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Abstract: A series of cleaning and etching experiments utilizing organic solvent or weak alkali
solutions were performed on single-crystal silicon optics polished with different processes. Polishing-
introduced fractured defects in the subsurface layer were systematically characterized using laser-
induced scattering imaging and photothermal weak absorption imaging techniques. A white-light
interferometer also measured the surface morphology and roughness of the samples to evaluate the
surface quality of the optics. The results show that the organic solvent cleaning process can eliminate
the surface contamination resulting from the environment and the near-surface polishing-introduced
impurities but can not remove the fractured defects in the subsurface layer of the optics. By contrast,
weak alkali solution can effectively expose the subsurface defects and decrease the concentration
of the embedded absorbing impurities to some extent. The results also imply that the polishing
process has a crucial effect on the surface quality (e.g., surface roughness and error) and optical
performance (e.g., surface absorption) after the subsequent treatments such as cleaning or etching.
The corresponding methodology of cleaning and characterization can serve as a predictive tool for
evaluating the polishing level and laser damage resistance of the single-crystal silicon optics.

Keywords: silicon; SC images; weak absorption; defect detection

1. Introduction

Single-crystal silicon is an important semiconductor material with many applications
in electronics, photovoltaics, and other disciplines. It is also an excellent infrared window
material that is often used as a light filter, infrared window, and substrate material in
various laser systems due to its high transmissivity in the mid-infrared band (3–5 µm) [1–5].
These applications generally require single-crystal silicon optics with high laser damage
resistance and good surface quality associated with their polishing ability [6,7].

For decades, the study of laser-induced damage behavior of single-crystal silicon
has attracted great interest. When silicon optics are irradiated by laser, the surface of the
material absorbs the laser energy, leading to the rise in temperature. Irreversible material
damage (e.g., cleavage fracture, melting, and evaporation) will occur when the laser fluence
is increased to a certain level [8–12]. The typical damage morphology of the single-crystal
silicon surface is shown in Figure 1. Figure 1 shows the scanning electron microscopy (SEM)
imaging diagram of damage results of monocrystalline silicon optical element irradiated
by a 3.8 µm Gaussian pulse laser (self-developed) for 60 s. The laser works in TEM00 mode
with a frequency of 17 kHz. The laser pulse width is 25 ns, and the focal spot radius is
40 µm. The laser injection volume is 398 kW/cm2. Obvious ablation and resolidification
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of the silicon material are observed. The damage crater is surrounded by a large number
of solid particles of different sizes resulting from a considerable temperature gradient
along the radial direction. The surface damage resistance degradation of single-crystal
silicon is closely related to the existence of surface and subsurface defects produced during
the fabrication process of the optics, as in many other optical materials such as fused
silica [13–16]. Subsurface damage (SSD), which refers to residual fracture and deformed
material (e.g., scratches and microcracks) produced by grinding and polishing operations,
has been identified to be a primary damage precursor [17]. This is because surface fractures
can serve as reservoirs for vanishingly small quantities of light-absorbing impurities. The
type and concentration of the impurities are greatly influenced by the polishing process,
such as abrasive powder type and diameter [18]. To date, how to minimize the presence
of these damage precursors to fabricate high-quality single-crystal silicon optics is still a
key challenge.
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Figure 1. Typical damage morphology on single-crystal silicon surface observed by energy dispersive
spectroscopy (EDS)-SEM. A 3.8 µm Gaussian pulse laser operating at TEM00 mode with a frequency
of 17 kHz was used for the damage test. The pulse width and the focal spot radius were 25 ns and
40 µm, respectively. The damage was initiated at a laser intensity of 398 kW/cm2.

At present, based on the mature plasma dry chemical etching (DCE) and HF-wet etch-
ing technology, plasma-flexible modification of polished lenses can remove various surface
and subsurface precursors without a trace. Silicon materials are more sensitive to the etch-
ing response of fluorine-containing plasma, and even the small change in plasma state may
have a great influence on the physical and chemical characteristics of the monocrystalline
silicon surface. In order to achieve flexible post-treatment, it is necessary to ensure that
physical bombardment will not cause significant damage to the monocrystalline silicon
surface, and the chemical reaction will not degrade the roughness and surface shape of the
monocrystalline silicon surface. Therefore, it is necessary to study the influence of plasma
generation conditions on the etching efficiency of the monocrystalline silicon surface.

The relationship between plasma distribution characteristics and surface quality char-
acteristics such as surface roughness and surface shape of monocrystal silicon after etching
was established through plasma diagnosis to minimize these damage precursors [19,20].
To improve the surface quality, it is necessary to detect and remove the polishing-induced
SSD of the optics. Significantly, efficient detection of SSD can help improve the polishing
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process and enhance the fabrication efficiency of single-crystal silicon optics. However, it is
challenging to directly observe and detect the fractured defects hidden in the subsurface
layer of the silicon optics through the naked eye or even conventional optical microscopy.
For many years, both destructive and nondestructive methods have been developed for
SSD detections [21]. For example, combined with traditional chemical wet etching, the
SSD of silicon optics can be effectively displayed by laser-induced scattering (SC) imaging
technology. SC imaging microscopy can detect the exposed physical structure features
on the surface of transparent optical materials. Besides, photothermal weak absorption
imaging spectroscopy, typically based on photothermal common-path interferometry (PCI),
is another technique for SSD detection since absorption is a dominant characteristic for
identifying the damage precursors. It utilizes the thermal lensing effect to nondestruc-
tively obtain the weak absorption characteristics of the near-surface region of the silicon
materials [21–23].

The polishing of optical components is commonly divided into three kinds. The
traditional polishing method belongs to the cold working method of glass. The polishing
machine uses a friction wheel to rotate, the spindle speed is low, the plane swing tripod is
used to apply pressure, and the pressure is adjusted by the load weight. The main advan-
tages are that the precision requirements of the polishing machine are low, the replacement
rate of the polishing mold is high, and the equipment investment cost is negligible. The
main disadvantage is the low production efficiency. The chemical mechanical polishing
method is a polishing method that combines chemical operation and mechanical action.
First, the workpiece surface material reacts chemically with the oxidant and catalyst in
the polishing liquid to form a soft layer that is relatively easy to remove. The process
mainly removes the roughness of the surface to reach the average number of microns of
tens of microns of finish. It is exposed again, and then the chemical reaction is carried out
so that the surface polishing of the workpiece is completed in the alternating process of
chemical and mechanical action. This avoids the surface damage caused by simple mechan-
ical polishing and the disadvantages of slow polishing speed, poor surface flatness, and
polishing consistency easily caused by simple chemical polishing. The magnetorheological
polishing method is a flexible "small grinding head" with viscoplastic behavior formed by
the rheology of the magnetorheological polishing liquid in a gradient magnetic field, and
the workpiece has a rapid relative motion so that the surface of the workpiece is greatly
affected. Shearing force ensures that the workpiece surface material is removed. The
method is suitable for polishing optical parts of any geometric shape, with high processing
speed, high efficiency, and high processing precision, with the processed surface roughness
reaching nanometer level [24–27].

In the process of grinding and polishing optical components, a large number of defects
and other precursors may be generated in the subsurface defect layer. The detection
methods of these damage precursors, the relationship between them and the damage, and
how to suppress it lacks relevant technical information. On the other hand, due to the lack
of effective damage precursor characterization methods, there is relatively little research
on the correlation between damage precursor and damage in high-energy laser systems.
Therefore, it is of great significance to develop a comprehensive damage precursor detection
system for different damage precursor types [21–27]. The main objective of this study is
to investigate the surface quality of single-crystal silicon optics fabricated with different
polishing processes through laser-induced SC imaging and photothermal weak absorption
imaging techniques [28]. Two cleaning processes were chosen to provide different surface
defect characteristics of the optics. During the experiments, we also utilized time of flight
secondary ion mass spectroscopy (ToF-SIMS) and white-light interferometer to characterize
the surface impurities and roughness of the optics [29]. Sample preparation and cleaning
treatment are described in Section 2. The characterization and measurement results and
the corresponding discussion are present in Section 3. We finally give the conclusion of the
study in Section 4.
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2. Experimental

In this study, we chose six different vendors to fabricate the single-crystal silicon optics
(named vendors A, B, C, D, E, and F). All the silicon samples (orientation: 100) were 50 mm
in diameter and 5 mm in thickness. The polishing processes the vendors used are shown in
Table 1.

Table 1. Polishing details for the six vendors.

Sample Polishing Process

A Traditional polishing

B Chemical mechanical polishing

C Chemical mechanical polishing

D Chemical mechanical polishing

E Traditional polishing

F Magnetorheological finishing

We utilized two chemical cleaning processes to treat the as-polished surface of the
single-crystal silicon samples. One is an organic solvent (acetone and isopropyl alcohol,
electronic grade, Kemiou Chemicals, Tianjin, Hebei, China) cleaning process that is used for
eliminating the dust, oil, and a small number of impurities on the near-surface region of the
optics. Another one is a weak alkali (Micro 90, major ingredient is ammonia, Burlington,
NJ, USA) cleaning process, which can be used to slightly reveal the SSD and remove the
embedded impurities. During the organic solvent cleaning process, the samples were first
submerged in acetone solution for ultrasonic cleaning (45 ◦C for 10 min). Subsequently,
the samples were removed and submerged in an isopropyl alcohol solution for ultrasonic
cleaning (45 ◦C for 10 min). At last, the samples were removed and submerged in deionized
water for ultrasonic rinsing (45 ◦C for 10 min). During the weak alkali cleaning process, the
samples were first submerged in Micro 90 solution for ultrasonic cleaning (45 ◦C for 20 min)
and then submerged in deionized water for ultrasonic rinsing (45 ◦C for 10 min). During
the two cleaning processes, each silicon sample was constantly fixed by a Teflon clamp
with the sample edge hold. The cleaning procedures were conducted in a seven-frequency
ultrasonic cleaning machine at 40, 80, 120, 140, 170, 220, and 270 kHz. After the cleaning, the
samples were spray rinsed using deionized water and allowed to air dry. The cleaning and
drying processes were both implemented in the Class 100 cleanroom. The primary purpose
of cleaning is to remove impurities on the surface of the silicon wafer (such as some organic
matter, inorganic salts, metal, Si, SiO2 dust). Monocrystalline silicon weak base (Micro 90)
cleaning method is mainly through a chemical reaction to achieve anisotropic etching to if
the monocrystalline silicon subsurface impurities, the etching rate is about 55 nm/h.

To perform this study, we utilized a self-developed laser-induced SC microscopy
system that employed high-resolution imaging and high-sensitivity detecting techniques.
We used a 532 nm laser source to excite the light-scattering feature (dark field) of the
structural defects such as scratches, microcracks, and pits on the surface of the silicon
samples. The SC signal was recorded with an electron multiplying charge-coupled device
(EMCCD) detector (Edmund Optics Inc., Barrington, NJ, USA) with a spatial resolution of
about 3.9 µm.

A photothermal weak absorption imaging system based on the PCI technique was used
to investigate the absorbing defects on the sample surfaces [30,31]. One W quasi-continuous
wave laser (3.8 µm) was used as a pump beam, and 5 mW He-Ne laser (632.8 nm) was used
as a probe beam. The detection sensitivity of the system can approach 0.4 ppm. Before
the measurement, the setup was first calibrated using a commercial metal-coated fused
silica at 355 nm. A scanning strategy was executed across the sample surface to obtain
two-dimensional absorption distribution (5 mm × 5 mm with the detecting step of 100 µm).
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3. Results and Discussion
3.1. Samples after Organic Solvent Cleaning

Laser-induced SC imaging can be used as a tool for nondestructively detecting the sur-
face characteristics of optical materials. This is an integrated microscope system consisting
of a fluorescence microscope, a laser light source, a scan head that directs the laser light onto
the sample and collects the emission, and a computer with software to control the scan head
and display the acquisition. The system allows simultaneous measurement of fluorescence
images and brightfield images. The excitation laser output power is about 50 mW, and the
wavelength is 375 nm [32]. Figure 2 shows the typical SC feature of the sample surfaces
fabricated with three different polished processes (Vendors A, B, and F). Note that many
point features were visible on each cleaned sample surface, no matter which polishing
process was chosen. We used Image-Pro software to obtain the size of each SC object
by calculating the pixels they contained. Then it can be found that single-crystal silicon
surfaces cleaned using the organic solvent process (acetone and isopropyl alcohol) mainly
presented low-scale defects. These point defects were probably attributed to the presence of
impurities in the polishing redeposition layer of the samples. An interesting phenomenon
observed from the SC images was that the distribution (or density) of the point defects on
each sample surface was very different. Compared with the sample polished by vendors A,
the sample polished by vendor B had a relatively low density of the point defects (see the
left and middle column of the images). Besides, an apparent nonuniform distribution of
the point defects was observed on the surface of the sample polished by vendor F (see the
right column of the images). The results indicated that, although it is not the subsurface
characteristics, the SC features obtained by laser-induced SC imaging could initially exhibit
the polishing quality of single-crystal silicon optics.

To recognize the characteristics of the point defects on the observed sample surfaces,
we further extracted the total size (sum of the pixels) and the total count of the SC objects, as
shown in Table 2. Through comparative analysis, several important pieces of information
can be obtained. First, the sample polished by vendor F had the highest density (~19,400)
of the point defects. Second, there was nearly the same total count of point defects on the
sample surfaces polished by vendors A and F. Third, the sample polished by vendor B
had the smallest total size (~8393) and total count (~83) of the point defects. The results
indicated that the surface quality of the single-crystal silicon optics was greatly dependent
on the polishing process. The laser-induced SC imaging technique can be utilized as
a tool to nondestructively detect the polishing-induced impurities on the single-crystal
silicon surface.

Table 2. Detailed information of the detected SC signals on the sample surfaces: total size (sum of the
pixels) and total count of the point defects.

Total Size Total Count

Vendor A 13,546 193

Vendor B 8393 83

Vendor F 19,400 202

ToF-SIMS was conducted to characterize the type and relative concentration of the
impurities in the polishing redeposition layer of the samples polished by vendors D and F,
as shown in Figure 3. During the measurement, a Bi+ ion beam with the energy of 30 keV
was used as the initial ion source, while a O2+ ion beam with the energy of 1 keV was
used as the sputtering ion source. The sputtering angle of the ion beam was 45◦. The
scanning area was 200 µm × 200 µm. The detecting position on each sample surface was
randomly selected. The detected elements mainly contained B, Na, Mg, Al, K, Ca, Fe, and
Cr. The intensity of the detected ions has been normalized with silicon particle number
(counts 10,000) as a standard. It can be noted from Figure 3 that there were a significant
number of impurities on the polished sample surfaces. The peak concentrations of these
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impurity elements were all located on the surface and dropped sharply with the increase
of the detecting depth. It can also be noted that the concentration and embedding depth
of the impurities in the sample surface was greatly influenced by the polishing process.
The sample polished by vendors A, K, and Fe elements had a relatively high concentration
on the silicon surface. Both impurities maintained a nearly steady level even when the
detecting depth was up to about 60 nm. On the surface of the sample polished by vendor
B, the Cr element had the highest concentration on the surface roughness of the sample
(with a relative intensity of ~105). An apparent linear decline of the Cr concentration was
observed with the increase of detecting depth. Except for the Cr element, the concentrations
of all other elements dropped in exponential decay. The relative concentrations of the
impurities gradually approached zero when the detecting depth increased to about 60 nm.
For the vendor F polished sample, the results were quite different. First, not Cr, but Al was
a dominant impurity element enriched on the sample surface. The maximal intensity of the
Al element was only about ~104 (also dropped linear decay with detecting depth increased).
Second, compared with the vendor A polished sample, the maximal intensity of Cr element
on the vender F polished sample surface decreased nearly two orders of magnitude (from
~105 to ~103). Third, the relative concentration of the impurities approached stabilization at
about 30 nm detecting depth.
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(Vendors A, B, and F). The first row of images shows the initial results of the SC signals obtained by
the SC imaging system. The second row shows the statistical results of the SC signals corresponding
to the original results analyzed by the Image-Pro software. Yellow numbers on each image indicate
the sizes (number of pixels) of SC objects. Only objects with a size larger than 10 pixels were marked.
Each image measures 1.2 mm per side.
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Figure 3. Depth profiles of impurities obtained from ToF-SIMS on the surfaces of the samples
typically polished by (a) vendor A, (b) vendor B, and (c) vendor F. The sputter rate of the material
was 0.33 nm/s.

The concentration and embedding depth of the impurities on the sample surface are
mainly influenced by the polishing process of the optics. For example, Fe is the main
absorbing element on silicon surface polished by vendor A. It is probably due to Fe-
containing polishing power or implements during the traditional polishing process. Vendor
B conducts the fabrication of the silicon optics using a chemical–mechanical polishing
method, where a polishing head with a main component of Cr was used. Therefore, the
Cr element will be enriched on the polished silicon surface. Differently, vendor F uses
a magnetorheological finishing technique to fabricate the optical surface of the silicon,
causing a significant amount of Al impurities to remain on the silicon surface. These
variations in concentration and embedding depth of the impurities can affect the surface
absorption level of the single-crystal silicon optics under laser irradiation. Optimization of
the polishing process to minimize the damage precursors will be suitable for enhancing the
damage threshold of the optics [33].

Photothermal weak absorption measurement was carried out on the three sample
surfaces. The pump beam is a 355 nm quasi-continuous laser with 1 W output power
and was focused on the sample surface with a 60 µm focal spot (1/e2). The probe beam
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is a modulated He-Ne laser that overlapped with the pump laser on the surface of tested
samples. When an absorption defect appears on the surface of the optical material, the
pump laser energy is partially absorbed and induces a change in the reflection index of
the optical material, which will lead to the deflection of the optical axis of the probe laser.
We can use a position sensor and a lock-in amplifier to extract the weak signal changes
and then calculate the absorption coefficient of the material on the pump laser [32]. The
absorption maps of the spatial scan in a square area of 20 mm × 20 mm are shown in
Figure 4. The mean and maximum absorption values are summarized in Table 2. It can be
seen from the figure that there were a large number of discrete absorbing defects on all the
sample surfaces. As shown in Table 3, the vendor A polished surface had a relatively low
mean absorption level (2.77 ppm). For the samples polished by vendors B and F, their mean
absorption levels were nearly the same (3.57 ppm and 3.68 ppm, respectively). Besides, it
can be noted that the vendor F polished surface had some high-absorption defects, and the
maximum absorption value was 46.58 ppm. The results indicated that the weak-absorption
detecting technique could be used as a nondestructive method to evaluate the polishing
level of single-crystal silicon optics. However, because the measured results are relatively
macroscopic, it is difficult to identify the form or morphology of the defects.
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Figure 4. Weak absorption map of the sample surfaces polished by different vendors. The spatial
scanning area was 20 mm × 20 mm square.

Table 3. The mean and maximum absorption value of the measured area on the surface of the samples.

Vendor Mean Max

A 2.77 29.38

B 3.57 16.02

F 3.68 46.58

3.2. Samples after Weak Alkali Cleaning

We investigated the effect of the polishing process on the surface quality of the single-
crystal silicon optics that have been cleaned by weak alkali solution. We first compared the
SC imaging results of two typical samples (samples B and F) before and after the weak alkali
cleaning, as shown in Figure 5. Many SC features were observed on the uncleaned sample
surfaces, especially for the vendor B polished sample [see Figure 5a]. The discrete SC
features were probably due to the polishing-introduced impurities and the environmental
contamination. For the uncleaned samples, it can also be noted from Figure 5a,c that the
surface treated by vendor B had slight scratches, while the surface treated by vendor F
had no apparent scratches. When the two samples underwent weak alkali cleaning, we
noticed that visible scratches existed on the sample surfaces [see Figure 5b,d] It is because
the weak alkali can slightly etch the optical surface of the single-crystal silicon and expose
the subsurface defects introduced during the grinding or polishing processes. For the
cleaned samples, an interesting phenomenon that can be observed is that vendor F polished
surface had a much higher density and larger scale of the exposed scratches than vendor B
polished surface. The results indicated that the initial quality of the grinding and polishing
processes prior to the weak alkali cleaning is crucial for the surface quality (e.g., surface



Coatings 2022, 12, 158 9 of 13

roughness (Rq) and error) after the subsequent treatments such as cleaning or etching. The
results also indicated that the organic solvent cleaning can considerably remove the surface
contamination and near-surface impurities but can not effectively expose the fractured
defects in the subsurface layer of the optics.
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To deeply investigate the effect of the polishing process on the surface quality of the
single-crystal silicon, we cleaned six silicon samples fabricated by different vendors using
the weak alkali solution and then observed their corresponding SC images. As shown
in Figure 6, it can be noted that the SC feature on the sample surface was dramatically
dependent on the polishing process. Vendor A polished surface (see Figure 6a) showed
the highest density and scale of scratches, which initially surprised us since the surface of
this sample cleaned with organic solvent had no obvious scratches (see Figure 2). Except
for vendor C, all other vendors greatly scratched the optical surfaces of the silicon samples
during their polishing processes. However, the largest amount of point defects that featured
light scattering were observed on the sample surface polished by vendor C. These point
defects might be attributed to the exposed pits resulting from the detachment of the
remaining particles during the polishing process. The comparison makes us believe that
vendor B had the best polishing level since the least amount of SSD (scratches and pits)
was observed on the sample surface. Hence, the combination of weak alkali cleaning and
laser-induced SC imaging can be used to evaluate the polishing process of single-crystal
silicon optics.

The white light interferometer was used to investigate the morphology and sur-
face roughness (at submillimeter scale) of the samples polished by different vendors [34].
Figure 7 shows the microscope images of the sample surfaces with the detecting area of
180 µm × 250 µm. The corresponding measured surface roughness values are shown in
Figure 8, reflecting the surface polishing quality of monocrystalline silicon optical elements.
Consistent with the SC observation from Figure 6, the sample polished by vendor B had
the lowest surface roughness (only 0.227 nm), indicating that the least amount of SSD was
introduced during the polishing. As expected, other vendors polished optical surfaces had
a relatively high roughness, especially for the sample polished by vendor A (0.602 nm). The
3D micrographs shown in Figure 7 give a deeper insight into how the polishing process
affects the surface quality in terms of the SSD as well as the surface roughness of the sample
after the SSD is exposed by weak alkali. For vendor A polished sample, large-scale scratches
were observed on the surface. The width and depth of some scratches were extremely
large, causing a dramatic increase in surface roughness. Although the scale of the exposed
scratches on the surfaces polished by vendors D, E, and F was a little lower, these scratches
had a relatively high density which still achieved the very rough surfaces (0.475, 0.523, and
0.468 nm, respectively). Another interesting phenomenon observed from Figure 7 was that
vendor C produced no scratches but many island structures on the single-crystal silicon
surface. These structures, which have also been exhibited by the SC imaging, give rise to
the high surface roughness of the sample (0.474 nm).
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Figure 8. Roughness of the samples with different polishing processes (submillimeter scale).

Figure 9 shows the mean absorption level for all the silicon samples investigated in
this study after cleaning with the weak alkali solution, reflecting the average absorption of
impurities and defects in the subsurface of monocrystalline silicon optical elements. The
scanning parameters were strictly the same as those used for the samples cleaned with
an organic solvent. Note that the absorption levels of the samples were decreased after
the weak alkali cleaning. This is probably due to the removal of the impurities in the near
surfaces of the samples [35]. The sample surface polished by vendor B had a relatively low
absorption level. However, the difference in mean absorption among these samples was
not obvious. We believe that the absorption level of the sample after weak alkali cleaning is
very dependent on the polishing process. For example, the deep SSD layer might not be
effectively removed during the weak alkali cleaning process. The remaining defects will
still absorb the laser light energy causing the increase of the mean absorption.
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4. Conclusions

Several single-crystal silicon optics with different polished processes have been treated
with two chemical cleaning routes. Optics with different polishes may have a good finish
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before the inspection. The organic solvent cleaning process (using acetone and isopropyl
alcohol) can eliminate the surface contamination resulting from the environment and the
near-surface polishing-induced impurities but cannot expose the fractured defects in the
subsurface layer of the optics. Therefore, the high surface finish of the optical element
does not mean that the surface of the optical element has fewer defects. Slight etching
by weak alkali cleaning process resulting in the exposure of SSD has been achieved. The
relative amount of SSD can be easily visually compared by using laser-induced SC imaging
techniques. This methodology offers utility as a diagnostic to expose subsurface mechanical
damage created during optical fabrication as well as a strategy to improve the laser-induced
damage resistance of the optics.
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