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Removal Mechanism and Defect
Characterization for Glass-Side
Laser Scribing of CdTe/CdS
Multilayer in Solar Cells
Laser scribing is an important manufacturing process used to reduce photocurrent and
resistance losses and increase solar cell efficiency through the formation of serial inter-
connections in large-area solar cells. High-quality scribing is crucial since the main
impediment to large-scale adoption of solar power is its high-production cost (price-per-
watt) compared to competing energy sources such as wind and fossil fuels. In recent
years, the use of glass-side laser scribing processes has led to increased scribe quality
and solar cell efficiencies; however, defects introduced during the process such as ther-
mal effect, microcracks, film delamination, and removal uncleanliness keep the modules
from reaching their theoretical efficiencies. Moreover, limited numerical work has been
performed in predicting thin-film laser removal processes. In this study, a nanosecond
(ns) laser with a wavelength at 532 nm is employed for pattern 2 (P2) scribing on CdTe
(cadmium telluride) based thin-film solar cells. The film removal mechanism and defects
caused by laser-induced micro-explosion process are studied. The relationship between
those defects, removal geometry, laser fluences, and scribing speeds are also investi-
gated. Thermal and mechanical numerical models are developed to analyze the laser-
induced spatiotemporal temperature and pressure responsible for film removal. The
simulation can well-predict the film removal geometries, transparent conducting oxide
(TCO) layer thermal damage, generation of microcracks, film delamination, and residual
materials. The characterization of removal qualities will enable the process optimization
and design required to enhance solar module efficiency. [DOI: 10.1115/1.4030935]

Keywords: glass-side laser scribing, micro-explosion, multilayer thin films, CdTe, solar
cell

1 Introduction

Thin-film solar cell technology promises to achieve a signifi-
cant cost reduction in materials, by adopting large-area deposition
capability, and the use of cheap and flexible substrates. Typical
thin-film solar cells used in terrestrial photovoltaic (PV) applica-
tions consist of back contact, absorber, and front contact films.
CdTe is the dominant absorber material in recent years because of
its attractive price and stable performance at high temperatures
[1,2]. The efficiency of thin-film solar panels, however, is ham-
pered by resistive losses in the module proportional to the square
of the photocurrent. In practice, photocurrent is decreased by
scribing the solar module into a large number (between 100 and
200) minimodules and connecting them in series to create high-
voltage, low-current devices [3]. Since each layer in the solar
module must be scribed after deposition, scribing is performed in
three steps—patterns 1, 2, and 3 (P1, P2, and P3) processes, which
are also used in the commercial production of a-Si:H (hydrogen-
ated amorphous silicon) and CI(G)S (copper indium gallium sele-
nide) based thin-film solar cell fabrications [4–6]. Compared to
mechanical scribing, key advantage of laser scribing is able to
enable much smaller line width (50 lm versus 500 lm), so the
“dead zone” can be much smaller with higher efficiency. Also, it
is currently the only industrial standard process for high-speed
mass production (scribing speed around 1 m/s versus 0.05–0.1 m/s).
However, laser scribing has been shown to leave a heat-affected

zone around the scribe, which causes undesirably poor isolation
between cells and low-shunt resistance. Laser scribing has also
been shown to leave high-protruded ridges along the edge of the
scribe line, contributing to electrical shorts [4]. While scribing
reduces resistive losses by decreasing photocurrent, it also forms
dead zones between P1 and P3 slots, which contribute to reductions
in module efficiency [7].

In order to decrease the thermal effect of laser irradiation dur-
ing processing, the use of ultrashort pulsed lasers, such as picosec-
ond and femtosecond lasers, is being investigation for scribing
processes [8,9]. These lasers are complex and expensive, and
regardless of pulse duration, material melting cannot be totally
avoided [5]. Glass-side laser processing [10,11] has been shown
to be more efficient than film side processing with reduced ther-
mal effect. Film side laser scribing is governed by heating, melt-
ing, and vaporizing of selective films, while glass-side laser
scribing is a thermal–mechanical process which involves stress
induced material failure and removal rather than vaporization.
The mechanical fracture and removal of film material during
glass-side scribing are commonly referred to as lift off or micro-
explosion processing [7]. During micro-explosion processing, the
laser irradiates through the transparent substrate and is fully
absorbed in a very thin layer of film at the interface. High-
pressure plasma is generated and expanded in the film. The
plasma punches through the solid film above and the material is
removed mechanically [12]. Micro-explosion processing is pro-
nounced when the laser material penetration depth is much shal-
lower than the film thickness, such as P2/P3 processes of CdTe
and a-Si:H solar cells. Otherwise, films are removed through ther-
mal ablation, such as P1 process for front contact films made by
TCO materials [13].
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While glass-side laser scribing has led to improved scribe qual-
ity over competing methods, defects such as thermal effect, film
delamination, scribe uncleanliness, and microcracks that lead to
decreased module efficiency are still introduced [14,15]. Although
extensive work has been carried out for optimizing the scribing
qualities [4–13], the physical phenomena responsible for film
removal during laser scribing and their effects on scribe quality
are still not well known. In addition, development of simulation
capabilities will enable the fundamental understanding of the
physical mechanisms and optimize the scribing processes instead of
relying on trial-and-error experiments. To date, only rudimentary
modeling efforts have been made, offering no predictive or optimi-
zation capabilities. Wang et al. [13] developed a two-dimensional
thermal model to estimate the temperature distribution of CdTe-
based thin-film solar cells by ns (nanosecond) laser pulses irradiated
from the glass side, and simulated the film removal during micro-
explosion process. However, the model did not consider the
dynamic response of brittle materials during this high-velocity
shock wave impact, and it also offered no experimental validations.

Based on the current thin-film solar cell technology, a 1%
increase in efficiency from improved scribe quality equates to
roughly a 10% cost reduction. Therefore, understanding the film
removal mechanisms and characterizing the potential defects dur-
ing laser scribing processes are important for the cost reduction of
thin-film solar cells. In the previous work [13], P1 scribing of
TCO layer has been studied. P2 and P3 are similar processes,
since both are under micro-explosion mechanism with the plasma
occurs at the interface between absorber and TCO layers. In this
study, P2 scribing of CdTe-based solar cells is carried out using a
532 nm-wavelength 9 ns-pulse-duration laser irradiated from glass
side at different fluences and scribing speeds, and the correspond-
ing scribe geometry, induced defects, and the sheet resistance of
TCO layer after scribing are characterized. A two-dimensional
numerical model, implemented with dynamic response of brittle
material, is developed to simulate film removal via a micro-
explosion process. The scribe geometry is studied by scanning
electron microscopy (SEM) and optical profilometry, and removal
cleanliness is estimated by energy-dispersive X-ray spectroscopy
(EDX). The sheet resistance is measured through four-point probe
method. Film microstructures and laser-induced defects are char-
acterized by transmission electron microscopy (TEM).

2 Background

2.1 Laser-Induced Defects and Their Effects on Solar
Cells. Laser processing has been incorporated into many success-
ful modifications of the properties of semiconductor materials in
solar cells applications. For example, Tull et al. [16] and Wang
et al. [17,18] have reported laser surface texturing induced optical
property change of crystalline silicon and amorphous silicon.
Compaan and Matulionis [4] have investigated laser scribing on
different contact and absorber layers in order to change their elec-
trical property. However, the quality of the laser treatment is often
limited by the generation of defects, which have adverse effects
on solar cell performance through increased junction shunting or
recombination centers. Due to the unique mechanical fracture
caused by the micro-explosion process, defects as atomic struc-
tural change, microcracks/voids, and film delamination are
induced resulting in poor photocurrent and inactive cells. Incom-
plete film removal is also observed causing an increase in contact
resistance between the metal and TCO layers, which leads to less
output power [19]. Lauzurica et al. [20] reported the formation of
irregular scribe boundaries and observed film peeling after ns-
pulsed, P3 laser scribing of a-Si thin-film solar cells. Tamaoki
et al. [21] showed the formation of microcracks and film delami-
nation after scribing of a molybdenum film on a glass substrate
using an ns-laser. Even the use of ultrashort pulse-duration lasers
has not shown the ability to eliminate defects such as film delami-
nation [8]. Kontgers et al. [15] have investigated the risk of power

loss, up to 10%, in PV modules due to microcracks induced inac-
tive cells, and pointed out that the microcracks can be continually
opened up subjected to the mechanical and thermal stress. Acciani
et al. [22] have examined the abnormal heating in the restricted
area of solar cells due to the presence of defects, such as voids,
causes hotspots, and the increased temperature will introduce
dead cells in the solar panel.

Defects generation can also be introduced by laser-induced
thermal effect. Golovan et al. [23] investigated the defect forma-
tion in CdTe under laser-induced melting process and showed a
decrease of photoreflectance due to the formation of electrically
and recombination active defects. In addition, when the laser
power density is high enough, the TCO layer underneath the
absorber will be thermally damaged as well, which could lead to
shunt resistance decrease and current leakage. Furthermore, when
the laser photon energy is higher than the band gap of semiconduc-
tors, defect formation of recombination centers can be also intro-
duced even at low-laser fluences (less than the melting threshold).
Emel’yanov and Kashkarov [24] showed that the fraction of the
energy of the photo-excited electron–hole pairs is transferred in the
process of electron–phonon relaxation and heat the lattice. The
strong rise in temperature T (up to melting point) leads to the gener-
ation of defects by thermofluctuation, which is frozen in after the
end of the pulse due to the very rapid cooling process. The density
of the thermofluctuation defects reaches its stationary value

Nd ¼ const � exp � EA

KðT0 þ DTÞ

� �
(1)

where T0 is the initial temperature, DT is the temperature rise due
to laser heating, EA is the defect formation energy, and K is Boltz-
mann constant. This equation describes the generation of vacan-
cies (Schottky defects), the annihilation, and the formation of
defect complexes and other defects [24]. The lattice deformation
caused by the heating reduces the value of the defect activation
energy in Eq. (1). The defect formation energy can also be
reduced due to the localization of the electronic energy in some
point of the crystal, which will decrease the potential barrier of
the defect transition to a new equilibrium position. Thus, the
localization of the electronic excitation on some initial defect can
introduce new centers due to the process of defect multiplication.

2.2 Dynamic Response of Brittle Materials. Due to the
short duration of the laser pulse, film removal always occurs in
nanosecond scales. This high-velocity pressure impact on CdTe
will cause a high-strain rate during laser scribing. Therefore, an
assessment of the inelastic behavior including strain-rate phenom-
ena, material degradation, and pressure hardening needs to be con-
sidered. Micromechanical-based approach typically starts with the
behavior of a single defect (crack or void), and the continuum
level model is obtained by applying statistical averaging to an en-
semble of defects [25]. Johnson and Holmquist (JH) [26,27]
reported extensive work on brittle material response to high-
velocity impacts. The JH models use experimental data to deter-
mine constants that describe inelastic material behaviors in the
simulation, and they are more convenient to be implemented in
finite-element models than the theoretical statistical calculation.

There are two variations of the JH models. Compared to the
first version (JH-1), the second version (JH-2) incorporates a dam-
age evolution rule by consideration of progressive damage with
increasing deformation, which is more accurate for simulating the
high-velocity impact performance of ceramics [26]. In JH-2
model, the strength of the material is expressed in terms of the
normalized von Mises equivalent stress as

r� ¼ r�i � Dðr�i � r�f Þ (2)

where r�i is the normalized intact equivalent stress, r�f is the nor-
malized fractured equivalent stress, and D is the damage variable.
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The normalized equivalent stresses (r�, r�i , r�f ) have the general
form r� ¼ r=rHEL, where r is the actual von Mises equivalent
stress, and rHEL is the equivalent stress at the Hugoniot elastic
limit (HEL). The model assumes that the normalized intact and
fractured stress can be expressed as function of the pressure and
strain rate as

r�i ¼ Aðp� þ T�ÞN 1þ C ln _e�½ � � rmax
i (3)

r�f ¼ Bðp�ÞM 1þ C ln _e�½ � � rmax
f (4)

where A, B, C, M, and N are material constants, rmax
i and rmax

f are

the optional limits. The normalized pressure, p*, and normalized
maximum tensile hydrostatic pressure, T*

, are defined as
p� ¼ p=pHEL and T� ¼ T=PHEL, where P, PHEL, and T are the
actual pressure, pressure at the HEL, and maximum tensile pres-
sure that the material can withstand.

The damage initiation parameter, x, accumulates with plastic
strain according to

x ¼
X Dep

ep
f ðPÞ

(5)

where Dep is the increment in equivalent plastic strain, and ep
f ðPÞ

is the equivalent plastic strain to fracture under constant pressure,
defined as ep

f ¼ D1ðP� þ T�ÞD2 , where D1 and D2 are constants.
JH-2 model assumes that the damage variable increases gradually
with plastic deformation by setting D¼x.

The equations for the pressure–density are described as

pðfÞ ¼ k1fþ k2f
2 þ k3f

3 þ Dp; compression (6)

pðfÞ ¼ k1f; tension (7)

where f¼q/q0� 1 and Dp is an increment in the pressure, and
k1; k2; k3 are material constants. The increment in pressure arises
from the conversion of energy loss due to damage into internal
energy.

3 Experimental Setup

Polycrystalline TCO (SnO2:F) films were deposited on a
3.2 mm-thick soda lime substrate using chemical vapor deposition
at 600 �C. Stack layers of polycrystalline CdS and CdTe were
then sequentially thermally evaporated at 350 �C substrate temper-
ature. Film thicknesses of TCO, CdS, and CdTe layers were about
400 nm, 200 nm, and 2 lm, respectively.

Experiments were carried out using a Nd:YAG laser with
532 nm of wavelength. The system delivered 9-ns pulses at a
100 Hz repetition rate. The samples were cleaned with acetone in
an ultrasonic cleaner for 5 min and then rinsed with methanol and
distilled water prior to processing. The sample was placed inside a
metallic container sealed with quartz at both top and bottom to
avoid hazardous plume during laser processing and collect the
removed materials. This container was mounted on a three-axis
translation stage, and samples were irradiated by laser focused by
a 20� objective lens. The focal plane was placed at the interface
between TCO and CdS to create a circular beam spot with a diam-
eter of around 50 lm. The samples were irradiated from the glass
side by single pulse with various fluences from 0.4 to 6 J/cm2 at a
stationary spot, and then scribed with the fluence values from 1 to
4 J/cm2 at different speeds (1 to 4 mm/s). Regarding to the sheet
resistance measurement, scribing areas of 5 mm� 20 mm were
processed under different fluences (1 to 6 J/cm2), a scribing speed
of 2 mm/s, and 50% overlap between each scribing lines.

The treated samples were observed through SEM. Surface
roughness and scribe profiles were measured by optical profilome-
try. The chemical components and cleanliness of laser processed
samples were investigated by EDX. The sheet resistance was

measured through four-point probe method. The generation of
defects such as material microstructure, microcracks/voids, and
thermal effect after irradiation was analyzed by TEM.

4 Results and Discussion

Figure 1 shows the schematic of P2 laser scribing on CdTe-
based solar cells from the glass side under micro-explosion mech-
anism. The removal mechanism can be divided into three steps:
first, the laser has been absorbed by the entire and partial layers of
CdS and CdTe, respectively. The absorption depths of CdS (film
thickness of 200 nm) and CdTe (film thickness of 2 lm) at the
wavelength of 532 nm are	1 lm and 167 nm, respectively. Sec-
ond, as the pulse continues heating, the material in the absorption
volume has been melted, vaporized, and finally formed a plasma.
Due to the confinement of substrate and solid CdTe, an intensive
pressure induced by the plasma expansion will pull the solid CdTe
material upwards and to delaminate from CdS layer. This is
because the adhesion between CdS and CdTe layers is smaller
than that between SnO2:F and CdS layers due to the differences of
their thermal expansion coefficients, i.e., thermal expansion of
CdTe, CdS, and SnO2:F are 5.9� 10�6, 4� 10�6, and 4� 10�6/K,
respectively [28]. Third, the deformed solid CdTe layer has been
removed due to brittle fracture, and the ablated material is also
ejected with the pressure release to the ambient. Some resolidified
molten CdS and undamaged CdS materials remain after the re-
moval process. Due to the weak adhesion between CdS and CdTe,
there is no CdTe has been melted at the boundary. In contrast, CdS
removal is dominant by ablation. Therefore, thermal effect only
occurs at this layer.

4.1 Film Removal by Single Pulse Irradiation

4.1.1 Scribe Geometry and Defect Characterization at a High
Fluence. Figure 2(a) shows the SEM image of film removal by
single pulse irradiated at a fluence of 3 J/cm2. It can be seen that a
near-circular area with a diameter of around 75 lm is scribed. A
macrocrack occurs along the circumference of the scribed area.
Magnified SEM image Fig. 2(b) shows clearly that the macro-
crack occurs at the boundary is partially broken, which may be
due to the nonuniform beam energy distribution of the laser spot.
The material at the central area with a high-energy distribution
has been removed faster than the surrounding area, and then the
trapped pressure between the film and substrate is released
quickly. Therefore, the significantly reduced pressure is not strong
enough to facture the rest CdTe material; instead, the pressure
makes CdTe delaminate from the CdS layer and form as a macro-
crack after processing. It is also observed that some material
remains, which may include the undamaged CdS material and sol-
idification of a liquid flow driven to the boundary by plasma
expansion. Since the molten CdS layer is much thinner than the
thickness of removal films, and the pressure distribution at the
boundary is almost parallel to the film surface due to the film de-
formation; thus, most of the molten CdS material can be pushed to
the boundary. This is why from the optical profilometry measure-
ment along line A shown in Fig. 2(c), the circle B area shows a
gradual increase to the boundary and the highest point occurs at
the interface of solid/liquid CdS. Circle A shows the appearance
of the macrocrack of CdTe film, and the reason why no delamina-
tion can be seen is because the detecting optical beam is perpen-
dicular to the samples, so that the gap at the CdS/CdTe interface
cannot be measured. The depth of film removal is measured to be
2 lm at the scribed center, and vertical sidewalls are formed after
processing. EDX line profile scan along A is shown in Fig. 3. It
can be seen that no other elements except Si and Sn in region B,
which indicates that CdS and CdTe are completed removed in this
region and no interdiffusion of S into the TCO layer. The co-
existing of Si and Sn is due to the larger electron penetration
depths of SnO2:F compared to its thickness [13]. In region A
(	10 lm)—macrocrack broken area, elements of Cd and S are
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detected besides Sn and Si. This demonstrates that the only CdS
remains, which matches the mechanism described in Fig. 1 that
higher adhesion occurs at the interface between CdS and TCO
layers.

Figure 4 shows a cross-sectional TEM image of as-received
samples. The thickness of CdTe, CdS, and TCO layers are meas-
ured to be 1.85 lm, 230 nm, and 430 nm, respectively, which are
close to the deposition estimation. CdTe grains grow epitaxially

Fig. 2 (a) SEM image of film removal by a pulse irradiated at a fluence of 3 J/cm2; (b) magni-
fied SEM image at square D; and (c) optical profilometry measurement along A

Fig. 1 Schematic of film removal of P2 laser scribing on CdTe-based solar cells under micro-
explosion mechanism
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on CdS grains with a dominant orientation of (111) and the co-
lumnar CdTe grains with microtwins results in a poor photocur-
rent and high-series resistance [2]. Vere et al. [29] show that
twinning is an intrinsic feature of the zincblende-structure materi-
als with low-stacking fault energy, such as II–V (CdTe) and III–V
semiconductors. It originates on the liquid/solid interface during
growth, where group of atoms deposited at a point or points on the
interface are misorientated with respect to the reminder. Figure 5
depicts the cross-sectional TEM image at the scribe boundary B
shown in Fig. 2(a). It can be seen that CdTe is removed mechani-
cally instead of thermal ablation. The pressure induced by plasma
expansion causes the deformation of CdTe layer and delamination
from the CdS layer. Brittle fracture sequentially occurs at high-
stress concentration points at the constraint boundary. Cracks ini-
tialize at the bottom of the CdTe layer and propagate to the top
surface, since the deformed geometry of boundaries causes higher
material strains at the bottom compared to the top surface. The
crack propagates along the grain boundary (intergranular fracture)
at the bottom, because impurities usually segregate at the CdS/
CdTe interface in the beginning of deposition, which weaken and

embrittle the grain boundaries. When crack propagates to the top
surface, it passes through grains (transgranular fracture) by cutting
across twins. This may be caused by the direction change of the
applied stress due to the film deformation and grain geometries.
The stress could lead to the secondary crack along the twin boun-
daries and form a zig–zag scribe boundary [30]. The atomic bond-
ing energy becomes smaller for the atoms near the top surface,
and a lateral nanocrack occurs at this point simultaneously.
Figure 6(a) shows that the remaining CdS layer near the sidewall
has the same microstructure and thickness compared to the
undamaged CdS in Fig. 4. Likewise, the TEM image of Fig. 6(b)
taken at the scribe center (region C in Fig. 2(a)) exhibits that only
SnO2:F layer remains. There is no SnO2:F has been damaged after
scribing by comparing the microstructure and the material thick-
ness. Therefore, it can be concluded that CdS material has been
ablated in the laser effected area. In the meanwhile, CdTe delami-
nates from CdS layer and is removed due to the brittle fracture
caused by the plasma-induced pressure. The thermal effect only
occurs at the layer of CdS and no damage of SnO2:F or interdiffu-
sion of sulfur is observed after processing.

4.1.2 Scribe Geometry and Defect Characterization at a Low
Fluence. Figure 7 shows the SEM image of film removal irradi-
ated by one pulse at a fluence of 1 J/cm2. It can be seen that a cir-
cular scribed area with a diameter of around 60 lm with much
more remaining CdS material (determined by EDX, not shown)
compared to that scribed under 3 J/cm2. In addition, no macro-
crack is observed in this condition. This could be caused by a lon-
ger response time of CdTe film deformation at a lower fluence,
and CdTe film will delaminate more from CdS substrate and the
film at the boundary and center break at the same time. In order to
understand the removal mechanism, cross-sectional TEM images
at the scribe boundary B0 are carried out as shown in Fig. 8(a). It
can be seen that a microcrack and some nanovoids appear at the
CdS/CdTe interface. The CdTe layer under a lower fluence needs
more time to be completely fractured. Thus, when a crack initial-
izes at the bottom and starts propagating to the top surface, there
is enough time for the pressure to causes a lateral delamination
and several nanovoids along the interface of CdS and CdTe due to
the weak adhesion before the entire layer has been removed. Simi-
larly to the film removal at 3 J/cm2, the remaining CdS is not ther-
mal affected at the removal boundary and vertical sidewalls are
formed. Figure 8(b) shows the magnified TEM image near

Fig. 3 EDX line profile scanning along A in Fig. 2(a), showing a
clean removal at the center, and small amount of remaining ma-
terial is CdS and no interdiffusion occurs at the interface of
TCO/CdS

Fig. 4 Cross-sectional TEM image of as-received CdTe/CdS/
TCO/glass samples

Fig. 5 Cross-sectional TEM image of scribe boundary at
square B shown in Fig. 2(a), showing microcrack is formed near
the top surface at the scribe sidewalls
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delamination tip. It can be observed that the high-stress concentra-
tion at the tip causes change of atomic structures at both CdS and
CdTe grain boundaries and interface. Moreover, nanocracks are
founded around the nanovoids (not shown). These phenomena
suggest that those dislocation slips, caused by the atomic structure
rearrangements, may play an important role on the further crack
initiation and propagation [31] and then reduce the power output
resulting in a long-term instability. Cross-sectional TEM image
taken at region C0 in Fig. 7 is shown in Fig. 9(a). It can be seen
that both microstructures and thickness of CdS layer have been
changed due to the thermal effect. The arrow shows the direction
to the removal boundary. The molten CdS material solidifies and
the grain grows vertically from SnO2:F layers near the boundary;
however, the grains close to the center shown in Fig. 9(b) exhibit
different microstructures and nanobubbles near the interface. The
grain size in this region is much smaller (a few nanometers) based
on high-resolution TEM investigation (not shown). The thermal
gradient in the molten pool drives the motion of liquid CdS pro-
voking the deformation of the surface, and the pressure differen-
ces created at a curved interface support the evolution of the
deformation on the liquid surface known as capillary waves [17].
However, due to the plasma expansion and micro-explosion pro-
cess, the pressure propagated along horizontal direction pushes

Fig. 6 Cross-sectional TEM images of (a) near scribe boundary B and (b) scribe center
region C in Fig. 2(a)

Fig. 7 SEM image of film removal by a pulse irradiated at a flu-
ence of 1 J/cm2, showing much more CdS remaining after proc-
essing compared to that processed at a fluence of 3 J/cm2

Fig. 8 Cross-sectional TEM images of (a) scribe boundary at square B0 shown in Fig. 7 and
(b) magnified image at the delamination tip, showing dislocations formed at both between
the two layers and grains which may introduce further crack initiation
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more liquid CdS to the boundary and forms the different ampli-
tudes along the capillary wave. The liquid CdS close to the center
under stronger pressure travels a longer distance; thus, there is no
enough time for a similar recrystallization process to that hap-
pened near the boundary. Moreover, decomposition of CdS occurs
due to the high temperature, and sulfur can be quickly oxidized
and formed as gaseous phase. Sulfur oxide either evaporates to
the environment or stay inside the CdS matrix to form as bubbles
after solidification.

Overall, scribing under both two fluences can achieve a com-
plete film removal, and no damage of SnO2:F or interdiffusion of
sulfur occurs after processing. However, some CdS remains and
partial of the material has been molted and recrystallized. This
will affect the next-step contact layer deposition in the solar cell
fabrication process. In addition, the ultrafast heating process could
introduce supercooling during recrystallization, which causes
defects as recombination centers and reduces the photocurrent
density. Moreover, the bubbles formed by sulfur oxide will also
introduce abnormal heating and eventually damage the cells [22].
Scribing under a high fluence can cause macrocracks due to the
pulse imperfection and microcracks near the top surface which
may decrease the active area of absorber layers. However, scrib-
ing under a low fluence can lead to more remaining CdS material,
which can cause a higher increase of contact resistances between
TCO and metal layers. The film delamination will lead to an
increase of inactive cells.

In order to understand the relationship between the induced
defects and scribing conditions, a parametric study is carried out
on the irradiation fluences (0.8 J/cm2 to 6 J/cm2) as shown in
Fig. 10. Since the pulse shape is irregular, normalized diameters
are calculated through the measurement of scribe areas. From the
observation under SEM and optical profilometry, the threshold for
complete removal is 0.8 J/cm2. The scribe diameter increases with
the increasing fluence at range A (0.8 to 2.2 J/cm2) and keeps a
constant around 75 lm at range B (2.2 to 4 J/cm2) and then
increase at fluence range C (4 to 6 J/cm2). This difference is
because in the low-fluence range, the film breaks at both boundary
and center at a close time interval due to the longer removal time.
In contrast, the center is removed much faster than the boundary
when the fluence reaches a center threshold, and the reduced pres-
sure cannot delaminate more CdTe material from CdS layer. The
trend of scribe diameter increases again at fluence range C. This is
due to absorption volumes become larger under higher fluences;
therefore, the sequential plasma volume increases and more mate-
rial will be removed. In addition, the increased pressure in lateral

direction could cause solid CdS and CdTe material to fracture,
which leads to an increase of scribe areas. The percentage of re-
sidual CdS area linearly decreases with increasing of fluences at
the low-fluence range A, and keeps a constant at fluence range B,
and finally slightly decreases at the fluence range C. The laser-
induced pressure becomes larger and larger with increasing fluen-
ces during micro-explosion processes; thus, more liquid CdS is
driven to the boundary and less CdTe delaminates from the CdS
layer due to faster brittle-fracture responses. Until the pressure
reaches a threshold, all liquid CdS moves to the boundary and
cannot flow out of the removal cavity by the prevention of CdTe
layer.

4.2 Numerical Investigation on Film Removal and Defect
Formation. Two-dimensional thermal and mechanical models
are setup based on the previous study [13], except adding a CdS
layer in the thermal model to determine the plasma volume and
considering dynamic response in CdTe fracture criteria. Figure 11
shows the temperature distribution of CdTe/CdS/SnO2:F stack
layers on glass substrate as a result of the glass-side laser irradia-
tion at a fluence of 1 J cm2. The thicknesses of different layers are
2 lm, 200 nm, 400 nm, and 50 lm, respectively. The laser pulse is
9 ns in duration, Gaussian-distributed, 50 lm in spot size, and

Fig. 9 (a) TEM images taken at region C0 in Fig. 7 and (b) magnified TEM image at the inter-
face between CdS and SnO2:F layers, showing nanobubbles formed due to the oxidation of
sulfur during the laser processing

Fig. 10 Dependence of scribe area and remaining CdS on laser
irradiation conditions, error bars represent standard deviation
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532 nm in wavelength. The thermal analysis is carried out with
the consideration of energy loss due to the reflection at the interfa-
ces of glass/air, glass/SnO2:F, and SnO2:F/CdS, heat convection
at the boundary, as well as the absorption by the glass substrate
and SnO2:F layer. Material properties can be found in Ref. [13]. It
can be observed that the absorbing volume is confined between
the CdTe and SnO2:F layers, and the temperature is almost uni-
formly distributed in CdS layer due to its absorption depth and
thickness as discussed before. This highly confined energy
increases temperature up to 8000 K at this condition, which is
higher than the vaporization temperatures of both CdTe and CdS,
therefore, plasma has been generated. The temporal and spatial
distributions of plasma-expansion-induced pressure are then cal-
culated based on Ref. [13], and the constant fraction a is kept 0.04
to match the removal threshold compared to experimental results.
Figure 12 shows the highest temperature of TCO layer at different
conditions for estimating its thermal damage. The temperature is
recorded when the film starts detaching from the TCO layer which
is determined through the mechanical model, since there is no
film deformation considered in the thermal model. It can be seen
that the TCO temperature increases with the increasing of fluences
and reaches the melting temperature at a fluence of 5.5 J/cm2.

Film removal is presented in a mechanical model with the pres-
sure incorporated on CdTe layer at the interface. A 10 nm-thick
layer of cohesive elements is implemented to consider the traction
stresses at the interface. The cohesive layer is governed by the
traction separation law described in Ref. [13] and serves the pur-
pose of simulating the process in which the CdTe film lifts up and
delaminates from the CdS layer caused by the plasma expansion.

In order to simplify the problem, CdS is neglected from the me-
chanical model. Because CdS layer is dominantly removed by
ablation based on experimental results, there is no effect of me-
chanical fracture on this layer during micro-explosion process.
Since adhesion becomes zero at the plasma area, an open cavity at
the center of the cohesive layer, representing plasma width, is
implemented. The values of plasma width are extracted from the
thermal model. The pressure is applied at the interface of CdTe
and cohesive layer, and the pressure is set to be zero when the
film is broken during the calculation and the boundaries are fixed.

Figure 13 shows the complete film removal with a fluence of
1 J/cm2 at 97.9 ns. It can be seen that a scribe area with a radius of
28.7 lm and a delamination of 2.8 lm at the interface. Therefore,
film delamination occurs compared to the initial plasma width of
41.6 lm. This matches the experimental result as shown in
Fig. 8(a). The simulation result shows that the strain rate of failed
elements is up to 105 s�1. Therefore, the material dynamic
response is necessary to be implemented. The film is removed
mainly due to the tensile stress, and the strain-rate-dependent
response has much less influence on the tensile yield stress than
the compressive yield stress for brittle materials. However, the
implemented criteria can still affect the compressive failure and
lead to more accurate element deformations compared the static
fracture laws. The film deformation causes tensile stress to the ele-
ments at the top center and bottom boundary. Therefore, the frac-
ture occurs preferentially at these points. Since the pressure is not
strong enough to break the entire layer immediately, a further
delamination along the interface occurs due to its weak adhesion.
The film still remains large pieces when the removal is completed
and the breaks occur at both center and boundary. Figure 14

Fig. 11 Simulation result of temperature distribution of CdTe/
CdS/SnO2:F/glass multilayer thermal model at a fluence of 1 J/cm2

Fig. 12 Simulation results of dependence of SnO2:F (TCO)
temperature on fluence, showing the TCO layer will be dam-
aged when the fluence reaches 5.5 J/cm2

Fig. 13 Complete film removal with a fluence of 1 J/cm2 at
97.9 ns, the scribe radius is 28.7 lm, and delamination is 2.8 lm
through the interface

Fig. 14 Complete film removal with a fluence of 3 J/cm2 at
76.8 ns, the scribe radius is 34.8 lm, and microcrack with a
length of 1.4 lm occurs near the top surface
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shows the complete film removal at a fluence of 3 J/cm2. It can be
seen that a scribe area with a radius of 34.8 lm (plasma width is
58.8 lm) and this removal takes 76.8 ns, which occurs faster than
that happened at 1 J/cm2. Similarly, initial fractures occur at the
bottom boundary and top center. However, since the pressure is
strong enough to cause further deformation, some elements
between the boundary and center also achieve their fracture limit.
Likewise, more and more elements between those “prefracture”
points fail and finally, the film becomes many small pieces after
removal. At the boundary, microcracks with a length of 1.4 lm
occur near the top surface rather than at the interface. During the
crack propagates through the boundary from bottom to the top,
the stress induced by the pressure and film deformation is strong
enough to fracture their neighboring elements so that the micro-
crack preferentially occurs at a relatively weak bonding area near
the top surface, which has been presented in Fig. 5.

Figures 15 and 16 show the simulation results of dependence of
plasma width, scribe diameter, and remaining CdS on laser irradi-
ation fluences. Residual CdS is defined as the ratio between area
of residual CdS and area of laser scribe. Since the pressure is only
applied vertically in the mechanical model, much less pressure in
lateral direction in the simulation, thus, the model cannot well-
predict the lateral material fracture when the fluence is larger than

4 J/cm2 as shown in Fig. 10. In addition, these increased scribe
widths at higher fluences enlarge the dead zone. Therefore, a nar-
rower fluence range (0.8 J/cm2 to 4 J/cm2) is taken in the simula-
tion. It can be seen that the plasma width increases to around
55 lm at 2.5 J/cm2 and maintains almost a constant afterwards.
Compared to the spot size (50 lm), only 2.5 lm-wide CdS mate-
rial in lateral direction has reached the vaporization temperature
beyond the laser irradiation area. This presents the laser-induced
heat can only be transferred laterally close to CdTe film thickness
(2 lm), because it is dissipated quickly to the ambient at the top of
CdTe layer. Therefore, the plasma width increases much slowly
when it reaches the spot size. The simulation result shows the
scribe diameter has a similar trend to that of plasma widths. At
the low-fluence range, more CdTe material delaminates from the
layer underneath, since it takes more time for the film to deform
before entire layer is fractured. In contrast, at the high-fluence
range, the scribe width keeps a constant, because the pressure is
strong enough to fracture the entire film immediately and there is
no time to lead to further film deformation and delamination. The
percentage of residual CdS material shows a similar trend to the
experimental result, more CdS remains in the low-fluence range
and finally it keeps a constant in the high-fluence range. The dis-
crepancy of an underestimation at the low-fluence range in the
simulation could be caused by ignoring the thermal effect on the
cohesive elements, since the adhesion decreases with the increas-
ing of the temperature. The overestimation at the high-fluence
range could be due to the ignoring of the molten CdS movement
by the lateral pressure. However, the overall fluence dependence
on film removal by micro-explosion is accurately captured by the
simulation. Figure 17 shows the simulation results of crack and
delamination lengths after laser scribing. It can be seen that the
delamination exists when the fluence is lower than 2.5 J/cm2 and
microcracks are remained at higher conditions. The delamination
lengths are higher than that of the microcracks which shows the
similar results of the cross-sectional TEM images. Those cracks
and delamination will cause inactive cells and increase the dead
zones. Therefore, a minimum crack length at a fluence of 3 J/cm2

is more desirable for the scribing conditions.

4.3 Line Scribing and Sheet Resistance Measurement. In
order to optimize the line scribing condition, samples are proc-
essed at the fluence values from 1 to 4 J/cm2 with different speeds
from 1 to 4 mm/s, which equivalent to the pulse overlapping from
80% to 20%. Among the complete removal conditions, the highest
speed occurs at 2 mm/s under a fluence of 3 J/cm2 as shown in
Fig. 18(a). It can be seen a clean line is formed in a width of

Fig. 15 Comparison of experimental and simulation results on
scribe width, error bars represent standard deviation

Fig. 16 Comparison of experimental and simulation results on
residual CdS, error bars represent standard deviation

Fig. 17 Simulation results of microcrack and delamination
lengths after laser scribing
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	75 lm. Figure 18(b) shows that macrocracks are removed by the
next overlapped pulse at the removal boundary. Although the
scribing speed is not in the desirable range (m/s) due to the limita-
tion of pulse repetition rate, the experimental results can still be
referenced with different laser facilities based on the fluence and
pulse overlapping.

Based on the line scribing results, an area of 5 mm� 20 mm is
scribed with different fluences at a speed of 2 mm/s and 50% line
overlap. The sheet resistance measurement results are shown in
Fig. 19. The sheet resistance measurement reflects the cleanliness
of the laser scribing, which will significantly affect the contact re-
sistance between the further deposited metal layer and the TCO
layer. Since contact resistance is partial of series resistance of a
solar panel, the increased contact resistances in a large number of
scribing lines will severely reduce the panel efficiency. Higher
resistances can be caused by the residual material at lower fluen-
ces (1 J/cm2 to 4 J/cm2) or the damage of TCO materials at higher
fluences (5 J/cm2 to 6 J/cm2). This TCO damage threshold is close
to that of 5.5 J/cm2 predicted in the simulation shown in Fig. 12.
The discrepancy could be caused by neglecting the heat conduc-
tion between the plasma and TCO layer after the film detaching. It
can be seen that the contact resistance achieves 4 orders of magni-
tude due to the damage of TCO materials compared to that at the
lower fluence range. The contact resistance reaches the minimum
value at 3 J/cm2, which is even a bit lower than that measured

from TCO material only (samples of TCO deposited on glass sub-
strate). Therefore, it can be concluded that the condition of
3 J/cm2 with a scribing speed of 2 mm/s is the optimal processing
condition for P2 laser scribing of CdTe-based solar cells.

5 Conclusion

In conclusion, it has been demonstrated that successfully selec-
tive film removal with well-defined sidewalls and little thermal
effect is achieved by glass-side laser scribing of CdTe-based mul-
tilayer solar cells. The micro-explosion mechanism only leads
melting and recrystallization on CdS layer, which could cause
defect generation under the supercooling process. CdS material is
removed dominantly through ablation because its absorption
depth is much larger than the thickness. In contrast, the rest of
laser energy is fully absorbed by a shallow layer in the CdTe film.
Due to the confinement of solid CdTe and the substrate, a shock
wave is generated caused by the plasma expansion and CdTe ma-
terial is removed through brittle fracture by the induced pressure.
CdTe film delimitation from the CdS layer is also observed due to
the weaker adhesion between these two layers compared to other
interfaces, which will affect the next-step contact layer deposition
in the solar cell fabrication process. Furthermore, other defects are
characterized under both low and high-fluence ranges. These
defects, including nanobubbles caused by sulfur oxidation, micro-
cracks, dislocation formed at delamination tips due to the atomic
structure rearrangement, could further induce abnormal heating
and poor photocurrent. The optimal condition (with minimum
defects at the scribe boundary and minimum sheet resistance in
the scribe area) of glass-side laser scribing is determined to be at a
fluence of 3 J/cm2 with a speed of 2 mm/s. The low-scribing speed
is limited by the pulse repetition rate; however, the experimental
results are still valuable for the investigation on different required
laser facilities. Finally, numerical finite-element models are devel-
oped for P2 scribing based on micro-explosion mechanism. Good
agreements with experimental results show that the simulation is
capable of predicting the material removal dynamics and fracture
behavior of CdTe.
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