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Abstract Hydrogenated amorphous silicon (a-Si:H) thin
films have been considered for use in solar cell applications
because of their significantly reduced cost compared with
crystalline bulk silicon; however, their overall efficiency
and stability are less than that of their bulk crystalline
counterparts. Limited work has been performed on solving
the efficiency and stability issues of a-Si:H simultaneously.
Surface texturing and crystallization on a-Si:H thin film can
be achieved through one-step femtosecond laser processing,
which can potentially alleviate the disadvantages of a-Si:H
in solar cell applications. In this study, submicrometer con-
ical and pillar-shaped spikes are fabricated by irradiating a-
Si:H thin films deposited on glass substrates with hundreds
of 800 nm-wavelength, 130 fs-duration laser pulses in air,
and water environments, respectively. The formation mech-
anisms for the surface spikes are discussed, and the differ-
ences in the surface feature characteristics are also presented
and explained within the context of the different processing
environments. The effect of laser processing on light ab-
sorption and crystallinity will be studied later.
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1 Introduction

Many industrial solar cells in use today use bulk materials as
absorbers with crystalline silicon (c-Si) being the most prev-
alent. Crystalline silicon, however, suffers from the disad-
vantage of high material cost since relatively large
thicknesses are required primarily due to its low absorption
coefficient. Recently, thin film absorbers are becoming more
attractive based on their potential for low-cost modules,
tandem junctions, and large-scale manufacturability [1-3].
a-Si:H is the most popular material for use in thin film form
due to its low energy economy (cost per watt). The main
issue with a-Si:H is the high order of dangling bonds which
act as recombination centers that severely reduce the carrier
lifetime which results in the efficiency being below 10 %.
Additionally, this initial efficiency will decrease by 50 % or
more when exposed to sunlight over a period of several
months which is known as the Staebler—Wronski effect or
SWE [4, 5].

Due to their low efficiency and instability, thin-film a-Si:H
solar cells require a highly efficient light-trapping design to
absorb a significant fraction of the incident sunlight and
material property changes to increase stability against the
SWE. Antireflection (AR) coatings and front-side texturing
through the use of alkaline-based solutions, such as KOH and
NaOH etching, have been used on crystalline silicon solar
cells, and pulsed laser irradiation has been used to enhance
light trapping on both amorphous and crystalline materials
[6-9], however, AR coating requires additional material and
anisotropic wet chemical etching is not applicable for amor-
phous materials or thin films. In addition, in order to reduce
the SWE, hybrid a-Si/nc-Si (nanocrystalline silicon) tandem
modules have been developed and are able to achieve both
higher efficiency and stability compared with single-junction
a-Si:H [10] due to the use of a thinner a-Si layer and the wider
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spectral absorption of nc-Si. To eliminate the need for two
separate deposition steps which are required to form these
tandem cells, laser-induced crystallization of a-Si:H has been
proposed to produce a mixture of nc-Si:H and a-Si:H and
simultaneously form a light trapping texture on the surface
of the material [9]. Therefore, laser-based treatment of a-Si:H
may solve its efficiency and stability issues in a one-step
process, which is a promising methodology for thin-film solar
cell fabrication.

Surface texturing can be achieved by both femtosecond
and long-pulse lasers, however, femtosecond lasers are bet-
ter suited for precise micromachining due to their extremely
high peak power and ultrashort pulse duration, which leads
to greatly reduced thermal energy diffusion and heat-
affected-zone and allows for precise control over the textur-
ing process [11, 12]. Therefore, for texturing films with
limited thickness, femtosecond laser processing is more
desirable. A number of different techniques have been
reported for forming microstructures on silicon surfaces
using femtosecond lasers. Mazur et al. [13, 14] showed
micron-size conical spikes formed on crystalline bulk sili-
con when irradiated with hundreds of femtosecond laser
pulses in different background gases, such as SFg4, N,, and
air. The formation of submicron spikes and ripples with
periodicity in the nano-scale on crystalline silicon has also
been investigated after femtosecond laser irradiation in wa-
ter and has been shown to produce much denser spikes than
when processed in a gas environment [15, 16]. Compared
with the successful light trapping enhancement achieved on
bulk c-Si, limited work has been performed on a-Si:H thin
films. Nayak et al. [9] reported the observation of crystalli-
zation and simultaneous formation of randomly distributed
irregular spikes on a-Si:H thin films through femtosecond
laser processing in air. However, the surface geometry cre-
ated on a-Si:H films is not as regular as that generated on c-
Si, and the effects of different processing environments,
such as background gases and water, are not well under-
stood. Furthermore, comparing thin film and bulk samples,
the processing conditions should be more critical for thin
films since the entire film must not be removed during the
process. Additionally, based on the difference in thermal
properties between amorphous and crystalline materials,
the periodicity of the final texture on a-Si:H should be
different, especially for underwater treatment.

In this study, a-Si:H thin films deposited on glass
substrates are irradiated with different numbers of fem-
tosecond laser pulses at various fluences in air and
water, and the formation of conical and pillar-shape
spiked surface structure is observed. The feature char-
acteristics are studied through scanning electron micros-
copy (SEM) and atomic force microscopy (AFM) for
different processing environments. The generated surface
structure on a-Si:H films shows potential capability of
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enhancing the efficiency of thin film solar cells, and the
effect of laser processing on absorption and crystallinity
is investigated in the later work [17].

2 Theoretical background

2.1 Femtosecond laser interaction with wide-band-gap
materials

In this study, the wavelength of the femtosecond laser is
800 nm, which cannot be directly absorbed by a-Si:H (band
gap of a-Si:H is 1.7 eV or 730 nm). Therefore, nonlinear
absorption is the main laser-material interacting mechanism.
When the intensity of the femtosecond laser pulse reaches
10"3-10"° W/cm? or more, multiphoton or tunneling ioniza-
tion will occur within a few to tens of femtoseconds. When
the intensity drops below 10'* W/em?, avalanche (or colli-
sional) ionization which is described by the Fokker—Planck
equation occurs [12]:

8N(8EIK7 7) + % [R/(Ek,t)N(Ek,t) — a(Ex)EpN (Ek, 1)
— D(Ex,1) %?1)] = S(Ek, 1) (1)

where N is the electron density distribution, Ex is the electron
kinetic energy, Ep is the phonon energy, ¢ is the time, R is the
heating rate of electrons, « is the electron—phonon energy
transfer to the material, D is the diffusion coefficient and S
indicates sources and sinks of electrons. More details of
avalanche ionization can be found in Jiang et al. [12].

As the excited electron density increases, the material
is first transformed into a plasma that reflects and
absorbs the remaining pulse energy. “Gentle ablation”,
which is caused by ions being pulled out of the mate-
rial, can then occur if the electric field formed by the
excited electrons is strong enough. This critical electron
density, n., can by estimated [12]

Tmec?

ey = —55—
e’

where m, is the electron mass, ¢ is the speed of light, e
is the electron charge, and A is the laser wavelength.

After the laser pulse, the energy absorbed by the
electrons is transferred to the material over a picosecond
time scale. Within a few microseconds, the thermal en-
ergy of the plasma that diffuses out from the focal
volume can cause thermal melting or vaporization and
can leave behind permanent structural damage for suffi-
ciently high laser intensities [18, 19].

(2)
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2.2 Femtosecond laser-induced surface texturing
mechanism

Most micromachining work under the ablation regime is
performed by removing the material within the irradiat-
ed area and generating a crater. However, under some
certain conditions, the laser can induce periodic surface
structures with periodicity much smaller than the spot
size. Extensive work has been performed on femtosec-
ond laser-induced surface texturing of crystalline bulk
silicon, and the corresponding two-stage texture forma-
tion mechanism has been described by Mazur et al. [15,
20]. During the first stage of processing in a gas envi-
ronment, straight wavelength-dependent ripple structures
are first formed on the silicon surface which is called
light-induced periodic surface structure (LIPSS). The
ripples are mainly orientated perpendicular to the elec-
tric field vector of the incident laser beam and the
period can be predicted by [21]:

A . .
A=~ Tsmg for s—polarized light (3)
A= 4 for p—polarized light 4)
~ cosb; P7P £

where, A is the spacing between adjacent ripples, A is
laser wavelength, and 6; is the incident angle. After the
formation of LIPSS, micron-scale ridges are generated
on the top of and perpendicular to the ripples. The
coarsened layer breaks up into micron-size beads which
is suggested to be caused by surface tension effects
[19]. For a water environment, in the first stage, most
of the light is absorbed by a silicon layer tens of nano-
meters thick near the silicon—water interface which cre-
ates a plasma. Due to the high temperature of the
plasma, micro-size bubbles are generated by the decom-
position of water. Diffraction of the laser beam by these
bubbles produces ripple-like structures on the silicon
surface due to the existence of high- and low-intensity
fringes. The separation between adjacent rings is found
to be close to the wavelength of the laser. Roughness
on the silicon surface causes the laser pulse energy to
be non-uniformly absorbed across the surface, which
results in a random arrangement of bubbles. The super-
position of ripple structures generated by multiple laser
pulses causes bead-like structures to be randomly dis-
tributed on the surface of the material.

The second stage of surface structure formation is
similar for processing in both gas and water environ-
ments. The beads that formed in the first stage act to
concentrate subsequent laser light into the valleys be-
tween them through reflection off the sides of the

beads. This causes the ablation rate to be higher inside
the valleys than on the bead tips, which leads to sharp-
ening of the beads into spikes after hundreds of laser
pulse-assisted texturing steps. It is noted that, in water,
the spikes are generated with submicron heights and
wavelength-dependent spacing and are much shorter
and denser than those formed in gas environments.

3 Experimental setup

Amorphous silicon films were deposited on 0.525-mm-thick
Corning 1747 glass substrates using plasma enhanced chem-
ical vapor deposition (PECVD). The a-Si:H film was de-
posited at a rate of 60 A/ in an hydrogen diluted silane
environment at 380 °C with a hydrogen atomic concentra-
tion of around 20 %.

Femtosecond laser texturing was carried out using a
commercial Ti:sapphire oscillator and regenerative amplifier
system. The system delivered 130-fs pulses of linearly po-
larized light at a 1 kHz repetition rate and a central wave-
length of 800 nm. The a-Si:H films 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 mounted on a three-axis translation stage
and irradiated by laser pulses focused by a 60 mm focal-
length lens. When changing the environment to water, the
sample was placed in a plastic container; the laser beam was
focused by the same lens and traveled through 5 mm of
distilled water before striking the surface, and the focal
plane was positioned below the sample surface in order to
obtain the desired spot size of 150 um. For both air and
underwater cases, the laser beam was acting normally to the
sample surface, and the beam spot on the sample surface
was circular. For the morphology study, the samples were
held stationary and irradiated at various fluences (0.2 to
0.45 J/cm?) in air and at higher fluences (1 to 1.8 J/cm?) in
water with different numbers of pulses (2—100). At each
condition, the experiment had been repeated three times
for reliability examination.

The a-Si:H film thickness was measured by ellipsom-
etry at three different locations of each sample wafer, in
order to check the uniformity of the PECVD-deposited
film. The untreated and treated samples were observed
through SEM. Surface roughness and the distribution of
spikes in the treated samples were also examined using
an AFM. The optical transmittance and reflectance of as
received a-Si:H films were measured by a spectropho-
tometer over a wavelength range of 250-2,500 nm
which corresponds to the main spectral range of solar
irradiation [22]. The reflectance (R in %) and transmit-
tance (7 in %) are then used to calculate the absorp-
tance (4 in %) of the film—A=100-R-T.
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4 Results and discussion

The measured and fitted Psi (¥) and Delta (A) curves from
ellipsometer measurements of the as-received a-Si:H films
are shown in Fig. 1. The thickness is determined to be
1,578.6+2.28 nm with a surface roughness of 2.62+
0.28 nm, where the variation represents standard deviation.
These curves were fitted by a numerical model, also shown
in Fig. 1, and it is observed that the model generated data
matches experimental data well for both number of oscilla-
tions and spectral locations.

Figure 2 shows the SEM and AFM images of the initial
surface of the a-Si:H film. The surface appears smooth from
SEM image, and the surface average roughness measured by
AFM is 2.08 nm, which is close to that measured by the
ellipsometer. Therefore, the surface of the as-received a-Si:H
film is relatively flat with very little initial texture.

4.1 Absorptance spectra of as-received film

The light transmittance and reflectance of a-Si:H thin films
are measured by a spectrophotometer, and absorptance can
be calculated based on the above two measurements. In this
study, a numerical model is also developed to predict the
absorptance spectrum of a-Si:H films with planar interfaces,
which is used for determining the optical constants, a func-
tion of wavelength, of the as-received a-Si:H film, and the
determined parameter is helpful for the further-step absorp-
tion simulation with a certain periodic surface structures
[17]. The model can be also potentially used as a guideline
for absorber thickness selection of a-Si:H or other materials
if specific optical properties are known. The model config-
uration consisting of an a-Si:H thin film on a glass substrate
as shown in Fig. 3. Since the film thickness is much larger
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Fig. 1 Comparison of measured and model fitted optical data in the
ellipsometer measurement of a-Si:H layer thickness that deposited on
glass substrate
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than the surface roughness, surface roughness is ignored in
the model. This is further justified by the fact that internal
interference induced oscillation is observed in the measured
transmittance spectrum shown in Fig. 4, which indicates that
the thickness of the film is uniform. The light transmittance
and reflectance of the a-Si:H thin film are also measured by
a spectrophotometer in the solar spectrum of 250 to
2,500 nm, and absorptance is calculated based on the above
two measurements as shown in Figs. 4 through 6.

The transmittance through the film/substrate pair can be
estimated by considering the light reflection and refraction
at the interface between different mediums and the absorp-
tion inside the a-Si:H film as below [23]

Ax
r=— "% 5
B — Cx + Dx? (5)

A=16n(s>+k*),B=[(n+ 1> +k](n+1)
(n+ s+ k), C=[(n* =1+ k) (n* — s> +k*) —2k?
(s*+1)2cosp — k[2(n*— s* + k*) — (s> + 1) (n* — 1 + &?)]
2sing, D=2(n —1)*(n — s*),p= 4znd /A, and x = e~ *7/%

where,

In order to determine optical constants, the method de-
scribed by Swanepoel et al. [23] is followed which uses the
transmittance measurement to determine the optical con-
stants from the interference fringes.

In Fig. 4, within the transparent region, the interference
fringes of the model can be written as the maximum and
minimum transmittance values for Eq. 5 for k=0 [23]

A'x A'x
ook = pw T =prons e ©
Where A =16ns*, B =(n+1) (n+s>), C'=2

(n? —1)(n* —s*),and D' =2 (n — 1) (n — s?)

The optical constants can be calculated using Eq. 6 at the
corresponding wavelengths that cause peaks and valleys,
and a polynomial curve fitting of those values gives the
optical constants over the solar spectrum. The reflectance
can be estimated by the correlation between the light reflec-
tion, transmission, a-Si:H absorption coefficient, and film
thickness [24]

1 la=RrR*+ \/(1 —R)* +4R2T?
a=—1n
d 2T

(7)

The simulation parameters used in the calculation are,
substrate refractive index s=1.5 and film thickness d=
1,600 nm. As seen in Fig. 4, the transmittance simulation
results show good agreement with the measurement in both
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Fig. 2 a SEM image and b
AFM image of as-received a-Si:
H film surface

5.0kV 12.6mm 10,0k 3/5/10 06:39
(a)

periodicity and magnitude. Reflectance curves for both ex-
perimental and numerical results in Fig. 5 show that the
simulation has the same periodicity as the measurement,
however, the simulation values are 10 % to 15 % lower than
those measured experimentally. The underestimation could
be caused by ignoring the complicated a-Si:H network
structure which introduces internal reflections within the
film, while the film structure is considered as homogeneous
in the model. In addition, ignoring the interface between the
glass substrate and the surrounding air in Eq. 7 can also
result in a lower reflectance. As a result, the simulated
absorptance (4=100-R-T) is higher than measured experi-
mentally as shown in Fig. 6, however, the overall wave-
length dependence is accurately captured by the model.

4.2 Study of morphology in air

The majority of the published work on femtosecond laser
texturing has focused on bulk crystalline silicon, and the
texture formation mechanism has been suggested to be quite
similar to that of a-Si:H, since both of them occur under the
ablation regime. However, in order not to damage the entire
film, thin film samples have a much narrower window of
suitable texturing fluences and number of pulses than that of
bulk materials. Also, for the creation of tandem cells for
enhanced stability while maintaining the absorption charac-
teristics of amorphous silicon, crystallization of the entire
film must be avoided. This is challenging due to the high
absorption coefficient of amorphous silicon and the relative-
ly thin material. Also, the difference morphologies between
¢-Si and a-Si:H due to the effects on thermal properties and
existence of hydrogen are not well studied. Therefore, un-
derstand the texturing process of a-Si:H thin films is essential
for enabling their widespread use in solar cell applications.
The conditions used to texture crystalline bulk silicon
(0.8 J/ecm? and 500 pulses) [20] easily damage the thin film
samples. In order to texture the films without removing
them entirely, the amorphous samples are irradiated at sta-
tionary locations with lower fluences (0.2 to 0.45 J/em?) and
numbers of pulses (2 to 100). A typical result achieved using

e o b T T [T P o e
5.00um

(b)

a fluence of 0.4 J/cm® is shown in Fig. 7. The circular
surface defects after two pulses as shown in Fig. 7 (a) are
suggested to be generated from burst bubbles that are frozen
in place on resolidification of the molten silicon. These
bubbles are attributed to a local increase in vaporization of
the silicon melt due to defects or impurities at the surface
[20]. The periodic ripples are suggested to be formed by the
interference between the incident beam and light scattered
by those surface defects which results in a non-uniform
energy distribution on the sample surface, which creates
capillary waves with periodicity close to the laser wave-
length [25]. Figure 7b shows how the periodic ripples dis-
appear after ten pulses, and instead, perpendicular ridges are
formed. The transition could be caused by a surface insta-
bility, since the periodic ripples will become long, liquid
half-cylinders on the surface after melting; this geometry is
not stable if the length of the cylinder is larger than the
radius, therefore, the liquid cylinder will be broken into
equal-size sections through a process known as cylinder
collapse [20]. Some irregular morphology on the surface

Incident
Reflection
A
no=1
A
a-Si:H d n k
v\/
Substrate S
n0=1

Transmission

Fig. 3 Schematic of one-dimensional absorption simulation model of
as-received a-Si:H film on glass substrate, film thickness d=1.6 um,
real and imaginary parts of refractive index of a-Si:H film are n and &, s
and n, are the refractive index of the substrate and air, respectively
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Fig. 4 Comparison of 100
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may be caused by the ultrashort pulse duration, which
indicates some liquid silicon has been solidified before the
surface becomes stable. After 20 pulses, bead-like ripples
are formed by breaking those long ridges as shown in
Fig. 7c, which is caused by the surface tension effect that
is responsible for the shape of liquid droplets. When those
droplets start solidifying from the top, this equilibrium sta-
tus will be broken. The gravity will force the liquid silicon
to flow around and this bead-like structure is formed after
solidification. The above steps are part of the first stage of
texture formation. The following stage is the formation of
the conical spikes. Figure 7d and e show how the conical
spikes become sharper and deeper with increasing number
of pulses. This is due to the beads formed on the surface
concentrating the laser beam into the valleys between them,
causing the material around the tips to be preferentially
removed and sharp conical spikes to be formed. Figure 7f
presents the distribution of the spikes in one quarter of the
irradiated area. It can be seen that the spikes are wider, taller,
and more widely spaced at the center of the laser spot, while
they are narrower, shorter, and more closely packed toward
the exterior. At the boundary, wavelength-dependent periodic

Wavelength (nm)

ripples are formed instead of spikes. This may due to a
difference in surface tension, which mainly depends on tem-
perature and Gaussian spatial distribution of the laser light.
The surface tension of liquid silicon is inversely proportional
to the temperature [15], thus the liquid silicon at the center
more likely has lower surface tension and flows to the sur-
rounding cooler region, and then leaves more sparsely spaced
beads after resolidification. When moving to the edge, the
increased surface tension will make the beads more compact.
Due to the Gaussian distribution of laser energy, the material
removal between the beads at the central irradiated area will be
more than that of exterior. Therefore, the spikes generated at
the center will be higher and less dense than the spikes to the
exterior. At the edge, the energy is so small that no further
damage can be caused after formation of wavelength-
dependent periodic ripples.

In order to study the quantitative characteristics of the
feature, AFM measurements are performed. The average
spike height and average spike spacing are determined by
measuring each spike height above the undamaged material
surface, &, and the average distance, d, to the four closest
neighboring spikes. A typical condition is 100 pulses at a
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fluence of 0.4 J/cm®. The average spike height and spacing
are measured from within an area of 5050 um?. Figure 8
shows the average spike height correlated with the average
spike spacing, and the variation represents standard devia-
tion. The solid line is a curve fit to the data, yielding a linear
relation between the two parameters. When the spacing
drops to below 1 um, the surface is corrugated with no
spikes. Figure 9 shows the average spike spacing within
the 50%50 um? area as a function of fluence when irradiated
by 100 pulses, and the variation represents standard deviation.
It indicates that higher fluences will lead to an almost linear
increase in average spike spacing; therefore, both average
spike spacing and height are linearly proportional to the laser
fluence, which is different from the nonlinear correlations
found for bulk crystalline silicon with the condition variation
from 0.5 to 1 J/em? and irradiated at 500 pulses [26]. The
reason could be the chemical etching caused by the back-
ground gas (SF¢) during the laser irradiation on c-Si. The
etching process can be described as: (1) SFg reacts with liquid
silicon and form SiF, compounds; (2) SiF, compounds are
desorbed by the laser, volatile species leave the surface [27]:

3Si + SF¢ — 3SiF(solid) + S (8)

2SiF, — SiF4(gas) + Si 9)

When the spikes start generating, the multi-reflection
effect between the spikes introduces more intense laser
energy into the valley. More silicon fluoride compounds
desorb from the silicon matrix, which leads to a higher

1.5 5

1.0

Average Spike Height (um)

05 T T T T 1
1 2 3

Average Spike Spacing (um)

Fig. 8 Dependence of average spike height on average spike spacing
after laser treatment in air, determined from an area of 50x50 pum? at
the processing center (0.4 J/cm?, 100 pulses). The solid straight line is
a linear fitting to the measurement, error bars indicate standard
deviation
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Fig. 9 Dependence of average spike spacing on laser fluence for a
fixed number of pulses (100 pulses) after treated in air, determined
from an area of 50x 50 um? at the processing center. The solid straight
line is a linear fitting to the measurement, error bars indicate standard
deviation

ablation rate. Thus the higher the fluence, the more chemical
reaction happened between the silicon and SFe. Therefore,
beyond the dependence on the laser fluence, the chemical
reaction also plays an important role of the spike formation,
which may cause the nonlinear relationship between the
average spike height and spacing and the laser fluence.

As shown in Carey et al. [28], when irradiating on c-Si
with a fluence of 0.4 J/cm? and 500 pulses, the c-Si surface
cannot generate sharp spikes, but only bead-like structures
with an average spacing of 3.5-4 um. However, under the
same fluence but 100 pulses, the average spacing is 1.8 pm
on a-Si:H surface. Bases on the interaction mechanism of
femtosecond laser, the material starts being ablated, and then
thermal vaporization occurs when the energy transfers back
from free electrons to the material. Finally, the remaining
energy induces thermal melting underneath the ablation
layer. Although the melting temperature of dehydrogenated
amorphous silicon (a-Si) is around 250 °C below that of c-Si
[29], the existence of hydrogen can significantly decrease
the vaporization temperature (the energy of evaporation of
H is four orders of magnitude lower than that of Si). There-
fore, the energy absorbed by a-Si:H for melting will be less
than that of c-Si, so that under the same fluence, the tem-
perature of liquid silicon in a-Si:H sample is lower. As
discussed in Fig. 7f, the higher the temperature, the lower
the surface tension, and the larger the spike spacing. That is
why the average spike spacing of a-Si:H is smaller than that
of c-Si. Her et al. [26] also shows that, for c-Si sample
processed at a higher fluence (1 J/cm?) and number of pulses
(500), when the spike spacing is around 2 pum, the average
spike height is 0.8-0.9 wm, which is close to that of a-Si:H
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Fig. 10 SEM images near the
edge of underwater laser
irradiation area on a-Si:H film
for a 2 pulses b 5 pulses at the
fluence of 1.4 J/cm?

(a) 2 pulses

sample (Fig. 8). This may be also caused by the influence of
hydrogen. Elliq et al. [30] shows that, under the same
condition, the surface roughness of a-Si:H can be several
times as that of a-Si sample. The reason is that the hydrogen
atoms can be aggregated together by absorbing laser energy,
and finally, the hydrogen is formed as gaseous phase and
diffused out from the silicon matrix. Since the ablation
thresholds of both a-Si and c¢-Si are around 0.2 J/em? [31],
under the same fluence, the ablation rate of a-Si:H could be
more than that of c-Si. Therefore, with a smaller fluence
(0.4 J/em?) and number of pulses (100), a-Si:H sample can
generate similar spike height to that of c-Si. Actually, the
surface morphology can also be affected by other factors,
such as melt depth, cooling rate, and pressure. However,
based on the formation process shown in Fig. 7, the average
spike spacing is mainly caused by thermal effect of the
melting layer at the first stage when bead-like structure is
formed. The average spike height mainly depends on the
ablation rate of the material and the influence of background
gases. Similar to c-Si [26], the laser textured spikes on a-Si:H

5.0kV 11.8mm x300

(b) 5 pulses

should be at or below the original surface since it is ablation-
based laser processing. In opposite, the spikes are protruded
from the original surface using a nanosecond laser where
thermal effect is dominant during the spike formation [20].
Although the remaining energy can cause a thin-layer of
molten material, the molten layer has a relative minor effect
on spike height.

Compared with Nayak et al. [9], this study can generate
much more regular conical spikes, which are similar as
those achieved on bulk c-Si. Therefore, with a better peri-
odic structure, the potential of absorption could be also
better than that of Nayak et al. [9].

4.3 Further study of morphology in water

After laser processing, the top layer of the material will
become oxidized, which has a larger band gap than a-Si:H
and is not desirable for solar cell absorbers; the use of a
water layer, however, may be introduced to reduce the
surface oxidation and eliminate debris redeposition. The

R
100um

Fig. 11 SEM images of underwater laser irradiation of a-Si:H film for 50 pulses at fluence of 1.4 J/cm?, the irradiation spot diameter is 150 pm, the
inset images in the right show the high magnification at the center (a) and edge (b)
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Fig. 12 SEM images of
underwater laser irradiation of
a-Si:H film for 50 pulses at flu-
ence of a 1.2 b 1.6 J/em?

(a) 1.2 J/em?

difference in surface stability between liquid silicon and
water compared with air may also allow for different spike
geometries. During laser processing, the plasma generated at
the silicon/water interface due to the high temperature can
vaporize and decompose the water, since some of the large
bubbles can still be observed after irradiation when the
temperature goes down to room temperature, so that they
must consist primarily of gaseous hydrogen and oxygen
rather than water vapor. The energy absorbed by the bubbles
and the scattering effects induced by these bubbles and
suspended ablated material will cause part of the incident
energy to be lost before it reaches the target. Daminelli et al.
[16] shows the ablation threshold for 100-fs laser pulses of
¢-Si in water is around 1.5 times that in air, and also that
periodic ripples are formed in water when irradiated at
fluences of 1.5-1.6 J/em®, which indicates that the incident
energy in water needs to be higher in order to get similar
energy on the target. Therefore, for the a-Si:H surface pro-
cessed in water, the sample is irradiated at stationary loca-
tions with higher fluences (1 to 1.8 J/em?) than that in air
and the same number of pulses (2 to 100).
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Fig. 13 Schematic of peak identification of extraction data from AFM
images of underwater laser irradiated a-Si:H film at different fluence
and number of pulses, asterisks indicate the identified peak point, solid
curves indicate the contour spectra, AFM scanning area is 5X5 um,
color bar unit: nanometers
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(b) 1.6 J/em®

Figure 10a and b show SEM images taken near the
edges of the laser irradiated spot on an a-Si:H film
surface after 2 and 5 pulses, respectively, with a fluence
of 1.4 J/em?, and the spot diameter is 150 pm. It can be
seen that a ripple-like structure is generated on the sur-
face after 2 pulses due to diffraction of the laser light by
the micro-bubbles and that the spacing between the ad-
jacent rings is closely matched to the laser wavelength
(800 nm). The first pulse cannot bring the ripple forma-
tion (not shown) is because no bubbles existence at the
beginning. The laser energy is absorbed by the plasma at
the silicon/water interface, and the heat of generated
vapor and decomposed bubbles required may cool the
silicon surface locally and leave the damage on the
surface. After 5 pulses, at the edge of the irradiation
area, it can be seen that ripples diffracted by separated
bubbles start overlapping and generate a wavelength-
dependent bead-like structure. When moving to the center
of the area, the surface consisting of small spikes which
are similar to those shown in Fig. 11a suggests that more
ripples are overlapping near the center of the beam, due
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Fig. 14 Dependence of average spike spacing on laser fluence and
number of pulses in water, error bars indicate standard error



Int J Adv Manuf Technol

to higher intensity in the center of the Gaussian beam
that causes more decomposition of water and a greater
number of bubbles to form. Figure 11 shows the entire
50-pulse irradiated spot processed at a fluence of 1.4 J/
cm?®. The inset images (a) and (b) show that the spikes
formed at the center and the edge are very similar, which
indicates that after 50 pulses, the entire irradiated area
looks more uniform and the ripples have disappeared.
Instead, nano-sized pillar-shaped spikes are formed on
the surface, which look less regular and denser but are
more uniformly distributed than those formed in air
shown in Fig. 7. Figure 12a and b show SEM images
of the surfaces irradiated by 50 pulses at fluences of 1.2
and 1.6 J/cm?, respectively. Compared with Fig. 11, the
spikes formed in water at different fluences look quite
similar. This is due to the surface instability effect influ-
enced by water confinement that will be discussed later.

In order to further understand the correlation between
spike formation and fluence, AFM images were taken at
the center (5x5 um?) of samples irradiated by different
fluences and numbers of pulses, and then the average
spike height and spacing were calculated. In order to
obtain reasonable estimate for the non-uniform spike
morphology, peak identification from the AFM data was
performed by first applying a smoothing filter in order to
eliminate the labeling of small height fluctuations as
peaks. The peak positions were determined by finding
points where the first-order derivative is zero and second-
order derivative less than zero. A typical result is shown
in Fig. 13, where asterisks indicate peak positions. The
average distance to the four closest peaks is determined
for each peak, and the average spacing between the
peaks can then be estimated. Figure 14 shows that the
average spike spacing is nearly constant for different
fluences and number of pulses. Considering the imperfect
spike distribution, this small variation range of 210-
230 nm suggests that the separation between the spikes
is stable at around 200 nm, and it is much smaller than
the wavelength-dependent ripples formed at the beginning
of irradiation. A similar phenomenon has been shown by
Daminelli et al. [16], the ripples generated on crystalline
bulk silicon with both wavelength-dependent and much
smaller (~100 nm) spacing are observed after 100 pulses
irradiation at a fluence of 1.5-1.6 J/cm?, and only
100 nm periodicity structures left after 1,000 pulses.
They suggested that this smaller spacing could be due
to surface energy effects between the molten silicon and
water which stabilizes more tightly spaced ripples. This
may indicate that the a-Si:H surface will be unstable after
superposition of the wavelength-dependent ripples and
further self-assembly processes make the surface stabilize
at much smaller-spaced spikes. The larger spacing of
200 nm compared with the crystalline samples textured

in water may be caused by differences in the physico-
chemical properties [32] between a-Si:H and c-Si, which
indicates that a-Si:H may have a larger surface energy
during processing such that the larger-spacing spikes are
formed by a larger driving force. It is noted that Shen et al.
[15] showed regular spikes with wavelength-dependent spac-
ing generated on a c-Si surface by irradiating hundreds of
pulses at a fluence of 0.76 J/em?. This shows that the surface
can be stable after superposition of different diffracted ripples
if the fluence is low enough and the self-assembly process
does not occur. It may suggest that the self-assembly process
has a “threshold”, such that at a fluence lower than the
“threshold” the smaller-spaced surface structures will not be
formed. As discussed above, this threshold is much lower for
a-Si:H than for c-Si, which could be caused by different
optical properties between the different materials. Since the
molten surface of both a-Si:H and c-Si are the same, i.e., liquid
silicon, the surface temperatures at this “threshold” of both
materials must be equal. a-Si:H will absorb more energy than
c-Si after the same number of laser pulses at the same fluence,
and the higher temperature distribution on the a-Si:H surface
causes it to have a lower threshold to re-assemble the molten
surface during solidification.

In Fig. 15, it can be seen that for the fluences of 1,
1.2, and 1.4 J/em? the average spike heights linearly
increase with increasing fluence and number of pulses
up to about 50 pulses. Due to the bead-like structure
concentrating the light and causing the ablation rate
beside the beads to be higher than that on the tips,
the spikes are formed increasingly higher. After a few
tens of pulses, the average height goes to a maximum
which means that material between the spikes has been
completely removed, therefore, the subsequent laser
pulses start reducing the height of the spikes because
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Fig. 15 Dependence of average spike height on laser fluence and
number of pulses in water, error bars indicate standard error
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the pulses only remove the material at the tips and the
energy is not high enough to damage the substrate. This
causes the average height of spikes after 100 pulses to
be lower than that at 50 pulses. The tallest spikes after
100 pulses are formed for the lowest fluence of 1 J/cm?
since the ablation rate is proportional to fluence, result-
ing in the least spike tip ablation. At the higher fluences
of 1.6 and 1.8 J/cm?, the average peak heights follow
the same overall trend with number of pulses as the
lower fluences. However, the spike height after 50
pulses at 1.6 J/cm® is less than that when processed at
1.4 J/em?, which means the spike height has already
started decreasing by 50 pulses at 1.6 J/cm?. For an
even higher fluence of 1.8 J/cm? the point at which
full-film-depth ablation occurs is after only 10 pulses,
and the significantly reduction in peak height after 20
pulses indicates that nearly the whole film has been
removed. The reason why the substrate between the
spikes cannot be clearly seen in Fig. 12b may be due
to the re-deposition of ablated material. However, if the
sample is irradiated by hundreds of pulses, it will be
clear that the film has been fully removed at the center
of the irradiated area (not shown).

5 Conclusion

In conclusion, it has been demonstrated that the surface
texturing of a-Si:H thin films is able to be achieved by
irradiation by multiple femtosecond laser pulses in both
air and water environments. Furthermore, the formation
of spikes on laser irradiated a-Si:H surfaces in air fol-
lows a similar mechanism to crystalline bulk silicon,
however, compared with bulk silicon, a-Si:H thin film
have a narrower processing window for suitable textur-
ing fluences in order to not damage or crystallize the
entire film. The average spike spacing and height is
proportional to the laser fluence, and the spikes are
taller, wider, and more sparsely distributed at the center
than those at the exterior due to the spatial Gaussian
distribution of the laser pulses. In water treatment, un-
like the formation of wavelength dependent spikes or
100 nm-spacing periodic ripples on crystalline bulk
silicon, pillar-shaped spikes are generated on a-Si:H film
surfaces with an average spike spacing of around
200 nm. This has been suggested to be caused by the
presence of water that influences the interface and the
stabilization of more tightly spaced ripples. The average
spike height formed in water increases linearly with
laser fluence and number of pulses until the material
between the spikes is completely removed, after which
the opposite trend is observed. Finally, the surface tex-
turing is suggested to improve the absorptance over the

@ Springer

entire solar radiation spectrum, which indicates that
femtosecond laser processing may allow for the fabrica-
tion of more efficient and economical a-Si:H thin film
absorbers than currently achievable through crystalline
bulk silicon for solar cells applications.
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