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A B S T R A C T

For conventional optical manufacturing combining ion beam figuring (IBF) and abrasive finishing, it is difficult
to achieve an atomic-scale smooth surface with microroughness below 0.1 nm. Because the abrasives inevitably
damage the surface, and the damages are exposed during ion sputtering. To solve this problem, plasma-induced
atom migration manufacturing (PAMM) and IBF were combined in this study. PAMM is a damage recovery
process based on atom migration effect. In this study, PAMM was employed to recover the subsurface damage
and then the damage-less surface was further processed by IBF to remove the form error as well as reduce the
roughness to atomic level. Full spatial frequency error convergence was achieved via the combined process of
PAMM and IBF. A good surface accuracy of 3.89 nm RMS and an atomically smooth surface with a roughness of
0.044 nm were obtained. The less damage characteristic of the hybrid process was also demonstrated by buffered
oxide etching (BOE). This study proposed and verified a hybrid process combining PAMM for damage recovery
and IBF for figuring and atomic-scale smoothing, which provided a novel process strategy for manufacturing
ultra-precision optics with high quality.

1. Introduction

Fused silica-based optical elements are widely used in semiconductor
lithography systems for reflecting light [1,2]. The good surface quality is
essential in improving lithography performance [3,4]. Some stringent
requirements for the optical surface have been put forward, such as
nanometer-level precision, atomic-scale smoothness, and less subsurface
damage (SSD) [5–7]. The surface errors can be divided into three
different regions based on spatial frequency: low-spatial frequency
(LSF), mid-spatial frequency (MSF), and high-spatial frequency (HSF)
errors [8]. These spatial frequency errors jointly affect the performance
of optical elements. For example, the LSF errors directly induce wave-
front aberrations [9], and the HSF roughness is regarded as the loss
mechanism in extreme ultraviolet (EUV) light by high-angle scattering
[10,11].

Generally, ultra-precision mirrors are fabricated via grinding,

polishing, and numerically controlled figure correction machining [12].
The LSF form errors are corrected by controlling the dwell time of a
machining tool, such as magnetorheological finishing (MRF) [13],
elastic emission machining (EEM) [14], fluid jet polishing (FJP) [15,16],
and ion beam figuring (IBF) [17]. Among them, IBF is a highly deter-
ministic manufacturing process with the advantage of atomic-level
material removal by physical sputtering effect [18,19]. A
root-mean-square (RMS) figure accuracy of 0.13 nmwas achieved over a
diameter of 178 mm of spherical mirrors [16]. Thus, IBF is a
well-developed process for correcting LSF surface errors and widely used
as the final figuring process [20].

However, the effect of ion beam sputtering on surface roughness is
strongly related to the initial surface quality [21]. During grinding and
polishing processes, the scratches and SSD of fused silica mirrors were
easily generated [22], such as micro-cracks and amorphous layer, which
would seriously influence the subsequent atomic/molecular material
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removal process [23]. Xu et al. reported that surface defects with
different properties and structures display different evolution laws
during ion beam sputtering. The evolution of brittle scratches indicated
that the scratch depth was increased from 89 to 248 nm, and a large pit
was formed, which seriously deteriorated the surface roughness and
form accuracy of IBF [24]. Savvides revealed that the roughness of the
substrates with a deep SSD layer degraded from 0.496 to 0.570 nm, and
several large holes were formed after ion beam sputtering. In contrast,
the roughness of the super-polished sample with a minimal SSD layer did
not change (~0.1 nm) [25].

Various methods are developed to remove the scratches and SSD
generated during grinding and polishing, such as HF etching, chemical
mechanical polishing (CMP), and MRF [26–29]. HF etching can effec-
tively expose the SSD and remove the defects layer, but the existence of
etching pits deteriorates the surface quality. CMP and MRF involve
abrasives in contact with the surface, and nanoscale damage is inevi-
tably induced by mechanical effects. For example, an amorphous layer is
induced due to the use of abrasives in CMP, though an ultrasmooth

surface with Sa roughness of 0.13 nm can be obtained [30].
Recently, plasma-induced atom-migration manufacturing (PAMM)

was developed to recover rather than remove the SSD for fused silica
surfaces [31,32]. Atmospheric pressure inductively coupled plasma
(ICP) with high temperature and high radical density was used for the
PAMM process. It can rapidly realize damage recovery and atomic-level
smoothing of the fused silica surface by the migration of atoms from

Fig. 1. Schematic view of PAMM and IBF processes of fused silica.

Fig. 2. (a) Photograph of the plasma device. (b) Photograph of the ion source
device. (c) Schematic of the plasma scanning route. (d) Removal footprint and
cross-sectional profile of the IBF.

Table 1
Conditions for PAMM of fused silica.

Parameters values

Substrate Fused silica: 40 × 40 × 10 mm3, CMP processed
Flow rate of Ar Ignition gas: 1.5 slm

Cooling gas: 18.0 slm
RF power 1200 W
Working distance 15 mm
Scanning step/speed 2 mm/80 mm/min
Scanning time 12 min

Fig. 3. Surface topography of fused silica before and after dipping in BOE so-
lution for 10 min. (a) Initial surface (CMP processed). (b) PAMM pro-
cessed surface.
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peaks to valleys. Unlike the conventional subtractive manufacturing
technology, PAMM hardly removes any material. The scratches with
micrometer dimensions can be effectively recovered to an ultrasmooth
surface. Moreover, the roughness of a ground silica surface was drasti-
cally reduced from Sa 391 nm to Sa 0.16 nm within 10 min [32]. Thus,
PAMM effectively recovers surface damage and decreases surface HSF
errors to the atomic level. Considering the damage recovery and
atomic-level smoothing ability of PAMM, it can be combined with IBF to
improve surface quality. Moreover, the effect of damage recovered
surface through PAMM on the performance of IBF has not yet been
reported.

This paper combines PAMM with IBF for achieving nanometer-level
precision, atomic-scale smoothness, and less subsurface damage of op-
tical surface. The damage recovery property of PAMM was demon-
strated. The IBF process was conducted on the initial fused silica surfaces
with scratches, and the evolution of different spatial frequency errors
was analyzed. Then, the PAMM-IBF manufacturing process was con-
ducted to complete the convergence limit of different spatial frequency
errors. The surface quality after PAMM-IBF was further evaluated. This
paper thus provides a new strategy for manufacturing ultra-precision
optics.

2. Experimental methods

Fig. 1 shows the schematic view of the proposed PAMM-IBF process
of fused silica. The original fused silica substrates are processed by CMP.
Due to the plastic deformation-based material removal mechanism,
micro/nanoscale defects are inevitably introduced to the surface and
subsurface [33]. These defects cannot be removed and will affect the
subsequent IBF process. Thus, PAMM is used to recover scratches and
the SSD layer, which is a physical migration process. Moreover, an
atomic-scale smooth surface can be obtained after PAMM. Then, IBF is
conducted to correct the surface form errors to nanometer-level preci-
sion. It is expected that surface roughness can be maintained or even
reduced during IBF since PAMM has recovered the damaged layer.

The photograph in Fig. 2(a) presents the plasma torch for PAMM
processing on a fused silica substrate. The PAMM setup comprises a
radio frequency power, a matcher, a copper inductor coil, a quartz torch,
and a three-axis numerical controlled platform. During the PAMM pro-
cess, only high-purity Ar gas was supplied through the inner and outer

quartz tubes. The plasma was set in raster scanning mode to realize the
whole surface polishing of the fused silica surfaces. The scanning route is
shown in Fig. 2(b), and the step pitch is 2 mm. In the PAMM process, the
radio frequency power was constant at 1200 W, corresponding to an
average temperature of 1331 K over the plasma region, consistent with
our previous research results [31]. The processing parameters of PAMM
are shown in Table 1.

Fig. 2(c) shows the photograph of the ion source device for the IBF
processing. The IBF setup consists of vacuum, motion, and ion source
systems. In the ion source, Ar plasma is ignited by RF power and a
matcher, and the ions are extracted and accelerated from plasma into a
beam through focusing grids. The ion beam transfers energy to the
sample surface, and these atoms in the surface escape after gaining
enough energy, so the material removal occurs. The neutralizer is used
to neutralize residual ions on the substrate surface. Aperture with
different dimensions can adjust the size of the ion beam. As shown in
Fig. 2(d), a Gaussian-shaped and rotationally symmetrical removal
footprint was obtained by IBF with a 10 mm aperture. From the cross-
section profile, the removal depth reached 363.5 nm after ion beam
sputtering. The static duration was 60 s with a power of 120 W, a
working distance of 15 mm, a voltage of 800 V, and an Ar flow rate of 6
sccm. The volume removal rate (VRR) reached 0.023 mm3/min. Similar
to other optical figuring techniques, the critical process of IBF is the
calculation algorithm of dwell time. A two-dimensional convolution
model can describe the calculation process based on the removal func-
tion and amount of removal material [34]. Then, the dwell time is
transformed into the processing speed control code for the figuring
process.

Commercially available fused silica with the dimension of 40 × 40 ×

10 mm3 was mainly utilized in the experiments. All samples were ul-
trasonically cleaned with high-purity alcohol (99.5 %) and deionized
water and then dried with nitrogen gas (99.999 %). Buffer oxide etching
(BOE) solution was utilized to expose the subsurface damage of sub-
strates, similar to our previous study [35]. The ion beam figuring ex-
periments were conducted on IFS1000–600B equipment (ÅFiSy
Technology). The form errors of the silica surfaces before and after
figuring were measured by a laser interferometer (LI, Tyggo
INF150V-LP). The surface roughness of MSF and HSF errors was
measured by scanning white light interferometry (SWLI, Taylor Hobson
CCI) and atomic force microscope under tapping mode (AFM, Bruker

Fig. 4. The LI image, form error (PV, RMS) and processing time of original surface and IBF processed surface by different cycles.
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Dimension Edge), respectively. Power spectral density (PSD) was uti-
lized to evaluate the surface errors in a wide spatial frequency range.
The overall surface images were confirmed by a laser scanning confocal
microscope (LSCM, Keyence VK-X100).

3. Results and discussion

3.1. Damage recovery of PAMM

A commercially available fused silica sample is usually accompanied
by an SSD layer, which is difficult to observe due to the polishing
redeposition layer on the surface. The original samples were etched for
10 min in the BOE solution to expose the defects. The LSCM images of
the original surface and after etching in BOE solution are shown in Fig. 3
(a). Although the initial surface was smooth without scratches, many
defects with linear and pot characteristics were exposed on the surface

after BOE, indicating the SSD layer on the original surface. From the
inset, the typical Hertz scratches can be seen clearly.

In contrast, the LSCM images of the PAMM polished and then BOE
etched surfaces are shown in Fig. 3(b). After PAMM, the surface was very
smooth without scratches. After immersion in BOE solution, a smooth
surface without defects can be identified, which demonstrated that
PAMM recovered the scratches and SSD layer. The atomic-scale mech-
anism of damage recovery was clarified as the atomic migration effect by
molecular dynamics simulation [31]. The migration process included
bond breaking, atom adsorption, atom movement, and bond formation.
With absorbing enough energy from plasma, the covalent bonds be-
tween Si and O atoms cleave, which results in generating free atoms or
atomic clusters. These free atoms and clusters are adsorbed on the sur-
face only by van der Waals interactions, and tend to migrate to low
energy sites based on the principle of energy minimization. With the free
atoms and clusters in the peak positions filling the low pit position in the
surface, the surface energy decreases. Then, these free atoms and clus-
ters form covalent bonds. This migration process continues until an ul-
trasmooth surface realized, which is equivalent to atomic rearrangement
on the fused silica surface [31]. Thus, the defects on the original sur-
face/subsurface can be almost completely recovered, and a smooth
surface can be obtained by PAMM.

3.2. IBF of fused silica

IBF was conducted on a fused silica sample under several processing
cycles. In this work, the sample’s surface topography and form error
were analyzed after each processing cycle. The processing time of each
cycle was also recorded to evaluate the efficiency. After six cycles of IBF
processing, the surface form error hardly reduces. This is because the 10
mm aperture limits the accuracy of the figuring. As shown in Fig. 4(a), it
exhibits obvious form errors on the original sample, and the value of
peak-to-valley (PV) is 814 nm, and RMS is 194 nm. After two IBF pro-
cessing cycles, as shown in Fig. 4(c), the form error was reduced to PV of
377 nm and RMS of 30.7 nm within 44.1 min. The processing time for
the higher-order processing cycle became shorter. However, the
convergence rate for reducing the form error decreases with more pro-
cessing cycles. The processing time of the 6th cycle only consumed 7.5
min, as shown in Fig. 4(f), and the RMS value of the surface decreased to
8.86 nm. As far as processing efficiency and precision are concerned, IBF
is an effective technology that can converge the LSF form error with
nanometer-level precision.

Besides the form error, the surface roughness is also a significant
evaluation index of the processed surfaces during IBF processing. The
surface topography for the sample in various stages is shown in Fig. 5(a)
by AFM observation. It can be seen that the roughness of Sa is 0.25 nm
for the original surface, and there are microscopic scratches on its sur-
face. With the continuous material removal during multiple cycles of
processing of IBF, the scratches gradually evolved to micro pits, and the
roughness decreased to 0.19 nm of Sa. However, it seems difficult to
further decrease to sub-angstrom level of the roughness due to pit
structure. The final forming surface’s pit structure was considered the
original subsurface damage at micro/nano scale [25]. With the material
removal for ion beam sputtering, the damage gradually evolved into
these micro/nano pit structures. IBF cannot further remove these micro
pits. The profile changes for the surfaces in Fig. 5(a) are shown in Fig. 5
(b). It can be seen that the scratch width increased gradually, and a large
pit profile formed.

IBF completed the efficient convergence of surface form error from
hundreds of nanometers to nanometers and simultaneously reduced the
Sa roughness to around 0.2 nm. The limitation of roughness is consid-
ered to be the surface micro-damage of the original sample. Owing to the
damage recovery and smoothing advantages of PAMM, it was combined
with IBF to improve the surface quality.

Fig. 5. The roughness (a) and profiles (b) of the original surface and IBF pro-
cessed surface by different cycles.
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3.3. PAMM-IBF of fused silica

To explore the effect of PAMM pre-processing on improving the
surface quality of IBF processing, the evolution of LSF frequency error

for the PAMM processed surface was studied under several IBF pro-
cessing cycles. The LI images and form error (PV, RMS) for the surface
after the cumulative processing of PAMM and the IBF with various cy-
cles are shown in Fig. 6.

The form error of the original surface was similar to Fig. 4(a). As
shown in Fig. 6(a), after PAMM, it can be found that PAMM induced
significant form error on the surface, which increased the PV from 814
nm to 4.332 μmand the RMS from 194 to 911.8 nmwithin 12min.When
the atmospheric inductively coupled plasma irradiates the fused silica
surface, the micro-melting materials in the central area may flow to the
edge under airflow, forming a surface shape with a low center and a high
periphery. On the other hand, the thermal stress induced by the high
temperature of plasma seriously deteriorates the form error. Previous
research showed obvious millimeter-scale low-spatial-frequency fluc-
tuations on the PAMM-processed surface [35]. After 1st and 2nd cycles
of processing of IBF, the form error on the PAMM processed surface was
reduced to PV 512 nm and RMS 58.2 nm. However, the figuring duration
of the 1st and 2nd cycles was 479.9 min, much larger than that of 44.1
min in Fig. 4(c). As shown in Fig. 6 (c), the ripples can be seen clearly,
caused by the PAMM scanning process. Concerning the higher process-
ing cycles of IBF, the convergence rate of form error decreases step by
step. Further figuring for 19.7 min, the RMS was reduced to 25.6 nm
after the 3rd IBF. Then, the RMS decreased to 17.7 nm for 11.4 min in
the 4th IBF processing. The IBF processing time of the 6th cycle only
consumed 5.8 min, and the RMS of the surface decreased to 9.90 nm.
The width of the ripples was smaller than the full width at half maximum
(FWHM) of the removal function, so it was difficult to remove by the 10
mm aperture.

The PAMM polished surface needs more processing time than the
original surface due to the severely degraded form error. Also, the
PAMM-IBF process converged the form error to about 10 nm, and the
millimeter-scale ripples appeared on the surface. Thus, the deformation
induced by PAMM can be removed by IBF with increasing figuring
duration.

Fig. 7 shows the evolution of AFM morphology of PAMM processed
surface and subsequent IBF processed surface by different cycles. PAMM
has excellent smoothing ability, which realizes an atomic level ultra-
smooth surface with a roughness of Sa 0.15 nm. Meanwhile, the
microscopic scratches on the original surface, as shown in Fig. 5, were
recovered after PAMM. After the 1st IBF cycle on the PAMM processed

Fig. 6. The LI image, form error (PV, RMS) and processing time of the PAMM processed surface and subsequent IBF processed surface by different cycles.

Fig. 7. The AFM images and Sa roughness of the PAMM and subsequent IBF
processed surface by different cycles.
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sample, the Sa roughness was decreased to 0.14 nm. After the 3rd cycle
of IBF on the PAMM processed surface, the roughness further decreased
to Sa 0.087 nm, reaching the precision of sub-angstrom level. With the
continuous IBF cycles, the roughness of the final surface was stabilized
at Sa 0.07 nm. With the progress of ion beam sputtering, the roughness
convergence was close to the physical limit. It is demonstrated that ion
beam figuring can simultaneously smooth the surface to sub-angstrom
roughness when PAMM has recovered the surface defects.

The evolution of the Sa roughness is shown in Fig. 8(a). As expected,
PAMM improves the roughness of the original surface and enables IBF to
obtain an atomically smooth surface. After the PAMM-IBF
manufacturing process (over IBF 3 cycles), the Sa roughness decreased
to below 0.1 nm, which may be important for the reflecting performance
of fused silica optics. For further investigation of the morphology evo-
lution of the two samples, we take the power spectral density (PSD)
analysis of the data from final AFM images in Figs. 5 and 7 for com-
parison. The surface errors within the measured frequency range are
effectively removed during IBF and PAMM-IBF in Fig. 8(b). The PSD
curve of IBF and PAMM-IBF were steeper than that of original. It indi-
cated that IBF was more efficient in the higher frequency range. And the
PSD curve of IBF processed was steeper than that of PAMM-IBF. This was
because that the scratches and cracks cannot be removed by ion beam

sputtering, while the higher frequency roughness can be smoothed
quickly. The scratches evolved into micro pits and converted into the
lower frequency errors.

The above results revealed the atomic-scale smoothing capability of
PAMM-IBF during figuring. However, the removal depth and duration
were different between IBF and PAMM-IBF process. To verify whether
the roughness can be further optimized after IBF treatment with suffi-
cient depth and duration, the uniform removal experiments were carried
out. The original and PAMM-processed samples were scanned via ion
beam at a constant speed, while kept all other parameters constant. The
40 × 20 mm2 area of the substrate was scanned, and the other area was
reference surface. The scan speed was 20 mm/min with 1 mm step pitch,
and the duration was 37.4 min for one scan. Fig. 9(a) shows the uniform
removal pattern after one scan. The removal depth was 1.07 μm from the
removal profile in Fig. 9(b). Four uniform removal scans were carried
out to compare the roughness evolution between IBF and PAMM-IBF
process. Thus, the total removal depth was 4.28 μm, which was
similar to the PV in Fig. 6(a). As shown in Fig. 9(c), the surface rough-
ness decreased firstly and then stabled with the removal depth
increasing during IBF process. After removal of 1.07 μm, the roughness
decreased from 0.37 nm to 0.25 nm. Surface roughness was stabled at
0.22 nm after removal depth increased to 2.14 μm and 3.21 μm. The
micro pits can be seen from the AFM image even if the removal depth
increased up to 4.28 μm, and the Sa roughness was still 0.22 nm. It was
demonstrated that the micro pits, which were evolved from scratches,
cannot be eliminated if the IBF treatment duration or removal depth
increased. As for the PAMM-IBF process, the surface roughness
decreased from 0.145 nm to 0.113 nm after removal of 1.07 μm. After
removal of 2.14 and 3.21 μm, Sa roughness decreased to 0.103 nm and
0.099 nm respectively. From the AFM image in Fig. 9(c), the roughness
was decreased to 0.093 nm without micro pits after removal of 4.28 μm.

Compared to the IBF of the original surface, the PAMM-IBF process
realized a smoother surface. It is assumed that the PAMM process ben-
efits the following IBF process in two ways. Firstly, the migration of
atoms during the PAMM process leads to an ultra-smooth surface. Sec-
ondly, the subsurface was reconstructed during the PAMM process.
Thus, the subsurface damage can be recovered.

Although the PAMM-IBF process completed the polishing and
figuring on the original surface of the fused silica sample, the LSF error
was only reduced to about 10 nm, which needs further optimization. The
millimeter-scale ripples were observed in the PAMM-IBF processed
surface. The residual ripples on the PAMM-IBF processed surface in
Fig. 6(f) were considered to be eliminated by using a smaller aperture of
IBF. The new removal function (2 mm aperture) was applied in subse-
quent IBF finishing, as shown in the inset of Fig. 10(a). The FWHM is 2.7
mm, and the VRR is 1.1 × 10− 3 mm3/min. Fig. 10(a) shows the evolu-
tion of the PV, RMS of the figuring surface and its processing time during
the subsequent IBF processing. The processing time of the 7th and 8th
IBF cycles took about 4.5 h, and the form error of RMS reduced from
around 10 nm–4 nm. The processing time for the 9th IBF cycle is 4.4
min, which means that the LSF error was close to the convergence limit.
Fig. 10(b) shows the LI image of the final surface after subsequent IBF
using a new removal function, and the significant residual millimeter-
scale ripples in Fig. 6 were eliminated. The final form error was
reduced to PV of 36.20 nm and RMS of 3.89 nm.

3.4. Evaluation of surface quality for the PAMM-IBF processed surface

Through the PAMM and continuous cycles of the IBF process with
different removal footprints, the LSF error of the final formed surface
converges to 3.89 nm. A comprehensive evaluation of error convergence
is required at all spatial frequencies to evaluate the surface quality.
Fig. 11(a) and (b) show the surface morphology and residual error in-
formation in different measurement ranges, which confirms that the
roughness of Sa for the final surface is finally reduced to the sub-
nanometer level.

Fig. 8. (a) The evolution of the Sa roughness (5 μm × 5 μm, by AFM). (b) PSD
analysis of the original, IBF processed and PAMM-IBF processed surfaces.
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The SWLI image shows the roughness reduced to 0.115 nm of MSF
error. The AFM images show that the HSF error converges close to the
physical limit (Sa: 0.044 nm) in Fig. 11(b). The AFM topography and
SWLI topography data of the machined surface were extracted to
calculate its PSD. The measured areas are 1× 1 μm2 and 20× 20 μm2 for
AFM measurement and 400 × 400 μm2 for SWLI measurement. The PSD
results are shown in Fig. 11(c). The different spatial frequency errors of
the fused silica surface were effectively reduced after the PAMM-IBF
process.

Furthermore, the LSCM images of the PAMM-IBF finished, and BOE
etched surfaces are shown in Fig. 12. After PAMM-IBF, the surface was
very smooth. No etching pits were observed after BOE etching for 10
min, demonstrating the less damaged surface obtained by the proposed
PAMM-IBF process. Thus, the PAMM-IBF realized an ultra-precision and
ultra-smooth surface with less damage for fused silica. Full spatial fre-
quency errors of the fused silica surface were effectively reduced, and
nanometer-precision form accuracy and sub-angstrom roughness were
obtained.

Fig. 13 summarizes the evolution mechanism of the IBF and PAMM-
IBF processes, respectively. The scratches and SSD on the original sur-
face would evolve into micro pits after ion beam sputtering. The surface
and subsurface defects suppress the polishing effect of IBF because the
micro pits cannot be removed completely by IBF. PAMM recovers the
surface scratches and SSD, and an atomically smooth surface can be
obtained. PAMM deteriorates the form error, but IBF can correct it. After
PAMM pre-processing, IBF presents an excellent smoothing effect based
on less damage and a smooth surface with Sa roughness of 0.044 nmwas
obtained. It means that the PAMM process enables IBF to obtain an

ultrasmooth surface while achieving high-precision figuring. This
atomically smoothing effect of IBF is essential for optical applications.

4. Conclusions

This paper proposed a process combining PAMM and IBF for
obtaining ultra-precision surfaces with less damage of fused silica. The
following conclusions can be drawn from this study.

● The IBF process can effectively reduce the form error from 193.8 nm
to 8.86 nm RMS and the roughness of Sa from 0.25 nm to 0.19 nm.
However, the scratches and SSD evolved into micro pits, limiting
further roughness reduction.

● PAMM-IBF process was verified that the form error was reduced to
9.90 nm RMS and the roughness of Sa was reduced to 0.072 nm,
which completed a sub-angstrom level breakthrough in surface
roughness. Under the optimized removal function, the fused silica
surface realized nanoscale precision of RMS 3.89 nm in LSF error, Sa
0.115 nm in MSF roughness and Sa 0.044 nm in HSF roughness,
which completed the convergence of all spatial frequencies.

● By BOE detection, the PAMM process was proven to recover the
defects on the CMP-processed surface/subsurface, and the PAMM-
IBF process was proven not to introduce new defects. Therefore,
the proposed PAMM-IBF was considered an efficient surface
manufacturing process for fused silica surfaces with less damage.

The proposed PAMM-IBF has been proved for nanometer figure ac-
curacy and atomically smooth surface with less damage. This approach

Fig. 9. Uniform removal pattern (a) and profile (b) after one scanning, roughness variation with different removal depth and AFM images of IBF and PAMM-IBF
processes after removal of 4.28 μm (c).

B. Wu et al.



Precision Engineering 90 (2024) 71–80

78

provides new possibilities for extreme manufacturing precision of opti-
cal surfaces and relevant applications with stringent requirements for
less damage. The main hurdle for the practical application of this hybrid
process is the thermal stress caused by high-temperature plasma. In the
long run, the scan path, scan speed, and plasma ignition system will be
optimized through experiments and simulations to compensate for un-
even thermal distribution. Also, the annealing process can be employed
to release the thermal stress after PMMA, thereby eliminating the
thermal deformation.
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