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We study the surface morphology, optical absorption (400–1100 nm) and carrier lifetime of black silicon fabricated by 
femtosecond (fs) laser in air. We explore a large laser parameter space for which we adapt a single parameter ξ to describe 
cumulative fluence delivered to the sample. We also study the laser-oxidized surface layer by measuring its 
photoluminescence spectra and comparing its effect on the aforementioned properties. Our study in a broad range of ξ is 
instructive in choosing laser parameters when targeting different applications. © 2022 Optica Publishing Group

Femtosecond (fs) laser micromachining is a convenient technique to 
create surface textures that can effectively reduce reflection loss. The fs-
laser micromachined silicon surface micro/nanostructures, or the so-
called black silicon (bSi), are useful in many fields, such as 
photodetectors, solar cells, and functional surfaces [1]. Unlike other bSi 
texturing methods, such as metal-assisted chemical etching (MACE) or 
plasma etching, the fs-laser technique does not necessarily require 
poisonous gases or chemicals [2]. Also, patterning can be done directly 
without the need for photolithography steps [3]. However, typically the 
fs-laser has a markedly slow fabrication speed of ~1 cm2/h to create 
structures with high light absorption, as most of the past works have 
used moderately low 1 kHz repetition rate pulses in line scan mode [4]. 
Nevertheless, there is great potential to improve the fabrication speed 
by using higher pulse energies and repetition rate [4,5] and/or by using 
advanced laser techniques such as beam shaping [6], multi-beams [7], 
and interference patterning [8].

A noteworthy benefit of laser micromachining is that the surface 
functionalization largely depends on the ambient during laser texturing 
[1,2]. In ambient air, for instance, an oxygen-rich surface layer can be 
formed by laser oxidation, which is known to show visible luminescence 
[9,10]. Besides, there are various laser parameters, including laser 
wavelength, pulse duration, repetition rate, fluence, focus area, scan 
speed etc., to vary even extensively [11], which means that the 
parameter space is large and there are numerous different 
combinations that could affect the surface characteristics. For a better 
depiction of the parameter choice, G. Nava et al. introduce an empirical 
‘figure of merit’ ξ to describe the cumulative fluence delivered to the 
sample, which is correlated well with optical absorption [4]. This 
motivates us to see the correlation of absorption with other surface 
functions, taking luminescent structures into account (since it has been 

addressed rather separately from other properties [9,10]) under 
various laser parameters but simply described by a single parameter ξ.

On the other hand, electrical properties such as minority-carrier 
lifetime also play a vital role in photovoltaic devices, which has been far 
less considered in earlier studies on fs-laser textured bSi [11,12]. 
Specifically, there is no information on how carrier lifetime changes 
during the experimental migration to higher repetition rates or how the 
oxygen-rich layer could possibly affect carrier lifetime since it contains 
active recombination centers and might reduce the effectiveness of 
surface passivation. Considering all these material properties together 
could lead to the fact that different parameter combinations could prove 
out useful for various applications. This information is, however, not 
available since systematical studies of a large parameter space on these 
properties are so far missing.

In this paper, we aim for a comprehensive understanding of the fs-
laser textured bSi processed in ambient air by examining the surface 
morphology, optical absorption, and minority carrier lifetime resulting 
from a wide range of parameter space. We also study the oxygen-rich 
layer by element analysis and spectral photoluminescence (PL) 
measurement and compare the effect of the existence of such layer on 
optical absorption and carrier lifetime of surface passivated bSi. Our 
variation in repetition rate and scan speed leads to a wide range of the 
parameter ξ that will help guide the choice of laser parameters when 
targeting various needs.

The starting wafers were 4” boron-doped FZ monocrystalline silicon 
with 3±2 Ω cm resistivity, 280 µm thickness and (100) orientation. In 
the beginning, the wafers were annealed in O2 at 1050 °C for 30 min to 
passivate the bulk defects typically inherent in FZ wafers [13]. After the 
surface oxide layer was removed with a buffered HF solution and 
deionized water (DIW) rinse, wafers were quickly transferred to a laser 



fabrication system. A Spectra-Physics Spirit 1040-16-SHG fs-laser was 
used to generate laser pulses with 520 nm wavelength, 324 fs pulse 
duration and a maximum power of ~11 W at 417 kHz repetition rate. 
The laser pulses were focused to a spot diameter of ~80 µm and a 
fluence of ~5.4 kJ/m2 at the surface. The position and the scan speed of 
the laser were controlled by a galvoscanner, and raster scanning of the 
Si surface with 35 µm line spacing produced 1 cm2 square areas in 
ambient air. An integrated pulse picker allowed reducing the repetition 
rate and average power. Two wafers with the same laser-processed 
regions were prepared in which the laser frequency and the scan speed 
were varied from 6.5 to 417 kHz and from 1 to 100 mm/s, respectively.

Laser-textured wafers were cleaned in a sequence of sonicated 
acetone, isopropanol and DIW rinse to remove laser-ablated debris. To 
remove the O-rich surface layer, one wafer was dipped in high-
concentration HF (10%) solution for 5 min. For both as-lasered and HF 
(10%) dipped samples, Energy dispersive X-ray (EDX) analysis was 
performed with an FEI Helios Nanolab 600 DualBeam focused ion beam 
(FIB) system. Photoluminescence spectra (500–900 nm) were 
measured using a confocal microscopic system Witec Alpha 300, having 
an excitation wavelength of 402 nm and a power of 4 mW. The PL 
spectra were calibrated from the relative spectral response of the 
detection system.

Next, both wafers were cleaned with RCA-based procedures and 
transferred to a Beneq TFS-500 atomic layer deposition (ALD) system. 
Al2O3 with a thickness of ~50 nm was deposited on both sides of wafers 
using TMA and H2O as precursors at 200 °C. As bare silicon surfaces 
contain large amount of defects including dangling bonds that are 
known to act as effective recombination sites, the ALD Al2O3 layer here 
serves as a surface passivation layer to reduce surface recombination 
[13,14].  Thus, double sided surface passivation allows us to study the 
minority carrier recombination inside silicon (and inside the bSi). 
Finally, the wafers were annealed in forming gas at 400 °C for 30 min to 
activate the surface passivation. The surface passivation quality of Al2O3 
is strongly dependent on post-deposition annealing temperature, and 
400 °C is a typical temperature to improve the interface quality between 
silicon and Al2O3 [14].   From these wafers, surface morphology was 
characterized with a Zeiss Supra 40 Field-Emission Scanning Electron 
Microscope (SEM) under various angles. Optical absorptance was 
measured by a Cary 5000 UV-Vis-NIR spectrophotometer with an 
integrating sphere. The minority carrier lifetime was measured by the 
contactless and nondestructive Microwave-detected 
PhotoConductance Decay (µ-PCD) method with a Semilab WT-85 wafer 
lifetime scanner. In this method, excess carriers are generated in silicon 
with a laser pulse, which changes the conductivity of the sample. 
Subsequently, time-dependent conductivity decay is monitored using 
reflected microwaves from the surface from which the minority carrier 
lifetime can be extracted [15].

Fig.1(a) shows the surface morphology of the textured areas with 
varied repetition rate and scan speed. Changing the repetition rate from 
6.5 to 417 kHz at a fixed scan speed of 100 mm/s results in a drastic 
morphology change from nanoparticles to microcolumns. Owing to the 
surface textures, the optical absorptance shown in Fig.1(b) increases 
with increasing repetition rate, reaching >94% in a broad wavelength 
range from 400 to 1000 nm. At the maximum repetition rate of 417 kHz, 
the size of the surface textures further increases with decreasing scan 
speed, as seen in Fig.1(a), and the corresponding absorptance shown in 
Fig.1(c) also increases to >96% (from 400 to 1000 nm) at a speed of 40 
mm/s. Although lower scan speed results in higher absorptance, we 
observe that the surface starts to melt at scan speed of 20 mm/s, and the 
wafer was even destroyed at lower speeds. This phenomenon arises 
from thermal accumulation effects [16] when there is insufficient time 
interval between pulses for localized heat to diffuse away.

 

Fig. 1. (a) SEM images of fs-laser textured samples with varied repetition 
rate and scan speed, imaged viewed at 45° tilt and scale bar length 2 µm 
applied to all images. (b),(c) Optical absorptance of samples with (b) 
varied repetition rate at fixed 100 mm/s scan speed and (c) varied scan 
speed at fixed 417 kHz repetition rate. Insets are the same data shown 
with a narrower absorptance range (fluctuations after 800 nm are 
subject to detector change during measurements).

We define the parameter ξ (J/cm2) as 𝜉 =
maximum laser power × maximum repetition rate
actual repetition rate × scan speed × line spacing , which describes the 

cumulative laser energy density in a large area. It is a simplified version 
of the original definition proposed in Ref. [4] but will later prove useful 
for our study. As the ξ is proportional to the repetition rate and inversely 
proportional to scan speed, the increased morphological sizes and 
absorptance in Fig.1 can also be attributed to increased energy density. 
To keep the same ξ, we need to simultaneously vary both the repetition 
rate and scan speed. As shown in Fig.2, under the same ξ of 799 J/cm2, 
all these parameters lead to similar high absorptance, but the highest 
repetition rate of 417 kHz still leads to slightly higher absorptance. To 
achieve higher ξ without melting the wafer at a high repetition rate, we 
use a combination of 52 kHz and 1 mm/s to demonstrate a much higher 
ξ of 4050 J/cm2. Still, as seen in Fig.2, the resulting sample shows no 
improvement in the absorption. Therefore, there seems to be an optimal 
range of ξ for the highest absorptance; further increasing ξ may cause a 
more prominent particle or plasma shielding effect [17], which prevents 
the formation of effective light-trapping structures.

Fig. 2. Optical absorptance for samples with varied repetition rate and 
scan speed. Inset is the same data shown with a narrower absorptance 
range (fluctuations after 800 nm are subject to detector change during 
measurements).

With increasing energy density…
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In Fig.3(a), we observe that the surface of an as-lasered sample is 
covered by a mixed layer of oxygen and silicon, whereas a very low 
concentration of other possible elements (B from substrate doping, N 
and C from ambient air) is not detectable by EDX measurement. After 
dipping in HF (10%), the O elements cannot be differentiated from the 
background noise. The O-rich layer produced by laser oxidation affects 
the morphology and absorption in different ways. Fig.3(b) compares the 
change in morphology before and after HF dip, indicating the O-rich 
layer appears in the form of dendritic nanoclusters. Fig.3(c) compares 
the change in average absorptance before and after HF dipping as a 
function of the parameter ξ, repetition rate f and scan speed v. It appears 
that removing the O-rich layer decreases the absorption under lower ξ 
but increases absorption under higher ξ. Combining the morphologies 
observed in Fig.1(a) and Fig. 3(b), we conclude that under low ξ, the 
laser processing results in relatively small surface structures. When ξ is 
increased, small nanostructures start to form on top of the existing 
surface structures, which increases the effective surface area and thus 
results in increased absorption. When ξ is increased further, the surface 
structures become already microscopic in size decorated with 
nanosized structures increasing the surface area even more. However, 
in such large grooves, the O-rich structures backfill the grooves, 
reducing the antireflection effect. Therefore, a balanced parameter 
combination indicated by the dashed line, leads to the surface structure 
that is least affected by the laser-oxidized layer.

Fig. 3. (a) Cross-sectional SEM image of an as-lasered bSi sample (52 kHz 
and 1 mm/s) and corresponding EDX maps of O/Si elements. (b) Top 
view SEM images of fs-laser textured samples without (left column) and 
with (right column) HF (10%) dip. Used parameters from top to bottom: 
26 kHz, 100mm/s; 417 kHz, 100 mm/s; 52 kHz and 1 mm/s. Scale bar 
length of 2 µm is applied to all images. (c) Average optical absorptance 
(400–700 nm) of all samples with a varied parameter ξ, repetition rate 
f, and scan speed v. Dashed line indicates the parameters where the 
absorptance is least affected by the oxygen-rich layer.

Fig.4 shows the measured PL signal of the as-laser textured black 
silicon. In Fig.4(a) and Fig.4(b), the PL intensity increases clearly with 
laser repetition rate and scan speed, respectively. In Fig.4(c), varying 
both repetition rate and scan speed shows random PL intensity, but the 
highest PL intensity is obtained with the highest ξ (marked with 52 kHz, 
1 mm/s). As a reference, after dipping the same sample in HF the PL 
disappears, further proving that the PL signal comes from the O-rich 
layer. In Fig. 4(d), we summarize the average PL intensity from 500 to 
900 nm as a function of the parameter ξ. A clear dependency of PL 
intensity on ξ can be observed. At a low ξ regime, increasing ξ leads to 
higher PL intensity suggesting higher laser energy leads to higher 
amount of luminescent structures on the bSi surface. At the same 
relatively high values of ξ, the different PL intensities may come from the 
fact that the surface morphology varies a lot, so the measured PL 
intensity is affected by the resulting average absorptance (see Fig.3(c)) 

and random angular distribution of luminescence. These results 
indicate that higher ξ is required to fabricate a high-efficiency 
luminescent structure which may find its place in, e.g., sensing 
applications [18].

Fig. 4. (a)–(c) PL spectra of bSi samples fabricated from (a) varied 
repetition rate at fixed 100 mm/s scan speed, (b) varied scan speed at 
fixed 417 kHz repetition rate, (c) varied repetition rate and scan speed. 
All samples were characterized directly after laser processing except 
one reference sample that received 5 min HF (10%) dip. (d) 
Dependency of PL intensity (averaged from 500–900 nm) on the 
parameter ξ.

Fig. 5. (a) µPCD lifetime maps of laser-textured areas (1 cm × 1 cm) 
without (1st column) and with (2nd column) HF (10%) treatment. 
Color bar applies to all maps with white color indicating lifetime >25 µs 
and black <15 µs. (b) Average lifetime with standard deviation for each 
area shown in (a) from 100 pixels. Points from left to right correspond 
to maps from top to bottom.

As the O-rich layer is very much defective and relatively thick, it will 
prevent the underneath surface from being passivated and cause extra 
carrier recombination, which is detrimental for photovoltaic 
applications. In Fig.5, we present the minority carrier lifetime 
measurement from ALD Al2O3 surface passivated bSi samples with and 
without removing the O-rich layer. While minimal difference can be 
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seen between samples with and without this O-rich layer in Fig.5(a), 
there are samples with specific laser parameters that clearly show a 
higher lifetime range. In Fig.5(b), we plot the average lifetime values 
from textured areas as a function of laser parameters. The lifetime 
saturates to around 16 µs already at a low ξ (81 J/cm2) regime and the 
HF dip seems to cause no improvement in the lifetime. As a reference, 
the measured lifetime on our planar surface reaches as high as 3 ms. The 
results suggest that the lifetime is primarily limited by the bulk damage 
caused by the laser. At a lower ξ regime (<81 J/cm2), the lifetime is 
slightly higher and removing the O-rich layer shows an apparent 
increase in lifetime, which indicates that the lower laser energy causes 
less bulk damage and this layer is indeed a source of recombination 
centers.

With the increasing parameter ξ, the cumulative effect of laser pulses 
on the silicon surface becomes more prominent. This accumulation of 
laser energy is essential when creating surface textures with effective 
light trapping. With carefully adjusted parameters, high optical 
absorptance can be easily achieved since it requires a relatively small ξ. 
Further increasing the absorptance is still possible by fine-tuning laser 
processing parameters, but this is beyond the scope of this study. To 
produce a more efficient luminescent structure, the suitable range of ξ is 
much higher than that for optimal absorption. There are many 
parameters that could lead to a higher ξ value, such as higher laser 
fluence, lower scan speed, higher repetition rate, smaller focus area, etc. 
However, in a higher ξ regime, the processing speed (scan speed) can be 
substantially low. In our experiment, texturing a 1 cm2 area with 1 
mm/s scan speed takes ~1 h. In contrast, with 417 kHz and 100 mm/s, 
it only takes <1 min to achieve similar high absorptance or PL intensity 
as compared to those obtained under lower repetition rates. 
Consequently, a high repetition rate is advantageous in fabricating high 
absorptance or high luminescence surface textures with shorter 
processing time which is preferred for large-scale production.

Although a smaller ξ value seems to lead to a higher lifetime (Fig.5), 
here we did not examine ξ <5.4 J/m2 since there is a clear decrease in 
absorptance at lower ξ (Fig.3) and as a consequence, the sample is not 
‘black’ anymore. Our previous study at a lower ξ regime (higher scan 
speed >100 mm/s at 417 kHz repetition rate) shows a clear trade-off 
between absorptance and lifetime [11]. Thus, further improvement of 
the lifetime for minority-carrier devices should rely on other post-laser 
processing treatments such as chemical etching [19]. It is worth 
mentioning that some other black silicon fabrication methods such as 
MACE and plasma etching cause much less bulk damage achieving ms-
level lifetime combined with low reflectance [3]. On the other hand, 
inducing damage in crystalline material is a typical method to create a 
short carrier lifetime for high-speed detectors [20,21]. Therefore, 
combined high absorptance with low carrier lifetime demonstrated 
here may be suitable for high-speed silicon-based photodetectors if high 
photodetectivity is not necessary.

In summary, we have extensively examined the optical and electrical 
properties of the fs-laser textured black silicon processed in ambient air. 
A parameter ξ was adopted as a projection of all the used laser 
parameters. As ξ increased, the carrier lifetime first started to drop 
sharply and saturated to a minimum level. Then, absorption increased 
to a maximum level. Further increasing ξ led to stronger PL intensity 
originating from the surface O-rich layer. At the ξ regime, when 
absorption was maximized, such an O-rich layer showed the weakest 
effect on absorption and did not limit the carrier lifetime. Our study in a 
wide range of ξ values is instructive to retrodict the laser parameters 
when targeting different needs.
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