intrinsic
point defects (vacancies and self-interstitials) are rarely investigated in terms of laser
annealing. It is likely that interstitials could combine with vacancies and/or diffuse
to the dislocation cores or the surface (Sun et al. in preparation). In general, the
mechanisms involved in the laser annealing of crystal defects are still poorly
understood and require further investigation.

For a wider acceptance of the laser-based technology in the emerging energy
applications, laser annealing of the disorder and defects induced by the high-power
laser processing has recently been investigated (Sun and Gupta 2016, 2018a). The
effect of long pulse-duration (300 ps) IR laser annealing is found to be comparable
with that of furnace annealing. The band-edge photoluminescence (Fig. 17a) is
found to recover to the starting wafer value indicating the elimination of structural
disorder. The laser annealing can also be used to induce migration of point defects.
By comparing the attenuated total reflectance (ATR) spectra before and after the
laser annealing (Fig. 17b), the interstitials and oxygen-vacancy complexes are
shown to be nearly completely removed as a result of laser annealing. Even with
a relatively short-pulse duration (50 ns) laser, an excellent charge carrier lifetime
of 920 ps is achieved after laser annealing, which approaches the value of 1240 ps
measured for the starting wafer (Fig. 17¢) (Sun and Gupta 2016). A high charge
carrier lifetime is critical for ensuring the carrier collection and, thus, a high conver
sion efficiency in Si-based photovoltaic applications. The recoveries of band-edge
emission and carrier lifetime, as well as the disappearance of point-defect ATR
absorbance, demonstrate that laser annealing can significantly reduce the levels of
structural disorder and crystal defects in silicon samples.

A comparison of the results of laser annealing performed with different pulse
durations shows that the annealing is most effective with long laser pulses, in the
range of microseconds to milliseconds (Sun and Gupta 2018a). The irradiation with
a short pulse duration can produce a relatively high peak power and may cause
ablation in the center of the Gaussian beam, but it does not provide enough time for
defect annihilation. The excessively long pulse duration or continuous-wave (CW)
laser irradiation could lead to an undesired heating of the substrate.
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Fig. 17 Demonstration of the use of laser annealing to minimize the surface disorder in
laser-processed crystalline silicon. (a) Band-edge photoluminescence (PL) spectra after furnace or
long-pulse duration (300 ps) laser annealing. (Reprinted from Sun and Gupta (2018a), with the
permission of AIP Publishing). (b) Comparison of attenuated total reflectance (ATR) spectra before
and after laser annealing (Sun et al. in preparation). (¢) Charge carrier lifetime before and after 50 ns
pulse laser annealing. (Reprinted from Sun and Gupta (2016), with permission from Elsevier)

The laser annealing technique has been applied to the transistor (Lee et al. 1979;
Lietal. 2008; Zhang et al. 2006) and solar cell (Sun and Gupta 2018a) fabrication. In
the case of transistors, the laser annealing is exploited to crystallize the amorphous
silicon into polycrystalline silicon (Lee et al. 1979; Sera et al. 1989). Solar cell
devices, which require a high charge carrier lifetime, are preferably reliant on single-
crystalline silicon and are more sensitive to any disorder that might be introduced by
laser processing. Figure 18a shows the device structure of all-laser-based IBC
(interdigitated back contact) solar cells, which incorporate the laser doping and
laser transferred metal contacts in the fabrication process (Sun and Gupta 2018a).
With the laser annealing of this device, the disorder and defects induced by the laser
doping are removed, and, thus, the carrier recombination near the junction is
reduced, leading to an improvement of conversion efficiency (Fig. 18b). The
metal/silicon interface disorder can be further reduced by performing annealing
in a forming gas ambient.

Overall, the laser annealing process has been demonstrated to remove the laser-
induced disorder, improve the crystalline quality of silicon, and, as a result, increase
the charge carrier lifetime. This technique has also been demonstrated to enhance
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silicon IBC (interdigitated back contact) solar cells. (Reprinted from Sun and Gupta (2018a), with
the permission of AIP Publishing). (a) Design structure. (b) Conversion efficiency comparison

laser-processed solar cell efficiency. With the progress in disorder removal, laser-
based thermal annealing makes the low-cost, high-efficiency laser-processed silicon
solar cell devices viable.

Continuum Simulation of Laser Annealing of Point Defects

In section “Experimental Studies on Thermal Annealing of Laser-Processed Si
Devices,” the application of laser annealing for reducing the levels of point defect
supersaturation has been demonstrated in experiments. In this section, the effect
of parameters of laser annealing on the concentration of point defects is briefly
discussed based on the results of a series of 1D continuum simulations. The
continuum-level description of the evolution of point defects is given by Eqs. 3, 4,
and 5 in section “Experimental and Computational Investigations of Laser-Induced
Generation of Structural Defects in Silicon,” excluding the source terms for the
generation of nonequilibrium concentration of point defects at the solidification
front. The system before the annealing is considered as a silicon target processed
by a 1 ns laser pulse at 0.45 J/m?, with the initial concentration of interstitials and
vacancies taken from Fig. 15 at the laser spot center. The computational results on
the effect of laser annealing performed with different values of laser fluence, pulse
duration, and the number of pulses are plotted in Fig. 19. The concentration of point
defects can be reduced through recombination of interstitials and vacancies, as well
as by diffusion to the free surface or deeper into the bulk of the system, as described
in Egs. 3, 4, and 5. The irradiation conditions are selected to be below the melting
threshold, so that the regeneration of nonequilibrium point defects upon the
resolidification is avoided. The temperature generated by the laser irradiation should
still be sufficiently high to maximize the recombination rates and diffusivity of
the point defects during the laser annealing. The use of long pulse durations or
irradiation by multiple pulses is also found to be beneficial, as the temporal window
for effective annealing can be expanded in these cases. Overall, as shown in Fig. 19,
the elimination of both interstitials and vacancies after the laser annealing becomes
more efficient at higher laser fluences, longer pulse durations, and upon multi-pulse
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Fig. 19 Average concentrations of interstitials (a) and vacancies (b) predicted in 1D continuum-
level simulations of laser annealing. The vacancy concentrations include both individual vacancies
and di-vacancies. The initial concentrations before the annealing are taken from the concentration
profiles along the laser spot center predicted in a 2D simulation of laser melting and resolidification
by a 1 ns laser pulse at 0.45 J/m? illustrated in Fig. 15. The concentrations are averaged over the
melted depth along the laser spot center. (The figures are adapted from Sun et al. in preparation)

irradiation. The computational results indicate that a substantial reduction of the
point defect concentration, down to the equilibrium concentration at the melting
temperature, can be achieved with sub-microsecond laser irradiation slightly below
the melting threshold. These computational predictions provide practical guidance
for the selection of irradiation conditions in laser annealing applications.

Summary

The laser-induced structural disorder, namely, the generation of amorphous phase,
polycrystalline structure, and crystal defects, has been the subject of experimental
and computational studies. Laser pulse duration, wavelength, and fluence play
important roles in determining the thermodynamic and kinetic conditions required
for amorphization. In the melting regime, short-pulse (< 90 ps) laser irradiation can
lead to the formation of an amorphous phase due to high cooling rate during
resolidification, whereas in the ablation regime, the amorphous phase can also be
produced by nanosecond laser pulses. The short wavelength of the laser irradiation
leads to the concentration of laser energy deposition in a very shallow surface layer
(e.g., 10 nm for 266 nm wavelength) and tends to facilitate the amorphization due to
steep temperature gradients and large cooling rates. The cooling rate and melt depth
are also affected by laser fluence, which plays an important role in defining the
degree of amorphization in laser processing.

Similar to amorphization, the laser-induced generation of crystal defects is
sensitive to the irradiation parameters. In particular, experimental observations and
computational predictions suggest that the maximum concentration of point defects
is created at laser fluences between the melting and ablation thresholds, while
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the dislocation density increases sharply with laser fluence in the ablation regime.
Overall, the effect of the three irradiation parameters on amorphization and gener-
ation of crystal defects are intertwined and should be considered together in the
analysis aimed at minimizing the laser-induced structural disorder.

The laser-based thermal annealing has also been investigated in modeling and
experiments. The simulations predict that the mitigation of laser-induced point
defects can be effective with multiple laser annealing pulses of longer duration. In
experiments, the long pulse durations, in microsecond to millisecond range, are more
effective in defect annihilation than shorter durations, while the excessively long
pulses or continuous-wave laser irradiation usually causes undesired heating of the
substrate. The laser annealing has been demonstrated to crystallize the amorphous
silicon, redistribute the dopant impurities, and remove intrinsic point defects, dislo-
cations, and stacking faults. Depending on laser annealing conditions, the crystalli-
zation of amorphous silicon may proceed through the epitaxial regrowth of the
crystalline part of the sample, explosive crystallization, or solid-state phase trans-
formation. The mechanistic analysis of laser-assisted removal of crystal defects
requires more investigations, although the observation of the effective annealing
has been widely reported. With the annealing of laser-induced disorder, the overall
crystalline quality of laser-processed silicon can be restored together with the
improvement of Si electrical properties, especially the charge carrier lifetime. As a
result, the conversion efficiency of laser-based silicon photovoltaic devices can be
greatly enhanced by integration of laser annealing into a general multistep laser
processing procedure for electronic and optoelectronic device fabrication.

Finally, we note that while the review of laser-induced disorder and laser-based
thermal annealing in this chapter is primarily focused on silicon, similar processes
and trends have also been reported for other semiconductor materials.

Cross-References
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and Solidification, Vaporization, and Phase Explosion
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