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A B S T R A C T   

Recently-demonstrated high-quality three-dimensional (3D) subsurface laser processing inside crystalline silicon 
(c-Si) wafers opens a door to a wide range of novel applications in multidisciplinary research areas. Using this 
technique, novel maskless micro-pillars with precise control on the surface reflection and coverage are suc
cessfully fabricated by etching the laser-processed region of the c-Si wafer. To achieve this, a particular selective 
wet chemical etching is developed to follow subsurface laser processing of c-Si to reveal the desired 3D structures 
with smooth surfaces. Here, we report the development of a novel chromium-free chemical etching recipe based 
on copper nitrate, which yields substantially smooth surfaces at a high etch rate and selectivity on the both laser- 
processed Si surface and subsurface, i.e., without significant etching of the unmodified Si. Our results show that 
the etch rate and surface morphology are interrelated and strongly influenced by the composition of the adopted 
etching solution. After an extensive compositional study performed at room temperature, we identify an etchant 
with a selectivity of over 1600 times for laser-modified Si with respect to unmodified Si. We also support our 
findings using density functional theory calculations of HF and Cu adsorption energies, indicating significant 
diversity on the c-Si and laser-modified surfaces.   

1. Introduction 

Recently, we have succeeded in 3D microstructuring of Si via direct 
laser-writing deep inside its bulk through a method that relies on a self- 

organized mechanism [1,2] while the efforts dating until 2005 [3] were 
largely unsuccessful. Our method is an adaptation of another self- 
organized technique, known as nonlinear laser lithography that we 
developed to create self-organized sub-wavelength structures on 

* Corresponding author at: Department of Physics, Middle East Technical University (METU), 06800 Ankara, Turkey. 
E-mail addresses: mborra@metu.edu.tr (M. Zolfaghari Borra), behrad.radfar@aalto.fi (B. Radfar), nasser@metu.edu.tr (H. Nasser), tcolakoglu@ankara.edu.tr 
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surfaces [4]. In both 2D and 3D implementations of nonlinear laser 
lithography, we exploit an intrinsic feedback mechanism, where the 
pulses cause changes in the material that alter how the subsequent 
pulses focus. In the case of 3D Si modification, these changes constitute 
rod-like elongated structures along the beam propagation direction. The 
length of the rods can be changed by the laser parameters and the 
number of incident pulses. They can also be positioned at an arbitrary 
depth below the surface where the laser modification results in a change 
of the material’s optical index. Thus, we have demonstrated a variety of 
structures of interest for various applications, including optical wave
guides, information storage, holographic structures, and Fresnel lenses 
for the near-IR, among others. We have further shown that the laser- 
modified regions of Si can be selectively etched to reveal various 3D 
structures [1]. Today, laser-processing of Si is an active area where a 
wide variety of applications have been demonstrated and reviewed in 
[5], including quantum photonics [6], lab-on-chip [7–10], optical 
communications [11], and microfluidics [12–14]. An emerging appli
cation demonstrated by this technique is laser-assisted Si slicing (LASIS) 
[1], in which the fabricated thin c-Si slices can be processed into thin/ 
ultra-thin Si solar cells produced with a minimum loss of Si material 
[15,16]. Low material loss in slicing is an important requirement in 
reducing the solar cell cost. However, the vast majority of the studies on 
laser-based 3D processing of Si are limited to the creation of optical 
index variations with few demonstrations of the chemical etching to 
create standalone 3D structures. For revealing the 3D laser-sculpted 
structures out of Si bulk, laser-modified regions of the c-Si subsurface 
are removed by selective chemical etching. We attribute the slow 
development of this area to the lack of a well-developed etchant, which 
we address here. In contrast to 3D or volume laser processing, surface 
laser processing is a well-established technique to create desired features 
on the Si surface. For instance, laser-induced periodic surface struc
turing (LIPSS) is used to create light-trapping interfaces for solar cells 
[17–21] or fabrication black-Si [22–24]. 

In laser-assisted processing of Si, ultra-short near to mid-infrared 
laser pulses are focused into the bulk of the wafer. The interaction of 
the intense localized laser radiation with Si induces non-linear effects 
such as multi-photon absorption, self-focusing, and plasma generation 
inside the focal volume [25–27]. The subsurface laser processing pro
vides precise local modifications at the targeted sites regardless of Si 
crystallinity or orientation [28,29]. In this technique, the optimization 
of the laser parameters (i.e., laser wavelength, pulse duration, and pulse 
energy) enables precise control over the laser-Si interaction. The for
mation of subsurface structures using a nanosecond or femtosecond 
pulsed laser beam [30–34] is a new micro and nanofabrication approach 
[35,36] for various applications which require high-quality structures. 
This method creates modification at localized regions with minor 
damage on the c-Si surface [1,2]. 

So far, neither the surface nor subsurface laser processing of Si has 
yet been investigated enough to unearth the full potential of 3D laser 
processing for the microfabrication of Si devices. We lack a well- 
established method to remove the laser-modified regions without 
damaging unprocessed areas. A natural outcome of surface laser pro
cessing is the intentional damage it induces to some surface areas. 
Therefore, a specially tailored selective etchant must be developed to 
remove only the laser-damaged regions. Researchers have invested 
substantial efforts in Si technology to control the defect densities asso
ciated with re-growth and Si wafer processing [37]. Selective chemical 
etching is a simple route to reveal the number of defects in c-Si. 
Chemical treatments typically comprise a redox reaction to etch the 
defects selectively. In a more general view, it is of great essence that such 
a special etchant is developed to selectively remove laser-modified Si out 
of the c-Si wafer to sculpt functional 3D structures. 

Etching is an essential step in the micro- and nanofabrication of c-Si- 
based devices. Among different etching techniques, solution-based 
chemical etching offers a low-cost and facile alternative compared to 
conventional plasma-enhanced gas-phase etching counterparts while 

yielding a high surface and bulk material quality due to the absence of 
plasma damage. Achieving a Si surface as defect-free as possible at 
microscale is crucial to ensure high performance of Si devices, such as 
micro-electromechanical systems (MEMS) [38–41], micro-optics 
[42–44], photonic devices, integrated circuits, and photovoltaic solar 
cells [21,45–51]. 

Similar to surface laser processing, a subsequent chemical etch is 
needed to reveal the subsurface structures without altering unprocessed 
Si regions for the aforementioned wide applications. To this end, we 
need an etchant with excellent selectivity (the ratio of the removal rate 
of laser processed and pristine regions) and a high etch rate. Thus far, 
typical defect etchant recipes comprise nitric acid (HNO3) or chromium 
(Cr)-based chemical solutions, which both serve as the oxidizing agent 
of Si surface. The HNO3-based etchants, including HNA [52] and Dash 
etch (1956) [53] are crystallographic orientation and dopant type in
dependent; however, they require highly doped Si (HNA) or high- 
temperature and longer process duration (Dash). Other etchants use a 
Cr-based oxidizing agent to delineate defects and dislocations in Si, 
including the Sirtl etch (1961) [54] and Seiter etch (1977) [55]. While 
the Sirtl etch works well only for 〈111〉 oriented surfaces, the Seiter etch 
works well on 〈100〉 . 

A highly selective etching solution of Si defects in the advanced 
electronics industry is the MEMC etching (Monsanto Electronic Mate
rials Company − 1987) [56] which is a copper nitrate – Cu(NO3)2-based 
etchant and applies to both p- and n-doped Si. MEMC etch has a long 
lifetime during room-temperature processes and generates undesired 
pits on both 〈111〉 and 〈100〉 oriented surfaces. Its planar etch rate is the 
same for all crystallographic directions, while the etching uniformity is 
similar to that of Sirtl. Moreover, as it is a Cr-free solvent, it is relatively 
environmentally friendly compared to Cr-based etchants. It is commonly 
used in the destructive characterization of Si-wafer quality in industrial 
applications. In MEMC etch, the HNO3 oxidizing agent oxidizes the Si 
surface, and hydrofluoric acid (HF) dissolves the formed SiO2 while 
adding Cu(NO3)2, in particular, assists in reducing the resultant point 
defects. Therefore, the amount of Cu(NO3)2 in the mixture dramatically 
influences the localized differential oxidation at the defect sites. 
Although a detailed explanation of the mechanism is unknown, it is 
commonly accepted that CH3COOH of MEMC acts as a moderation agent 
of the surface reaction through limiting the oxidation. When the etchant 
solution contains too much CH3COOH, the concentration of the 
oxidizing agent decreases, resulting in the impairment of the oxi
dization. This precludes a high etch rate. If the amount of CH3COOH is 
too small, the etching becomes too fast, increasing the surface roughness 
[57]. 

We adopted the MEMC etch to develop an optimized etchant for 3D 
nonlinear infrared laser-assisted sculpting of Si. This solution is highly 
defect-sensitive, which increases its selectivity in favor of the laser- 
modified regions. The solution depends on the crystal orientation and 
the dopant type. The etch durations are reasonably short. The solution 
has a long lifetime, making refreshing the chemical concentration 
(known as spiking) unnecessary. In addition, Cu is cheaper, relatively 
less toxic, and more environmentally friendly owing to being Cr-free 
[58]. In contrast, the Sirtl and Seiter etches yield toxic, even carcino
genic reaction byproducts [59]. Their use is heavily regulated in many 
countries. 

This work focuses on the development of a chemical solution for 
selective etching of the laser-modified surface and subsurface Si regions 
at high etch rates. We first present the ultimate potential of the proposed 
development in 3D sculpting using our champion etchant. Our cham
pion etchant is an optimized etching recipe which meets the re
quirements of a reasonable etch rate and smooth Si facets. We support 
our findings via density functional theory (DFT) calculations that pro
vide an atomistic-level understanding on how the etchant components 
interact with the surfaces in question. 
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2. Perspectives on 3D sculpting 

Micro-pillar arrays have been of interest for solar applications due to 
the increased light trapping and high carrier collecting efficiency 
inherent in the pillar structure [60]. Light trapping of the incoming solar 
light can be achieved by texturing the front surface of the solar cell. 
Numerous methods are available, including nanowires [61], inverted 
pyramids [62], plasmonic metal NPs [47], etc. As an application of 3D 
sculpting, we demonstrate the laser-based fabrication of micron-size 
pillars array on c-Si wafers. Micro-pillar arrays on the surface of Si 
wafers can be used in solar cell design in which light can be effectively 
trapped via multiple reflections between pillars. Another application can 
be the fabrication of MEMS resonators for various applications requiring 
mechanical modulation [63,64]. This technology allows obtaining a 
controllable size/depth combination of the pillar in the various ranges in 
two-step fabrication in Si substrate. Fig. 1 depicts the fabrication pro
cedure of micro-pillar arrays. The first step is laser processing which 
induces structural modification of Si which results in amorphous/poly 
phase silicon (details in Supporting Information 5). Inverse pillar 
structures are directly written by a raster scan of the focal spot on and in 
the Si wafer (Fig. 1 (a)). The laser processing parameters are presented in 
section 3.1. Laser-Induced Si Modification. Next, in the second step, the 
laser-processed regions are removed by our champion selective etchant 
to extract the Si micro-pillar structure (Fig. 1 (b)). For solar cell appli
cations, the light trapping characteristics of the micro-pillar array can be 
investigated against varying depths and sizes of micro-pillar arrays 
(Fig. 2). With this technique, micro-pillars with an area as small as ~ 9 
× 9 µm2 and with a depth as large as 118 µm were successfully fabricated 
yielding an impressive aspect ratio > 13. 

Fig. 2 shows micro-pillar arrays of 9 µm × 9 µm, 32 µm × 32 µm, and 
57 µm × 57 µm pillar area. In Fig. 2(b), (d), and (f) a light blue and a 
light brown box mark the pillar and the spatial period, respectively. 
Considering ratio of the blue/brwn marked box areas, surface coverages 
of ~ 5 %, ~25 %, and ~ 56 % are achieved for 9 µm × 9 µm, 32 µm × 32 

µm, and 57 µm × 57 µm pillar areas in Fig. 2(b), (d), and (f), respec
tively. A total area of 2 mm × 2 mm micro-pillar arrays each are revealed 
in 20 min of the etch duration for all sizes. 

As a simple demonstration of the application potential of direct laser- 
written 3D microstructuring of Si, we show how such high-aspect 
micropillar arrays can be utilized in efficient light trapping. Fig. 3 
shows that the 32 µm x 32 µm micro-pillar array resulted in the lowest 
reflectance among micro-pillar arrays (meaning an absolute 25 % light 
trapping on average over entire spectral range), all of which exhibited 
significant light trapping activity as compared to the unstructured 
surface. 

3. Methods 

In this study, the samples were prepared from double-side polished, 
single-crystalline boron-doped p-type Si wafers with 〈100〉 orientation 
(Siegert Wafer). Two different sets of samples were prepared for the 
laser processing: (i) For subsurface modifications, the Si wafers had a 
thickness of 525 μm and a resistivity of 1–5 Ω.cm. (ii) For surface 
modifications, Si wafers with a thickness of 1000 μm and resistivity of 
1–10 Ω.cm were used. With these two methods of preparation, we aimed 
to demonstrate an etching profile for both Cross-sectional Accessible 
Laser Processed (CALP) and Surface Accessible Laser Processed (SALP), 
which are discussed below. After the laser processing, the samples were 
treated with various etch recipes while systematically varying the 
components adopted from MEMC to determine the optimal composition. 

3.1. Laser-induced Si modification 

All Si modifications were done by 3D subsurface laser processing; 
however, the extent of subsurface modifications toward the surface was 
different for different samples. The laser system was an in-house built 
nanosecond fiber laser, producing up to 5 W of average power at a 
wavelength of 1550 nm. The repetition rate of the laser was adjustable 

Fig. 1. Steps of micro-pillar fabrication: (a) Modified part after patterning the pillars via laser processing; (b) Selective chemical etching; (c) Pillar arrays.  
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between 100 kHz to 1 MHz, limited by the generation of amplified 
spontaneous emission (ASE) at a low repetition rate. In the experiments, 
the repetition rate of the laser was 100 kHz having a maximum pulse 
energy of 50 μJ and a pulse duration of ~ 5 ns. While we observed that 
pulse energies higher than 2.5 μJ make the modifications that could be 
etched, pulse energies lower than 2.5 μJ did not make sufficiently se
lective etched modifications. Therefore, we continued to use pulse en
ergies of 2.5 μJ and higher in our experiments. For the specific presented 
application, i.e. micro-pillars, we used a pulse energy of 3 μJ to achieve 
high aspect ratio in depth. The laser beam was focused inside the sam
ples by an aspheric lens (NA = 0.3, f = 8 mm). The polarization direction 
was along the vertical direction with respect to the optical table during 
these experiments when the laser beam was parallel to the optical table. 
We note that we did not observe any effect of polarization direction with 
respect to Si crystal orientation on the properties of the processed re
gion. The samples with dimensions of 10 mm £ 10 mm were mounted 
on a 3D motorized translation stage for scanning in all directions with 
sub-micron resolution. 

Two different sets of samples were prepared for different opening 
access to the laser-modified region. For the first type, the laser was 
focused into the sample from the cross-sectional direction, and the 

sample was raster scanned laterally (in the x-y direction), as shown in 
Fig. 4 (a). This scanning pattern forms a laser-modified plane parallel to 
the top surface inside the sample. The laser-modified thickness of each 
plane is ~ 4 μm, as confirmed by the IR camera images (Supporting 
video 1 – more details in Ref. [28]). Several planes were created on top 
of each other, forming a laser-processed zone with a thickness of ~ 30 
μm, as shown in Fig. 4 (b). For this set of samples, the laser-modified 
zone is accessible to the etchant solutions from the cross-sectional sur
face at three sides with 30-μm height openings with wafer dicing 
(Supporting Information 1). We will call this type of sample as CALP. 

For the second type of the samples, the laser beam was focused inside 
the sample from the top surface, and raster scanned in the x-y direction, 
as shown in Fig. 4 (c). The cross-sectional thickness of one plane in the z- 
direction is ~ 80 μm. After the creation of each plane, the samples were 
shifted 20 μm down in the z-direction (corresponding to ~ 60 μm beam 
shift-up of the focal point inside of the samples due to the refractive 
index of Si), and the next modified plane was formed with ~ 20 μm 
overlap with the previous one. We repeated these steps until the last 
laser-modified plane was created on the top surface of the samples for a 
total depth of ~ 450 μm, as shown in Fig. 4 (d). For this set of samples, 
the laser-modified zone is accessible to the etchant from the top surface 

Fig. 2. SEM images of micro-pillar arrays (a, c, e) 40◦ tilt; Micro-pillar (b, d, f) top surface sizes: (a, b) 57 µm × 57 µm, (c, d) 32 µm × 32 µm, (e, f) 9 µm × 9 µm, and 
pulse energy 3 µJ. 
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(10 mm × 10 mm area). We will refer to these as SALP samples. 

3.2. Chemical etching 

The effects of different etch solution mixtures are investigated on 
both CALP and SALP samples. Our motivation is to study the selective 
etching of Si in CALP configuration since it represents a universal sce
nario in the 3D laser structuring of Si. This process does not necessarily 
create large laser-processed surface areas where the etchant can quickly 
attack. It is essential to check the feasibility of the fabrication of 3D 
structures embedded inside the Si while heat transfer and diffusion 
constraints associated with narrow surface openings are present. As a 
complementary configuration, we introduced SALP structuring to create 
features from the surface up to the desired depth inside Si. 

For the CALP structuring, the samples were diced into smaller indi
vidual samples with an area of 7.30 mm × 2.34 mm after laser modifi
cation. The dicing exposes three surfaces of the laser-modified region 
(one with 2.34 mm × 0.03 mm and two with 6.55 mm × 0.03 mm) to the 
etchant solution (see Fig. 5 (a) and Fig. S1). For the SALP structuring, the 
samples were diced with dimensions of 10 mm × 10 mm. The laser- 
modified region (2 mm × 2 mm) is exposed to the etchant from one 
side, vertically from the top surface (see Fig. 5 (b)). Also, a set of un
processed Si wafers were diced with identical sizes (reference samples). 
Before chemical treatments, all samples were subjected to standard 
cleaning 1 and 2, which are used to remove organic contaminants as well 
as metallic and ionic contaminants from the surface of the samples, 
respectively [65]. 

As mentioned in the Introduction, MEMC solution is already used in 
the electronics industry for defect density determination of Si wafers. 
However, the MEMC solution offers a high etch rate at the expense of 
high selectivity and smooth surface morphology. In order to lend MEMC 
the preferred qualities in selectivity and surface morphology, we made a 
systematic analysis of the effect of each redox component [66,67] on the 
etching chemistry. In order to investigate the effects of HNO3 as an 
oxidant, copper (II) nitrate hydrate salt (Cu(NO3)2⋅3H2O) as a catalyst 
[56,68], and HF as an oxide dissolvent on selectivity, etch rate, and 
surface morphology, the concentration of each component was varied 
systematically. More details regarding the redox chemical reactions and 
catalytic activities can be found in Supporting Information 2. In this 
study, 12 different sets of solutions were considered. The concentrations 
of the components are separated into three subgroups which are high
lighted in Table 1. Within each subset, we varied only one component of 
the mixture. The deionized wafer (DI H2O) is also varied to keep the 
solution volume fixed to 100 ml. 

In addition to analyzing the effect of the above-mentioned compo
nents of the MEMC solution, we analyzed several alternative etching 
solutions to compare them with our etchant properties, including etch 
rate and selectivity. These results are presented in Supporting Infor
mation 3. 

Fig. 3. Total reflectance of the fabricated Si micro-pillars with different areas 
and depths. 

Fig. 4. (a, c) – Depiction of the laser-beam scanning direction (a) inside of c-Si for CALP samples, and (c) on SALP samples; (b, d) – 3D schematic representation of the 
laser processed zones for (b) CALP, and (d) for SALP. 
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3.3. Etch rate and selectivity redefined 

The quantitative assessment of surface etching in 2D follows the 
established concepts of the etch rate and selectivity, as developed for 
semiconductor fabrication [69,70]. When using lasers for etching, it 
seems that both etch rate (percentage of etched mass from the modified 
region over time, i.e., Fig. 7 (a), (d), (g)) and selectivity (the ratio of etch 
rates of the laser-modified and unprocessed regions) need to be rede
fined since the process occurs in the subsurface, where etch thickness 
over time is not applicable. Therefore, we have redefined these param
eters by using a 3D approach that necessitates using correction factors 
for the geometry. 

In order to calculate the mass reduction due to the etching of the 
laser-modified regions in each chemical mixture (which is referred to as 

a Set), a pair of laser-processed and unprocessed c-Si samples were 
placed in the same solution as depicted in Fig. 5. The mass reduction of 
the laser-processed sample consists of two parts, that of the laser- 
modified region and the remaining (unprocessed) region of the same 
sample. We estimated the mass reduction of the unprocessed region of 
the laser-modified sample by measuring the mass reduction of the un
processed sample. Then, by incorporating proper correction factors, we 
modeled and calculated the mass reduction of the laser-modified region 
(detailed in the 4. Results and Discussion section). Various practically 
unmeasurable parameters are involved in these calculations in the static 
etching procedure. Those parameters include diffusion restriction for the 
mass and heat transports. Hence, proper estimation of the corresponding 
correction factors is essential (see 4.1. Correction Factors Calculation & 
Etch Pit Radius Distribution Analysis section). The SEM images taken 
from samples at the end of each etching process step presented in Sup
porting Information 4 are used to track and determine the smoothness of 
the surface morphology by analyzing etch pit size distribution. 

In order to calculate the etch rates, mass reductions of the laser 
processed, and the unprocessed samples were measured by weighting 
the samples after etching in each solution for 60 min with 10-minute 
intervals for CALP and 5-minute intervals for SALP. We specifically 
probed the interval between 10 and 60 min of etching durations since 
industrial applications favor short etch durations while too short dura
tions may not be sufficient to fully etch modified regions. Based on the 
obtained etch rates, we calculate the selectivity of each solution set. 
Hence, we assess the effect of each component to determine the corre
sponding properties of the solution. 

3.4. Density functional theory calculations 

Density functional theory (DFT) calculations were performed to 
understand the atomistic origins of the interaction between the etchants 
and the surfaces. All calculations presented here were conducted using 
the periodic, plane-wave-based Quantum Espresso code suite [71]. The 
exchange–correlation interaction was treated within the Perdew-Wang 

Fig. 5. Schematic representations of (a) CALP and (b) SALP samples in the chemical bath. In both cases, an unprocessed Si was added.  

Table 1 
Chemical composition of the solutions with different Cu(NO3)2, HF, and HNO3 
concentrations. The amount of DI H2O is adjusted to maintain 100 ml of solution 
corresponding to 100 %.   

Cu(NO3)2 HF HNO3 CH3COOH  

(g) (vol%) (vol%) (vol%) 
Cu(NO3)2Comparison 0.75 14.00 16.25 18.00 

1.25 
1.00 
2.00 

HFComparison 1.00 7.00 16.25 18.00 
10.00 
12.00 
14.00 
16.00 
18.00 

HNO3Comparison 1.00 14.00 9.75 18.00 
13.00 
16.25 
19.50 
22.75  

Fig. 6. The selected area for the champion etchant from cross-sectional SEM image and the result etch pit size distribution analysis.  
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(PW-91) approximation [72], and electron-nucleus interaction was 
modeled using ultrasoft pseudopotentials [73]. The plane-wave kinetic 
energy used to truncate the basis expansion was 40 Rydberg, and a 
vacuum distance of 14 Å was left between the images to reduce inter- 
image interaction. Atomic partial charges were calculated using the 
Bader charge decomposition as implemented by the Henkelman group 
[74]. 

According to the transmission electron microscopy (TEM) results 
from our previous study on a similar system [1] (presented in Supporting 
Information 5), the laser-modified regions appear to have a short-range 
order with a characteristic dimension of a few nanometers, interrupted 
by amorphous Si domains. The exact crystal structure of the ordered 
regions is not known; however, possible candidates are Si-I (FCC), Si-III 
(BCC), and Si-XII (Rhombohedral) phases, the latter two being known to 
form as a result of pressure or laser-induced damage [75]. However, our 

Raman results do not show any indication of Si-III or Si-XII but rather a 
diminished Si-I peak. It is fair then to assume that the difference in 
reactivity behavior of the laser-processed and unprocessed regions stems 
from the amorphous Si domains. Furthermore, although dissolution 
mechanisms of amorphous Si and silicon dioxide (SiO2) have been 
shown to be rather complicated and dependent on a variety of param
eters [76], overall amorphous Si surfaces are expected to show larger 
reactivity with respect to those that are crystalline, due to under
coordination, and abundance of defect sites [77]. In our DFT calcula
tions, we therefore model the surfaces of the processed regions by 
amorphous SiO2 while the unmodified Si is modeled by oxidized and 
unoxidized reconstructed Si 〈100〉 surfaces. In the damaged portions of 
the samples, oxidation is expected to take place very rapidly. Therefore, 
we do not consider the unoxidized amorphous Si. 

The pristine Si 〈100〉 surface was modeled by a slab of five layers 

Fig. 7. (a), (d), (g) Etch rate of the laser-modified region over time for CALP. (b), (e), (h) Selectivity of the laser-modified region compared to unprocessed sample for 
CALP. (c), (f), (i) Normalized etched mass of the laser-modified region for SALP. The changing parameters are Cu(NO3)2 concentrations from 0.75 to 2 g (a), (b), (c); 
HF concentrations from 7 ml to 18 ml (d), (e), (f); HNO3 concentrations from 9.75 to 22.75 ml in 100 ml of solution (g), (h), (i). The fixed parameters for each 
component variation are presented in Table 1. Our champion etchant concentration is marked by an asterisk (*). 
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with the two bottommost layers fixed to mimic bulk behavior. The Si 
〈100〉 surface displayed several reconstructions to lower its surface 
energy, and a common reconstruction of this surface is the 2 × 1 or the 
dimer reconstruction [78], which was also applied in our calculations 
(Fig. 11 (a)). Next, an oxygen-decorated Si surface was built by placing 
rows of O atoms on the surface (Fig. 11 (b)). Finally, the amorphous SiO2 
simulation cell was constructed by extracting a 12 Å × 12 Å × 12 Å cube 
out of a previously conducted molecular dynamics (MD) investigation of 
a 3000-atom amorphous SiO2 system [79]. In order to preserve stoi
chiometry, care was taken to include 36Si and 72O atoms. Once opti
mized in the bulk, a surface was formed via the extraction of the usual 
periodic slab geometry from the bulk, and a DFT-based geometry opti
mization was performed on this surface slab. The density was found to 
be 2.1 g/cm3, close to the experimental value of 2.2 g/cm3. 

4. Results and discussion 

To determine the effectiveness of each etching set, we have calcu
lated the etch rate, etch pit radius distribution, and selectivity of laser- 
modified structures for CALP. In addition, the ratio of the area 
normalized etched mass of the surface over time is calculated for SALP. 
The etch rate is defined as the mass reduction of the laser-modified re
gion versus the etching duration. The selectivity is defined as the etch 
rate of the laser-modified region divided by the etch rate of the un
modified region, indicating the rate at which the laser-modified region is 
etched away compared to the unmodified region. Note that it is also 
possible to use the sample volume instead of the mass since they only 
differ in a density factor which is almost the same for both the laser- 
modified region and unprocessed samples. The etch pit radius distri
bution analysis, which is an indication of the surface porosity and 
roughness, was performed for different concentrations of the solution 
components. The SEM images (Supporting Information 4) show that the 
etched surfaces of laser-modified samples contain distinctive features 
such as etch pits in all considered sets. The observed etch pits on the 
surface are formed due to the interaction of the different solutions with 
the c-Si segments. Our etchant solution is formulated to reveal the de
fects and thus the laser-modified regions. The etchant attacks and en
larges the defects, including dopant impurities on the surface of the Si 
rather than attacking the perfect (unprocessed) Si lattice. By utilizing 
chemical etching and etch pit analysis, it is possible to calculate the 
defect density (counting the etch pits and dividing them by the surface 
area) that is grown in the crystal lattice. However, it is a destructive 
characterization technique for determining the crystal quality of crys
talline samples. 

4.1. Correction factors calculation & etch pit radius distribution analysis 

To calculate the etch rate and selectivity in terms of the reduced mass 
of the samples, the mass of laser-processed Si and the etched part must 
be determined. Thus, another unprocessed sample was used to find the 
mass change of the unmodified region. The mass difference between the 
laser-processed and the unprocessed samples is related to the laser- 
modified region. After each chemical process, the mass change of the 
unprocessed and processed samples was measured. The difference be
tween the measured masses gives the etched mass of the laser-modified 
region, which needs to be corrected due to the complicated behavior of 
the etching process, coming from diffusion peculiarities of the mass and 
heat transports. Therefore, the mismatch of the initial masses before the 
chemical etching of unprocessed and laser-processed samples, the vol
ume etched inside the laser-modified region, and the difference in the 
opening areas of the crystalline region and laser-modified region of the 
processed sample being subjected to etchant need to be modeled 
accordingly. To calculate laser-modified mass correctly in CALP struc
tures, we hypothesize three correction factors, namely, the Correction 
Factor of Initial Mass (CFIM), Correction Factor of Etch Opening (CFEO), 
and Correction Factor of Attacked Area (CFAA). 

To compare the SALP and CALP etching behaviors, the calculated 
mass reduction of the laser-processed region is normalized to the 
opening areas exposed to the etching solution (0.46 mm2 and 4 mm2 for 
CALP and SALP, respectively). Detailed information regarding the 
correction factors and calculations for both SALP and CALP structures is 
given in Supporting Information 6. The measured weight losses are 
utilized in the analyses and the etched volumes obtained from etched 
openings (SEM images in Supporting Information 4) and etched area 
cross-sections (IR camera image in Supporting Information 7). 

The etch pit size distribution is determined using the built-in image 
processing toolbox of MATLAB [80] and the SEM images of subsurface- 
processed Si. It is worth mentioning that the subsurface and surface 
processing have an identical surface morphology. The histograms of etch 
pit size distribution for each material are presented in the Effects of 
Solution Components section. The SEM image of the champion etchant 
is shown in Fig. 6. 

4.2. Effects of solution components on etchant chemistry 

Etch rate and selectivity of the CALP structure, normalized etched 
mass and ratio of area normalized etched mass of the SALP structure, 
and etch pit radius distribution analysis for all chemical compositions 
were calculated based on the equations mentioned in Supporting In
formation 6. This information is categorized into three subgroups for 
each solution component. The etch rate for CALP and normalized etched 
mass for SALP structure are not constant across time since there is some 
latency before the etching starts. Thus, some delay may be required for 
the activation of Si-etchant reactions. Afterward, chemicals start to 
attack all regions until either the reactions saturate or the time frame 
ends. The etch rate is shown in Fig. 7 (a), (d), and (g) which is the 
percentage of cumulative etched mass over total laser-processed mass at 
each duration for CALP samples. The selectivity is shown in Fig. 7 (b), 
(e), and (h) which is the ratio of etch rates of the laser-modified and 
unprocessed regions after 60 min for CALP samples. The normalized 
etched mass over time shown in Fig. 7 (c), (f), and (i) which is cumu
lative etched mass of laser-processed region normalized to total laser- 
processed mass for SALP samples. Fig. 7 presents the variation of Cu 
(NO3)2 concentrations from 0.75 to 2 g, HF concentrations from 7 ml to 
18 ml, and HNO3 concentrations from 9.75 to 22.75 ml in 100 ml of 
solution. Further analysis on the effects of solution components on SALP 
and CALP is presented in Supporting Information 8. 

4.2.1. Effects of copper nitrate – Cu(NO3)2 variation 
The energy level of the Cu2+/Cu system is higher than the valence 

band (VB) of Si [81]. For a given combination of HF/HNO3, adding 
various amounts of Cu(NO3)2 corresponds to the Si surface being 
covered by copper nanoparticles (CuNPs) with different CuNPs surface 
coverage densities. These metal particles also catalyzed the etching of Si 
in HF/HNO3 solution, and their presence resulted in the selective attacks 
of modified regions. The Cu2+ ions are reduced to solid Cu on the Si 
substrate and the oxidized surface is dissolved in HF. In addition, HNO3 
oxidizes the Si surface forming SiO2 which is etched by the presence of 
HF. 

In Fig. 7 (a), it can be seen that the etch rate of the laser-modified 
region decreases as the amount of Cu(NO3)2 increases from 0.75 to 
1.25 g. However, the etch rate starts to increase for a higher amount of 
Cu(NO3)2 as it is seen at 2 g. In addition, as shown in Fig. 7 (b), the 
selectivity for CALP shows a different trend where it is highest for 0.75 g 
of Cu(NO3)2 and drops drastically then increases by increasing the Cu 
(NO3)2 amount. In Fig. 7 (c), the etched mass of the laser-modified re
gion divided by the total etched mass is highest where the Cu(NO3)2 
amount is 1 g. However, the etched mass decreases as the amount of Cu 
(NO3)2 further increases from 0.75 to 2 g. 

The etch pit radius distribution, ranging between 1 – 15 µm, is shown 
in Fig. 8 (c). As the place of the laser modifications would not affect the 
surface properties, the etching solution results in similar surface 
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morphology. The etch pit size distribution is in the order of 1 µm. 
However, as the amount of Cu(NO3)2 increases, the resultant defects are 
found to have larger diameters. 

4.2.2. Effects of hydrofluoric acid – HF variation 
Increasing the amount of HF beyond a certain point for a given ratio 

of Cu and HNO3 hinders the suspension of the CuNPs. Thus, CuNPs will 
be adsorbed on the surface at random locations and promote the etching 
process in their vicinity. This process is fast and creates more holes, 
leading to a spongy Si surface morphology. 

As can be seen in Fig. 7 (d), a higher concentration of HF in the so
lution induces a very high etch rate and damages the sample, leading to 
poor surface morphology (Fig. S4 (e), (f)). The effect of higher HF is 
more pronounced in laser-modified regions than the unprocessed one, 
resulting in higher selectivity. In Fig. 7 (f), the etched mass of the laser- 
modified divided by the total etched mass region is well-behaved for 14 
ml of HF, showing a reasonable etch rate. However, the modified region 
is harshly attacked in the etching solution with high HF concentration 
due to the nonlinear diffusion of the defects. 

In Fig. 9 (c), the etch pit size distribution is below 15 µm when the HF 
concentration is moderate (7 ml to 14 ml). With a higher concentration 
of HF (above 16 ml), the etch pits exhibit larger defect sizes on the Si 
surfaces, as can be seen in the SEM image (Fig. S4 (e), (f)). 

4.2.3. Effect of the oxidizing agent (nitric acid – HNO3) concentration 
Cu ions are adsorbed on the Si surface. These ions attract minority 

negative charge carriers available in the p-type Si substrate. Thus, 
CuNPs collect electrons through the Cu/Si interface and transfer them to 
the solution. The conglomeration speed of CuNPs depends on the rate of 
metal ion removal. So, if the formation of the CuNPs is slower than its 
removal, there will be a high hole concentration on the surface that 
grows larger and larger. The amounts of oxidizing and reducing agents 
control how fast and aggressively Cu removes Si from the surface for a 
certain Cu amount. As a result, by fixing the amount of Cu(NO3)2 to 1 g, 
the combination of oxidation and reduction creates the intended struc
ture. By tuning the oxidizing agent – HNO3, it is possible to minimize the 
aggressiveness of the oxidation process in such a way that despite some 
distinct holes at the surface, the etchant does not wholly damage the Si 
surface and cause porosity. As discussed previously, increasing the 
HNO3 controls the oxide formation on the CuNPs, which HF later etches. 
On the one hand, the presence of a high amount of HNO3 in a given 
concentration of HF, i.e., 14 ml in 100 ml solution, causes CuNPs to 
become smaller. As a result, increasing HNO3 makes the surface porous. 
On the other hand, the CuNPs must be maintained long enough to 
achieve the desired structure. 

As shown in Fig. 7 (g), (h), etch rates increase while selectivity de
creases by increasing the HNO3 concentration in the CALP structure. 
This confirms that increasing the amount of oxidizing agent in the 

Fig. 8. SEM images of the surface of samples having Cu(NO3)2 concentrations of (a) 0.75 g and (b) 2 g in 100 ml of solution. (c) Etch pit radius distribution was 
obtained from SEM images by analyzing the surface morphology. 
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solution increases the etch rate of the laser-modified region more than 
the unprocessed sample. This behavior is due to the generation of more 
excess hole-type carriers at the surface, which accelerates the anodic 
chemical reactions. In Fig. 7 (i), the etched mass of the laser-modified 
sample divided by the total etched mass is increased and harshly 
attacked on both regions by the increasing amount of HNO3 concen
tration as the etching time increases. 

The quality of the etched surface is a function of HNO3, i.e., 
increasing the amount of HNO3 will result in the formation of an 
engraved surface. Fig. 10 (c) shows the etch pit radius size distribution is 
in the range of 1 – 70 µm except for the cases when HNO3 concentration 
is high. The observed trends, particularly pertaining to the selectivity 
trends of the Cu and HF components, are corroborated with our DFT 
results presented in the next subsection. 

The observed nonlinear etching behavior in all etching solutions can 
be attributed to the different ratios of amorphous and polycrystalline Si 
phases in laser-modified regions. These phases have different etching 
rates since amorphous is crystallographically disordered and poly
crystalline is crystallographically locally ordered which is confirmed by 
TEM analysis (HRTEM, DAAF, SAED) presented in Supporting Infor
mation 5. 

After surveying the above-mentioned chemical compositions, the 
optimal etchant having a reasonable etch rate, more than 1600 selec
tivity, and smooth and less defective unprocessed surface is determined. 
The optimal etchant concentration is found to be HF:HNO3:CH3COOH: 
H2O – 14.00:16.25:18.00:51.75 vol% with 0.01 g/ml Cu(NO3)2⋅3H2O, 
which we refer to as the Champion Etchant. The enhanced composition 
yields different chemical treatment durations required for specific 

applications. It is also dopant-type dependent and anisotropic (Sup
porting Information 9), which is beneficial for certain applications to 
etch laser-modified Si regions. The comparisons between MEMC and the 
enhanced composition in terms of orientation dependency and dopant 
type dependency are discussed in Supporting Information 9. 

4.3. DFT results 

Interaction of the surface with HF was modeled by means of simul
taneously placing a single H and a single F on the surface, whereas the 
interaction with Cu was represented by a single Cu atom on the surface 
(See Fig. 11). Optimized geometries on the three surfaces can be seen in 
Fig. 11. The adsorption energies were calculated using the following 
equation: 

Eads = Etot − Esurf − Emol (1)  

where Etot is the optimized energy of the entire system, Esurf is the energy 
of the surface (Si < 100˃), oxygen-decorated Si < 100˃, and amorphous 
SiO2) without the H/F or Cu atoms, and Emol is the energy of the ad
sorbates in isolation. In the case of the Cu adsorbate, Emol corresponds to 
the total energy of a single Cu atom in a large simulation cell. In contrast, 
in the case of H and F, it represents the sum of the energies of a single H 
and a single F atom, calculated in isolation separately. Among the 
several geometries explored, a few of the most stable optimized geom
etries are shown in Fig. 11. The adsorption energies corresponding to the 
most stable geometries are shown in Table 2. 

Several observations can be made based on these results. The 
amorphous SiO2 surface appears to interact the weakest with the etchant 

Fig. 9. SEM images of the surface of samples having HF concentrations of (a) 7 ml and (b) 18 ml in 100 ml of solution. (c) Etch pit radius distribution was obtained 
from SEM images by analyzing the surface morphology. 
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species among the surfaces studied. While there is no difference in H/F 
adsorption energies between the Si and the oxygen-decorated Si sur
faces, Cu appears to interact significantly more strongly with the Si-O 
surface. On the oxygen-decorated Si surfaces, when the H/F ions are 
adsorbed on the oxygen atoms, their adsorption energy is considerably 
lower than partial adsorption on the Si atoms. On the other hand, Cu 
appears to benefit from the interaction with the oxygen atoms. In order 
to verify the ionic nature of the H and F atoms, the partial charges were 
calculated and found to be about − 1.0 eV and + 1.0 eV for F and H 
adsorbates, respectively. The Bader charge of the Cu atom varies be
tween 0 and + 0.3 eV depending on the adsorption site. This is consistent 
with the experimental insight that Cu clusters are first positively charged 
before reduction. 

The HF component displays no selectivity between oxidized and 
pristine crystalline Si, as evidenced by the identical adsorption energies 
of the H and F ions. The adsorption energy of the HF unit on the c-Si 
surface is one order of magnitude larger than the amorphous surface. 
This significant difference between the adsorption energies explains the 
selectivity of the HF etchant towards the laser-processed surface. 
Etching of the surface proceeds through the desorption of adsorbed 
species. Therefore, the lower adsorption energy in the case of the 
amorphous oxide likely points towards facile desorption as well. 

This trend continues with the catalyst component, namely the Cu 
atom. Cu adsorption on the oxidized c-Si surface is much larger than the 
a-SiO2 considered. Since the Cu component should ideally desorb before 
it has time to form agglomerates, the significantly lower adsorption 
energy on the amorphous SiO2 surface appears to be much more ad
vantageous than the crystal surfaces. In particular, the Cu adsorption 

energy on the oxidized c-Si surface is particularly high, and the positive 
charge is larger. This behavior likely increases the dwelling time of Cu 
on the surface and encourages agglomeration, deactivating the catalyst. 

We emphasize in passing one more time that the crystalline portions 
of the laser-processed domains appear to be a combination of nano
crystalline domains (Supporting Information 10) interrupted by grain 
boundaries with an amorphous phase. Therefore, the difference in 
dissolution behavior of the processed and unprocessed regions is 
dictated by these portions. 

5. Conclusion 

The optimization of a Cu(NO3)2-based etching solution on the novel 
selective etching of surface and subsurface laser-modified regions (CALP 
and SALP) is presented. The laser modifications are done by utilizing a 
nanosecond IR fiber laser on p-type c-Si wafers. The laser-modified 
samples are treated with a number of MEMC-like etchants in which 
the chemical component concentrations are varied in order to survey for 
an especially optimal etchant for laser-modified Si. To investigate the 
effect of each component, different sets of solutions are prepared by 
changing the concentrations. To obtain the etch rates, the mass differ
ence of laser-modified and unprocessed samples is measured for up to 
60 min. By applying correction factors of initial mass, etch opening, and 
attack area, the mass reduction of the laser-modified region and un
processed c-Si samples are calculated. The selectivity of each set is 
calculated as the ratio of the laser-modified region and unprocessed c-Si 
samples. The c-Si smoothness is represented by calculating etch pit 
radius size distribution which was obtained from SEM images after 60 

Fig. 10. SEM images of the surfaces of samples having HNO3 concentrations of (a) 9.75 ml and (b) 22.75 ml in 100 ml of solution. (c) Etch pit radius distribution was 
obtained from SEM images by analyzing the surface morphology. 
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min. The etch rate, selectivity, and surface morphology of subsurface 
laser-modified regions are well controlled during the experiments by 
varying the etching concentration of the etching solution components. 
The selection of the component concentrations depends on the desired 
applications since a different combination of etch rate, selectivity, and 
surface morphology can be achieved. For instance, decreasing Cu(NO3)2 
to 0.75 g in 100 ml solution leads to fast and selective etching at the cost 
of c-Si surface smoothness. The etching rates show nonlinear behavior 
due to the presence of both amorphous and polycrystalline phases in the 
laser-modified regions confirmed by TEM. The adsorption energy cal
culations performed within the DFT method clearly corroborate the 
experimental findings. Calculated HF and Cu adsorption energies 
display significant diversity on the crystalline and amorphous surfaces. 
Since adsorption energy is a good indicator of reactivity, the difference 
in the adsorption energies can be interpreted as a potential explanation 
for the selectivity trends. In addition, decreasing HNO3 leads to a low 
etch rate and selectivity while providing smooth c-Si surface 
morphology. Some applications which may use small samples require 
high selectivity but a low etch rate which can be achieved by increasing 
the Cu(NO3)2 to 2 g in 100 ml solution. After an extensive survey of 
component concentrations, we achieved an optimum composition of HF: 

HNO3:CH3COOH:H2O – 14.00:16.25:18.00:51.75 vol% with 0.01 g/ml 
Cu(NO3)2⋅3H2O as the champion etchant for surface and subsurface laser- 
modified Si which shows more than 1600 selectivity as well as etch pit 
sizes in the range of 1 – 10 µm indicating relatively smooth and low 
defective surface. In addition, by comparing SALP and CALP results, it is 
concluded that surface etching has a higher etch rate which is expectable 
due to heat transfer and diffusion restrictions in the subsurface samples. 
In order to demonstrate the capability of this especially optimized 
etchant, a micro-pillar array is fabricated with a controlled size/depth 
combination in a two-step process. With this technique, micro-pillars 
with lateral dimensions as small as 9 µm × 9 µm and with a depth as 
large as 118 µm were successfully fabricated yielding an aspect ratio >
13. We successfully utilized our novel technique to fabricate periodic 
arrays of pillars with a controlled aspect ratio as a light-trapping 
structure for use in photonic devices such as photon detectors and 
solar cells. Direct writing of 3D Si structures is expected to attract 
increasing attention in advanced device fabrication technologies 
including, but not limited to MEMS. 
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Formal analysis. Dilek Işık Taşgın: Investigation, Methodology. Hande 
Üstünel: Data curation, Formal analysis, Investigation, Methodology, 
Software, Visualization, Writing – original draft. Daniele Toffoli: Soft
ware, Writing – original draft, Data curation, Formal analysis, Investi
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