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A B S T R A C T

Advanced ceramics, typically fabricated by sintering single-crystal grains with a binder phase, retain the intrinsic 
properties of the raw materials while offering low manufacturing cost and high design flexibility in shape and 
size, making it widely applicable across diverse fields. To fully exploit its potential, sub-nanometer-level smooth 
surfaces are required. However, intrinsic inhomogeneities among grains and between grains and the binder 
phase lead to anisotropic material removal and grain shed-off during conventional mechanical processing, 
becoming a critical bottleneck to sub-nanometer-level finishing. In this study, the effects of abrasive size and 
lapping pressure in conventional mechanical lapping were first investigated. Using small-size abrasives at lower 
pressure effectively suppressed grain shed-off and reduced surface roughness. However, the attainable 
smoothness was ultimately limited by material inhomogeneity and the threshold pressure required for material 
removal. To overcome this limitation, plasma-assisted polishing (PAP) that combines self-limiting surface 
modification with selective removal at ultra-low polishing pressure was developed. Firstly, an easily removable 
modified layer was formed on the AlN ceramic surface via plasma irradiation. By leveraging the self-limiting 
reaction characteristics of the modified layer, uniform modification insensitive to grain orientation and phase 
composition was achieved by controlling modification parameters. Subsequently, this uniform modified layer 
was selectively removed at a polishing pressure significantly below the conventional removal threshold. Using 
this approach, a grain-boundary step free and ultra-smooth surface with an average surface roughness Sa of 0.86 
nm over an 84 μm × 84 μm region was obtained on AlN ceramics. These results demonstrate the feasibility of 
PAP for achieving sub-nanometer-level finishing of hard-to-machine ceramics represented by AlN, which pro
vides a new processing route for high-power and high-frequency electronic packaging substrates.

1. Introduction

Advanced ceramics can retain the intrinsic merits of raw single- 
crystal materials while offering low manufacturing cost and high 
design flexibility in shape and size and have therefore been widely 
employed in integrated circuits, high-power semiconductor devices, 
communication electronics, LED components, and precision molds [1,
2]. As typical representatives of advanced ceramics, reaction-sintered 
silicon carbide (RS-SiC) has attracted attention in optical molds, aero
space telescope mirrors, and precision mechanical components due to its 
high hardness, high thermal conductivity, and low thermal expansion 
coefficient. Aluminum oxide (Al2O3), known for its chemical stability 
and relatively high hardness, is widely used in cutting tools, sealing 
components, and wear-resistant parts. Aluminum nitride (AlN) ceramics 

exhibit a thermal conductivity (theoretical value of ~320 W/m⋅K) [3,4] 
far exceeding that of Al2O3 [5], which enables efficient heat dissipation 
in high-power devices [6,7]. Moreover, the thermal expansion coeffi
cient of AlN closely matches those of mainstream semiconductor ma
terials such as Si and GaAs, significantly reducing interfacial stress 
during thermal cycling and thus preventing joint failure or package 
cracking. In addition, AlN combines high electrical resistivity, superior 
mechanical strength, and excellent chemical inertness, making it widely 
regarded as an ideal substrate material for electronic packaging [8]. 
With the rapid development of electronics, aerospace, optoelectronic 
devices, and new energy technologies, the demand for ultra-smooth 
surfaces in advanced ceramic components and molds has steadily 
increased to the sub-nanometer level. For RS-SiC, whether as optical 
elements or as molds, surface roughness directly affects diffuse 
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reflectance and thus the imaging quality of optical systems. In the case of 
AlN substrates for semiconductor device packaging, rough surfaces can 
generate microscopic voids at the interface of chip and substrate, 
reducing the actual contact area and heat dissipation [9], which makes it 
challenging to meet the stringent surface quality requirements of 
high-power semiconductor device packaging. Therefore, achieving 
sub-nanometer-level smooth surfaces has become a critical bottleneck 
for the further application and performance optimization of advanced 
ceramics.

However, advanced ceramic materials are typically fabricated by 
sintering single-crystal grains with a binder phase, which not only pre
serves the inherently difficult-to-machine properties of the crystals such 
as high hardness, brittleness and chemical inertness, but also introduces 
significant microstructural inhomogeneity. Variations in grain orienta
tion lead to anisotropic material removal rates, while relatively weak 
grain boundaries are prone to grain shed-off. Differences between the 
binder phase (e.g., Y2O3 in AlN ceramics) and the crystal grains in 
hardness, elastic modulus, and chemical reactivity further exacerbate 
non-uniform removal and step formation. Compared with single-crystal 
materials, polycrystalline and multiphase ceramics thus present greater 
challenges in achieving ultra-smooth and damage-free surfaces. To 
obtain high-quality surfaces on advanced ceramics, various strategies 
have been explored. For instance, in the case of AlN, Han et al. 
demonstrated that using resin-bonded diamond abrasives with a diam
eter of 1 μm offers superior processing performance compared with 
conventional rigid pellet finishing and obtained sub-50 nm surface 
roughness [10]. However, conventional mechanical finishing is inher
ently constrained by the threshold pressure required for material 
removal, as well as the trade-off between efficiency and achievable 
surface quality. Although applying high polishing pressure or using 
coarse abrasives can increase the material removal rate (MRR), such 
conditions easily induce surface and subsurface damage, as well as grain 
shed-off, leading to step morphology. Conversely, using small size 
abrasives and low polishing pressure to achieve low surface roughness 
inevitably results in a drastic decrease in removal rate, making it diffi
cult to meet manufacturing demands. To improve processing efficiency, 
Katahira et al. employed Electrolytic In-Process Dressing (ELID) grinding 
for AlN ceramics and demonstrated that a #30,000 diamond wheel can 
produce a mirror surface with Ra of 8 nm, although further improve
ment still remains challenging [11]. To mitigate the subsurface damage 
that is inevitably introduced by conventional mechanical material 
removal, Zhou et al. combined Al2O3 abrasive pre-grinding with SiO2-
slurry chemical mechanical polishing (CMP) and achieved a smooth 
surface with roughness of Ra 6 nm [12]. Although CMP avoids me
chanically induced damage, the chemical components in the slurry in
crease environmental burden [13]. In addition, AlN is prone to 
hydrolysis in aqueous environments, which can deteriorate surface 
roughness, further limiting the applicability of conventional wet pol
ishing processes [14]. To address this issue, a dry polishing process 
named plasma-assisted polishing (PAP) was proposed, which combines 
surface modification by plasma irradiation and removal of modified 
layer. When PAP was applied to AlN ceramics, a surface roughness of Sa 
≈3 nm was obtained, and with a material removal rate approximately 
twice that of polishing without plasma irradiation [15]. Although the 
above processes can effectively improve the material removal rate and 
reduce the surface roughness to several nanometers, differences in 
chemical reactivity among crystal orientations and material composi
tions in AlN ceramics inevitably lead to non-uniform surface modifica
tion. After removal of the modified layer, grain-boundary step structures 
remain on the surface, making it challenging to achieve 
sub-nanometer-level smooth surface. Therefore, achieving uniform 
modification across different phases and grain orientations is crucial for 
obtaining sub-nanometer-level smooth surfaces on AlN ceramics.

In classical thermal oxidation, the reaction follows the Deal–Grove 
model, in which the oxidation rate decreases with increasing oxide 
thickness and finally approaches saturation, exhibiting a typical self- 

limiting behavior. This process is mainly governed by diffusion and is 
independent of the chemical activities of the material. However, the 
thermal oxidation rate are inherently slow and inefficient for practical 
processing. Similar to thermal oxidation, plasma modification is also 
driven by chemical reactions between highly reactive radicals and the 
substrate surface. As the modified layer grows, the radicals must pene
trate the already formed layer and continue to react at the interface, so 
that the reaction rate gradually become diffusion-limited and eventually 
reach a saturated modified-layer thickness. This saturated thickness is 
primarily determined by the penetration depth of the radicals, enabling 
the formation of a uniform modified layer even on inhomogeneous 
surfaces. Unlike conventional chemical-modification-assisted polishing, 
in which the modified layer is removed at an early stage of its formation 
and thus remains non-uniform on inhomogeneous materials, this study 
exploits the self-limiting nature of plasma modification. By precisely 
controlling the modification conditions and plasma irradiation time, a 
uniform modified layer is first formed on the AlN ceramic surface and 
subsequently selectively removed, thereby effectively suppressing the 
influence of material inhomogeneities on the modification rate and 
enabling a further significant reduction in surface roughness. However, 
achieving self-limiting modification requires longer plasma irradiation 
time, which limits the processing efficiency. To reduce the saturation 
time and improve the efficiency of PAP, the plasma excitation mode was 
changed from capacitively coupled plasma (CCP) in conventional PAP to 
inductively coupled plasma (ICP), which provides a much higher radical 
density. Since the polishing process should be carried out after forma
tion of uniform modified layer, a two-step PAP that combines self- 
limiting surface modification with selective modified layer removal 
under ultra-low polishing pressure was proposed. First, CF4 reaction 
system is employed to rapidly modify the AlN surface until modification 
self-limited. This treatment ensures that different grain orientations and 
phases, including AlN grains and the Y2O3 binder phase, achieve a 
uniform, easily removable modified state. Subsequently, the modified 
layer is selectively removed using a vitrified bonded diamond grinding 
stone with small size abrasives and under the polishing pressures well 
below the conventional mechanical removal threshold, thereby effec
tively avoiding the introduction of damage to the underlying material. 
This two-step PAP process is designed to simultaneously suppress brittle 
material removal and subsurface damage, while avoiding surface steps 
and roughness deterioration caused by phases and grain orientations 
differences. It thus provides an efficient, environmentally friendly, and 
controllable approach for realization of sub-nanometer-level smooth 
surface preparation of hard-to-machine advanced ceramics.

2. Experimental setup

In this study, AlN ceramic substrate (ϕ 50 mm × 1 mmt, provided by 
CoorsTek, Inc.) after grinding was used. First, conventional lapping was 
conducted to investigate the machining characteristics of AlN ceramics 
under purely mechanical processing and to identify the limitations of 
conventional mechanical processes. Subsequently, a two-step PAP pro
cess was developed and evaluated, in which self-limiting plasma- 
induced surface modification was combined with selective removal 
using small size abrasives under ultra-low polishing pressure. This 
approach was designed to overcome the limitations of conventional 
mechanical polishing in terms of surface quality and efficiency and to 
achieve sub-nanometer-level polishing of AlN ceramics.

Fig. 1 illustrates a schematic of the lapping equipment (EJ-380IN-D, 
ENGIS) used in this study. As a commonly employed planarization 
technique, lapping is generally classified into two types based on the 
type of abrasive state, free-abrasive lapping and fixed-abrasive lapping. 
In free-abrasive lapping, a soft metal plate serves as the reference sur
face, and material removal and surface planarization are achieved using 
a slurry containing free abrasives [16]. However, free-abrasive lapping 
suffers from low material removal efficiency and issues such as abrasive 
agglomeration, which can cause peripheral scratches and edge sagging 
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on the substrate. To achieve higher planarity and lower surface rough
ness, fixed-abrasive lapping was employed in this study. A fixed-abrasive 
polishing plate (provided by MIZUHO Co., Ltd.) was used to replace the 
conventional soft metal plate and slurry-based free abrasives. Since the 
abrasives are firmly bonded and the number of abrasives per unit area is 
significantly increased without agglomeration, a higher MRR can be 
achieved at the same particle size. Meanwhile, since the abrasives are 
uniformly distributed and the lapping plate surface can be dressed to 
correct its reference shape, edge sagging can be suppressed and the 
planarity of the substrate can be improved. During the lapping process, 
the AlN substrate was fixed on the sample holder, which was placed 
inside a guide ring. The drive shaft rotated the guide ring and substrate 
simultaneously, while the fixed abrasive lapping plate rotated in sync to 
generate controlled relative motion, enabling material removal and 
surface planarization of the AlN ceramic.

Fig. 2 shows a schematic of the laboratory-built PAP equipment used 
in this study. To investigate the mechanisms and characteristics of self- 
limiting plasma modification and the uniform removal of the modified 
layer cross grains and phases, a two-step PAP system consisting of an 
inductively coupled plasma (ICP) modification unit and a fixed-abrasive 
polishing unit was employed. During the modification stage, the process 
gases (CF4 or O2) were supplied from high-pressure cylinders, and the 
gas flow rates were precisely controlled via mass flow controllers (MFCs) 
before being introduced into the vacuum chamber through the bottom of 
an Al2O3 plasma discharge tube (ϕ 60 mm). The chamber pressure was 
regulated by the combined control of gas flow and the pumping rate of a 
dry vacuum pump, and stabilized at 37 Pa. An RF power supply (f =
13.56 MHz) was connected to an induction coil wound around the 
exterior of the Al2O3 tube. The RF current induces an alternating mag
netic field and a corresponding electric field inside the tube, accelerating 
electron collisions to generate a high-density plasma. By adjusting the 
impedance matcher, a stable and uniform discharge can be maintained 
between the plasma tube and the substrate surface, enabling effective 
surface modification of the whole AlN substrates. The AlN substrate was 
fixed at the bottom of a sample holder and placed on an adjustable stage 
directly above the outlet of the ICP discharge tube. The stage height was 
precisely controlled to adjust the gap between the substrate and the 

plasma discharge tube, thereby regulating the uniformity and rate of 
surface modification. Upon completion of the modification step, the 
substrate is transferred via an automated carrier arm to the polishing 
position and positioned inside a guide ring on the polishing plate. The 
drive shaft rotated the guide ring and substrate simultaneously, while 
the polishing plate rotated in sync to generate controlled relative mo
tion, selectively removing the modified layer. After polishing, the sub
strate was returned via the carrier arm to the ICP modification position 
for the next modification cycle. Through the iterative two-step PAP 
process of plasma modification and selective removal, ultra-precision 
surface finishing of AlN ceramics was achieved.

3. Results and discussion

3.1. Mechanical lapping mechanism of AlN ceramics

As a pre-polishing process, conventional mechanical lapping exper
iments were first conducted on grinding processed AlN ceramic sub
strates to systematically investigate the effects of abrasive size and 
nominal lapping pressure on processing characteristics, and to elucidate 
the material removal mechanisms of AlN ceramic during mechanical 
processing. The experimental conditions are summarized in Table 1. 
Initially, a vitrified bonded diamond grinding stone with #6000 coarse 
abrasives (average diameter 2–3 μm) was used to perform lapping ex
periments for 1, 2, and 10 min under three different nominal lapping 

Fig. 1. Schematic of lapping equipment.

Fig. 2. Schematic of plasma-assisted polishing equipment.

Table 1 
The experimental parameters of lapping process.

Parameters Conditions

Substrates AlN ceramic
Lapping pressure 57 kPa/35 kPa/7 kPa (#6000: ϕ 2~3 μm) 

57 kPa (#40000: ϕ 0.125 μm)
Type of abrasive Vitrified-bonded diamond
Lapping plate rotation 60 rpm
Substrate rotation 30 rpm
Water flow rate 5 ml/min
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pressures of 57, 35, and 7 kPa respectively. After lapping, the arithmetic 
mean surface roughness Sa was measured at the center and four pe
ripheral points over an 84 μm × 84 μm region using a scanning white- 
light interferometer (SWLI, NewView 8300, Zygo). The thickness of 
the substrate at the same five locations before and after lapping was 
measured using a contact height gauge (DIGIMICRO MFC-101A, Nikon) 
to calculate the average MRR. The results are shown in Fig. 3 and 
indicate that lapping pressure has a significant effect on both MRR and 
surface roughness. Under a nominal lapping pressure of 57 kPa, the 
surface roughness Sa decreased from 612.4 nm to 265.6 nm within 1 
min, while the MRR reached a high value of 354 μm/h. When the 
pressure was reduced to 35 kPa and 7 kPa, the surface roughness further 
decreased to 223.2 nm and 172.0 nm, respectively, while the MRR 
dropped to 130.2 μm/h and 19 μm/h. These results are consistent with 
the Preston equation (MRR = k⋅P⋅v, where k is the Preston coefficient, P 
is the applied pressure, and v is the relative velocity), confirming that the 
MRR decreases proportionally with decreasing pressure. Moreover, this 
indicated an inherent trade-off in conventional mechanical processing: 
improvements in surface roughness come at the cost of a substantial 
reduction in MRR.

To evaluate the planarization capability at different morphological 
scales, surface profiles of AlN substrate after grinding and lapping were 
analyzed (Fig. 4). After 13 min of fixed-abrasive lapping, no edge sag
ging was observed due to the uniform distribution of abrasives and pre- 
dressing of the lapping plate. The overall peak-to-valley (PV) value 
decreased markedly from 9 μm to 0.7 μm, demonstrating that fixed- 
abrasive lapping can effectively achieve global planarization and 
decrease the surface roughness. However, during lapping with coarse 
(#6000) abrasives, the relatively low number of abrasive particles per 
unit area led to higher local contact pressure and deeper indentation of 
each abrasive under the same nominal lapping pressure. On the multi
phase and brittle AlN ceramic substrate, this condition more readily led 
to the AlN grains shed-off, making it difficult to achieve a smooth sur
face. To reduce the local contact pressure, a vitrified bonded diamond 
grinding stone with #40000 small-sized abrasives (average diameter 
0.125 μm) was introduced for comparison. Marked point observations at 
the same regions were performed using SWLI and SEM (JSM-IT210LV, 
JEOL). The results are shown in Fig. 5. When a #6000 grinding stone 
was used at a lapping pressure of 7 kPa for 10 min with material removal 
of 3.3 μm, numerous pits appeared on the surface due to the shed-off of 
AlN grains. By contrast, using a #40000 grinding stone with much 
smaller abrasives increased the actual contact area between the AlN 

substrate and the abrasives, thereby significantly reducing the local 
contact pressure during lapping. Under this condition, the material 
removal mechanism shifted from bulk grain shed-off to top-down 
removal of individual grains. It is noteworthy that the characteristic 
particle size of the #40000 abrasives is approximately 1/40 of the AlN 
grain size. At this abrasive-to-grain size ratio, the contact area of indi
vidual abrasive was relatively small and tangential forces were more 
evenly distributed. Even under a higher nominal lapping pressure of 57 
kPa, the dominant removal mechanism remained a top-down ductile or 
quasi-ductile cutting, with virtually no bulk grain shed-off (The black 
dashed-line region in the SWLI image and The yellow dashed-line region 
in the SEM image). Correspondingly, the surface roughness Sa decreased 
from 181.9 nm to 46.1 nm within 10 min and continued to decrease with 
extended lapping time. After 4 h of lapping, the surface roughness Sa 
reached 2.8 nm and no further roughness reduction was observed even 
when polishing time was further extended, representing the limiting 
roughness under this lapping pressure. Based on the changes in marked 
scratch depths, the average MRR was determined to be 1.2 μm/h.

To further reduce the roughness of the AlN surface, the lapping 
characteristics of the #40000 grinding stone were also evaluated at 
lower lapping pressures. The results are shown in Fig. 6. At the same 
observation regions, as the lapping pressure decreased from 57 kPa to 7 
kPa, the peak-to-valley height Sz decreased from 585 nm to 55 nm, while 
the corresponding Sa decreased from 2.8 nm to 2.4 nm. To achieve even 
lower lapping pressure and enable direct comparison with subsequent 
PAP experiments, the substrate was mounted on a lighter PAP sample 
holder and lapping experiments were performed on the PAP equipment 
using the same #40000 diamond grinding stone. When the pressure was 
further reduced to 2 kPa, some pits were removed and Sa slightly 
decreased to 2.1 nm. However, the MRR was only 19.6 nm/h, Sz 
remained nearly unchanged and a considerable number of surface pits 
still remained. Upon further reducing the pressure to 0.9 kPa, SWLI 
image showed negligible changes in both surface morphology and 
roughness. Under this condition, effective brittle or ductile removal of 
AlN could no longer be achieved. The abrasives merely slid over the 
surface, causing no damage and failing to further reduce surface 
roughness.

To investigate the origin of surface pits and the reason why the 
surface roughness Sa and Sz could not be further reduced, correlative 
characterization was performed at the same surface region using AFM 
(OLS4500, Olympus), SEM, and EDX (JSM-IT210LV, JEOL). As shown in 
Fig. 7, the surface pits primarily corresponded to bright regions in the 
SEM images. EDX elemental analysis indicated a significantly absent of 
Al and N signals in these regions, accompanied by enrichment of Y and 
O. Based on the composition of the raw materials, these pit regions were 
identified as the Y2O3 binder phase. Because the hardness of Y2O3 phase 
(4.05 GPa) is significantly softer than that of AlN (12.68 GPa) [17,18], it 
is more readily removed during diamond lapping, resulting in surface 
pits. Moreover, the relatively weak bonding between Y2O3 and AlN can 
easily cause bulk shed-off of the Y2O3 phase [19,20]. In addition, AFM 
images revealed step from grains and numerous scratches on the AlN 
surface following purely mechanical removal, which further hindered 
the reduction of surface roughness.

From the above results, it can be concluded that reducing the abra
sive particle size and lowering the nominal lapping pressure can alter the 
material removal mode of AlN, shifting from bulk grain shed-off to top- 
down ductile-like removal, thereby effectively decreasing surface 
roughness. However, due to the inherent differences in grain orienta
tions and phase properties within AlN ceramics, pits and step features 
remain difficult to completely avoid. In addition, a threshold pressure 
for material removal exists when the applied pressure falls below this 
threshold, the abrasives cannot effectively penetrate the surface and 
merely slide over it, leading to stagnation of material removal.

Fig. 3. Comparison of material removal rate and surface roughness Sa of AlN 
ceramic before lapping and after lapping under different lapping pressures 
using #6000 fixed diamond lapping plate.
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3.2. CF4 plasma modification of AlN ceramics

In PAP, only the modified layer can be selectively removed, there
fore, both the modification rate and quality of the modified layer are 
critical factors in the overall PAP process. To balance the modification 
rate with electrode longevity and to prevent degradation caused by 
direct contact between the electrode surface and reactive plasma, a non- 
electrode-based ICP was employed as the plasma source, as described in 
Section 2. The specific parameters for the plasma modification experi
ments are listed in Table 2. Before plasma modification, the substrates 
were cleaned with SPM (H2SO4:H2O2 = 4:1) and HF solutions to remove 
surface contaminants. The chemical composition of the AlN surface 
before and after plasma irradiation was characterized by X-ray photo
electron spectroscopy (XPS) using a Quantum 2000 instrument (ULVAC- 
PHI) with Al-Kα radiation (1486.6 eV) at a take-off angle of 45◦. All 
spectra were charge-corrected using the C–C peak in C1s spectrum at a 
binding energy (BE) of 284.8 eV [21]. As shown in Fig. 8(a), the full scan 
spectrum of AlN surface before plasma irradiation exhibited peaks of Al, 
N, O. It should be noted that the surface coverage of Y2O3 particles is 
relatively low. Therefore, no characteristic Y peaks were detected in the 
full scan spectrum. The peak in the Al2p spectrum (Fig. 8(b)) correspond 
to Al–N (BE = 73.7 eV) and naturally oxidized Al–O (BE = 74.6 eV) 
[22–24], indicating the presence of a thin naturally formed Al2O3 layer. 
Fig. 8(d) and (e) present the XPS spectra after pure CF4 plasma irradi
ation for 30 s, showing no distinct peaks were detected in the Al2p 
spectrum. While in the C1s spectrum, in addition to the original C–C 
peak, signals corresponding to C–CFx, C–F, and C–F2 were observed (C–C 
at 284.8 eV, C–CFx at 286.7 eV, C–F at 288.7 eV, C–F2 at 290.7 eV) [25]. 
The full scan spectrum in Fig. 8 (a) also shows the absence of Al, N, and 
with increasing of C, F. These results indicated that a fluorocarbon 
deposition layer was formed on the AlN surface, with a thickness 
exceeding the XPS detection depth and thus preventing the detection of 
AlN-related peaks. It can be inferred that this deposition layer also 
blocked the contact between plasma radicals and the AlN surface, 
severely suppressing the intended modification of AlN. To elucidate the 
origin of the fluorocarbon deposition, optical emission spectroscopy 
(OES) measurements of the plasma were conducted. As shown in Fig. 9
(b), in addition to the F emission peak (739.9 nm), strong C2 Swan band 
peaks were detected [26], which are considered the primary cause of the 
fluorocarbon deposition layer and the consequent inhibition of AlN 
surface modification [27–29]. Based on this, O2 was introduced into the 
pure CF4 plasma to oxidize C2. With the total gas flow maintained at 100 
sccm, the O2/CF4 ratios were adjusted and the emission intensities of C2, 
F, and O peaks were monitored for each component. As shown in Fig. 9

(c), with increasing O2 fraction, the O emission intensity increased, 
while the C2 intensity decreased as expected due to oxidation. The 
addition of an appropriate amount of O2 to the CF4 plasma effectively 
promotes CF4 dissociation [30]. However, excessive O2 led to competi
tion with CF4 dissociation, resulting in the F emission intensity initially 
increasing and then decreasing. The purpose of O2 addition was to 
eliminate fluorocarbon deposition on the AlN surface during the modi
fication process, and thus the disappearance of the C2 peak was 
considered an indicator of suppressed the deposition. AlN substrates 
were subjected to plasma modification for 30 s under different O2/CF4 
ratios, and the surface compositions were analyzed by XPS after treat
ment. Under the O2/CF4 ratio of 91 sccm/9 sccm, the XPS spectra of the 
modified AlN surface are shown in Fig. 9(a), (d) and (e). The full scan 
spectrum shows the exhibited peaks of Al, N, F, C and O. No C-F related 
peaks were detected in the C1s spectrum, indicating that fluorocarbon 
deposition was fully suppressed. In the Al2p spectrum, in addition to the 
initial Al-N and Al-O peaks, a new Al-F peak (BE = 75.7 eV) appeared 
[31]. Based on these results, it can be concluded that under this plasma 
condition, fluorocarbon deposition which hindered AlN surface modi
fication was effectively suppressed, and the AlN surface was successfully 
modified to an AlF3 modified layer.

To establish the relationship between modification time and modi
fied layer thickness, additional plasma irradiation experiments for 1 min 
and 10 min were performed, and the surface composition was measured 
by XPS after each irradiation. After 1 min of plasma irradiation, as 
shown in Fig. 10, the proportion of the Al–F peak in the Al2p spectrum 
increased significantly compared with that after 30 s, indicating 
continued growth of the modified layer between 30 s and 1 min. Besides, 
the absence of Al–N signals in both the Al2p and N1s spectra suggesting 
that the surface within the XPS detection depth was fully modified. For 
Al-Kα excitation (1486.6 eV), the approximate kinetic energy of Al2p 
photoelectrons is 1413(±2) eV. The inelastic mean free paths (IMFPs) 
for AlF3 (λ1) and Al2O3 (λ2) were calculated using the TPP-2M universal 
formula [32], resulting in IMFP values of approximately 4.09 nm and 
3.10 nm, respectively. The thickness of the surface modified layer based 
on the Beer-Lambert X-ray photoemission decay equation was calcu
lated to exceed 7.2 nm [33]. Since the thickness of modified layer 
exceeded the XPS detectable depth, the XPS spectra after 10 min of 
plasma irradiation were found to be identical to those after 1 min.

3.3. Plasma self-limiting modification

In section 3.2, it was demonstrated that CF4 plasma can efficiently 
modify the AlN surface within a short time, providing a strong 

Fig. 4. Flatness of AlN ceramic (a) before lapping and (b) after lapping using #6000 fixed diamond lapping plate.
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foundation for the subsequent selective removal of the modified layer in 
the PAP process. However, the polycrystalline and multiphase nature of 
AlN ceramics, consisting of AlN grains with different orientations and 
the Y2O3 binder phase, causes significant variations in the modification 
rate. This is the fundamental reason for the residual grain-boundary step 
and surface roughness after PAP. Therefore, achieving uniform modifi
cation across different grain orientations and phases is essential for 
obtaining a high-quality surface on AlN ceramics.

Fig. 11 presents the AFM, EBSD (Quantax ED-XS, BRUKER), SEM, 
and EDX results of the AlN ceramic surface after conventional CMP. Due 
to grain shed-off occasionally occurs during CMP, and different grain 
orientations exhibit varying MRR. Consequently, the AFM images reveal 
an uneven surface, with a resulting surface roughness Sa of approxi
mately 10 nm. EDX analysis shows that in the regions marked by black 
dotted lines, the Al signal was absent while the Y signal was strong, 
indicating these areas correspond to the Y2O3 binder phase. The 
remaining areas consist of randomly oriented AlN grains with an 

average grain size of approximately 5 μm. Since the XPS measurement 
area (ϕ 100 μm) was much larger than the individual grain size, it was 
challenging to evaluate the modification state of single AlN grains based 
on XPS alone. To investigate the plasma modification rate across 
different grain orientations and phases on the surface, plasma irradia
tion experiments of 30 s, 1 min, and 10 min were performed within the 
same EBSD-marked region, followed by AFM and EDX characterization. 
The results are presented in Fig. 12, cross-section C–D was selected to 
span AlN grains with (110), (001), and (210) orientations, and the 
relative height variations at different modification stages are summa
rized in Fig. 12 (d). After 30 s of plasma irradiation, the step height 
between the (001) and (110) grains decreased by 1.2 nm compared to 
the surface before irradiation. However, after 1 min of plasma irradia
tion, the step height returned to its initial value before modification and 
remained essentially unchanged after 10 min of irradiation. This 
behavior was attributed to volumetric expansion of the AlN grains 
induced by the plasma modification process. Upon CF4 plasma 

Fig. 5. SWLI and SEM images of the AlN ceramic surface: (a) as-received; (b) after lapping with #6000 diamond abrasive under 7 kPa for 10 min; after lapping with 
#40000 diamond abrasive under 57 kPa for (c) 10 min, (d) 20 min, (e) 2 h, and (f) 4 h.
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irradiation, AlN was converted to AlF3. Based on the molar masses and 
densities of AlN and AlF3, the molar volume increased by approximately 
115.1% (theoretical value, without accounting for possible porosity in 
the AlF3 modification layer). The initial differences in modification rates 
among grains with different orientations were reflected in the height 
variations caused by volumetric expansion. Specifically, the red grains 
in the EBSD map, corresponding to the (001) polar surface with higher 
surface chemical activity, exhibit faster modification than the non-polar 
(110) grains [34,35], resulting in a reduction of step height at the early 

Fig. 6. (a) Material removal rate and surface roughness of the AlN ceramic after lapping under different pressures using #40000 diamond abrasive. SWLI fixed-point 
observations of the AlN surface after lapping under pressures of (b) 57 kPa, (c) 7 kPa, (d) 2 kPa, and (e) 0.9 kPa.

Fig. 7. Surface characterization of the AlN ceramic after lapping under a lapping pressure of 0.9 kPa: (a) AFM image; (b) SEM image; EDX elemental mappings of (c) 
Al, (d) N, (e) O, and (f) Y.

Table 2 
The experimental parameters of plasma irradiation.

Parameters Conditions

Chamber pressure 37 Pa
Process gas O2/CF4 (Total flow 100 sccm)
Applied RF power 400 W
Plasma irradiation time 30 s/1 min/10 min
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stage. As the AlF3 modification layer thickens, the transport of F radicals 
through the modified layer to the AlN interface became increasingly 
limited, significantly reducing the reaction rate at the interface. 
Consequently, the growth of the modification layer automatically ceased 
at the maximum depth accessible to F radicals. This depth is indepen
dent of the crystallographic orientation of the AlN grains and was pri
marily determined by the properties of the radicals and the modification 
layer itself. Therefore, after 1 min of modification, the height differences 
among the grains have returned to their initial values, indicating that the 
plasma-induced modification of each grain has self-limited at the same 
depth, achieving uniform modification across different grain 
orientations.

In addition, the E–F cross-section containing both AlN grains and the 
Y2O3 binder phase was characterized in the same region. Before irradi
ation, the Y2O3 phase was higher than the adjacent AlN grains. After 30 s 

of plasma irradiation, the step height decreased by 1.6 nm. However, 
after 1 min and 10 min of irradiation, the step height returned to its 
initial value and remained unchanged. This behavior was similar to that 
observed for AlN grains of different orientations. Due to the relatively 
large XPS probing area (~100 μm) compared with the typical size of the 
Y2O3 binder phase (~5 μm), the compositional change of the binder 
phase cannot be directly resolved by XPS measurements. Nevertheless, 
the EDX analysis (Fig. 12(c)) of the AlN surface after 1 min of plasma 
modification revealed the presence of F at the locations corresponding to 
the binder phase, confirming that the Y2O3 binder was also modified by 
F radicals to form YF3.

Although the initial reaction rates and volumetric expansion of the 
products differ between AlN and Y2O3, as the modification layers of both 
phases grow and reach the maximum penetration depth of the reactive 
radicals, plasma-induced modification self-limited, and the height 

Fig. 8. (a) Full scan spectrum of AlN surface before and after pure CF4 plasma irradiation for 30 s. XPS spectra of the (b) AlN surface Al2p spectra (c) C1s spectra of 
AlN before plasma irradiation; (d) Al2p spectra (e) C1s spectra of AlN after pure CF4 plasma irradiation for 30 s.
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difference returned to its initial value. These observations indicated that 
self-limiting plasma modification is an effective approach to achieve 
uniform surface modification on materials with inhomogeneous prop
erties. The EDX analysis (Fig. 12(c)) of AlN surface after 1 min plasma 
modification further confirmed this conclusion, showing a uniform 
distribution of F without correlation to the grain or phase distribution.

3.4. High-quality finishing of AlN ceramics by PAP

As shown in Section 3.1, after 1 h of lapping with #40000 diamond 
grinding stone under a lapping pressure of 0.9 kPa, the surface 
morphology and roughness of AlN exhibited no significant changes. This 
result indicated that, at such a low lapping pressure, conventional me
chanical lapping neither produced effective material removal nor 
introduced detectable surface damage on AlN. Therefore, a polishing 

pressure of 0.9 kPa was initially adopted in the PAP experiments on AlN 
ceramics. The specific polishing parameters are summarized in Table 3. 
To verify the removability of the AlF3 modified layer under the 
extremely low polishing pressure of 0.9 kPa, XPS spectra were measured 
on the AlN surface before and after polishing. As shown in Fig. 13(a), the 
full scan spectra show that F peak was completely removed and the N 
peak of the original AlN surface reappeared. Specifically, the Al2p and 
N1s spectra were measured after 1 min of plasma irradiation (Fig. 13(b) 
and (c)), the AlN surface within the XPS detection depth was fully 
modified to AlF3. After 20 s of polishing under a pressure of 0.9 kPa, the 
surface chemical composition of the AlN substrate is shown in Fig. 13(d). 
The Al2p spectrum indicated that the Al–F peak disappeared, leaving 
only the Al–N peak and a weak Al–O peak, consistent with the chemical 
state of the AlN surface before plasma modification shown in Fig. 10(a). 
The N1s results further confirmed this observation. These findings 

Fig. 9. (a) Full scan spectrum of AlN surface after pure CF4 plasma irradiation and after O2/CF4 flow ratio of 91 sccm/9 sccm for 30 s. (b) OES spectrum of pure CF4 
plasma. (c) Intensities of the C2, F, and O peaks measured by OES under different O2/CF4 ratios. XPS spectra of the AlN surface: (d) C1s and (e) Al2p after plasma 
irradiation with an O2/CF4 flow ratio of 91 sccm/9 sccm for 30 s.
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demonstrated that, even under such an extremely low polishing pressure 
at which conventional mechanical removal of AlN was ineffective, the 
AlF3 modified layer can still be completely removed within a short time, 
validating the feasibility of selective removal of the surface chemical 
modification in PAP under ultra-low polishing pressures.

Under the conditions listed in Table 4, AlN substrate that had ach
ieved the lowest surface roughness via the conventional lapping process 
in Section 3.1 was subjected to 30 cycles of the two-step PAP process, 
consisting of 1 min of self-limiting plasma modification followed by 20 s 
of polishing at an ultra-low polishing pressure of 0.9 kPa. The surface 
morphology after polishing was measured by SWLI. As shown in Fig. 14, 
the average surface roughness decreased from Sa 2.12 nm before PAP to 
Sa 1.26 nm after PAP, while most surface pits were effectively removed. 
Considering that the reactive plasma can form an AlF3 modification 

layer on the AlN surface, which can be easily removed even under ultra- 
low polishing pressures, the polishing pressure was further reduced to 
0.6 kPa. Using the same two-step PAP strategy, 30 additional cycles were 
performed. As shown in Fig. 14(c), the surface roughness Sa was further 
reduced to 0.86 nm. This improvement is mainly attributed to the 
further reduction of height differences between different grains and 
phases. Moreover, since the ultra-low polishing pressure prevents any 
mechanical damage to the AlN substrate, no scratches were observed on 
the polished surface.

Furthermore, by measuring the depth of marked scratches on the AlN 
surface before and after polishing, the material removal depth of the 
PAP process was quantified. Under conventional lapping at a pressure of 
2 kPa, thirty 20-s cycles of purely mechanical removal yielded a total 
removal depth of only 3.3 nm. At an even lower lapping pressure of 0.9 

Fig. 10. XPS spectra of the AlN surface (a) Al2p and (b) N1s before plasma irradiation, (c) Al2p and (d) N1s after plasma irradiation for 30 s, (e)Al2p and (f) N1s after 
plasma irradiation for 1 min.
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kPa, virtually no material removal was observed. In contrast, under the 
two-step PAP process at a polishing pressure of 0.9 kPa, the material 
removal depth reached 186.7 nm, representing an approximate 59 times 
increase in efficiency. When the pressure was further reduced to 0.6 kPa, 
the material removal depth of the two-step PAP remained essentially the 
same as at 0.9 kPa. This indicated that the overall removal rate in PAP is 
determined by the plasma modification rate rather than the polishing 

pressure.
To further evaluate the cross-grain and cross-phase uniformity of 

PAP, the surface morphology of AlN ceramics before and after PAP was 
characterized in same region using a laser scanning microscope and AFM 
(10 × 10 μm area marked by the red box), as shown in Fig. 15. The G–H 
cross-section was selected, spanning AlN grains with different grain 
orientations at both ends and the Y2O3 binder region in the middle. 

Fig. 11. Surface characterization of the AlN substrate after the CMP process: (a) AFM image, (b) EBSD image, (c) SEM image, and EDX elemental mappings of (d) Y 
and (e) Al.

Fig. 12. (a) EBSD image and (b) AFM image of the AlN surface. (c) EDX mapping of the F element after plasma irradiation for 10 min. (d) Cross-section image of AlN 
grains before and after plasma irradiation for 30 s, 60 s, and 10 min. (e) Cross-section image from the binder material to AlN grains before and after plasma 
irradiation for 30 s, 60 s, and 10 min.
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Fig. 15(a–c) show the AlN surface after purely mechanical lapping 
before PAP. The step height between AlN grain and Y2O3 binder was 23 
nm, and the removal depth varied among AlN grains of different ori
entations, resulting in a grain step of approximately 5 nm. During PAP, 
the self-limiting nature of the plasma modification enabled uniform 
modification across different grain orientations and phases. Under ultra- 

low polishing pressures, the modified layer was sequentially removed 
from the surface, effectively minimizing the nonuniform material 
removal caused by variations in

grain orientations and phases observed in conventional mechanical 
lapping. As a result, the step height between AlN grain and the Y2O3 
binder at the same location was drastically reduced to 0.8 nm, while the 
step height among AlN grains of different orientations decreased to 0.5 
nm. The surface roughness Sa dropped from 3.58 nm to 0.57 nm, 
demonstrating the exceptional surface smoothing capability of PAP even 
for polycrystalline and multiphase ceramic materials.

In order to determine whether surface damage is present, the Raman 
spectroscopy (RAMANtouch, 532 nm, Nanophoton) was employed to 
evaluate the surface residual stress distribution of the Raman peaks. An 
ideal stress-free AlN crystal exhibits a characteristic E2 (high) peak at 
657.4 cm− 1, and the stress magnitude can be calculated from the shift of 

Table 3 
The experimental parameters of polishing.

Parameters Conditions

Type of abrasive Vitrified-bonded diamond (#40000: ϕ 0.125 μm)
Polishing pressure 0.9 kPa
Grinding stone rotation 40 rpm
Substrates rotation 21 rpm
Polishing time 20 s

Fig. 13. (a) Full scan spectrum of AlN surface after O2/CF4 plasma irradiation for 1 min and after polishing under 0.9 kPa for 20 s. XPS spectra of the AlN surface (b) 
Al2p and (c) N1s after plasma irradiation for 1 min, (d) Al2p and (e) N1s after polishing under 0.9 kPa for 20 s.
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the 657.4 cm− 1 peak in the Raman spectrum using a coefficient of 270.3 
MPa/cm− 1 [36]. Fig. 16 shows the residual stress distributions obtained 
by Raman spectroscopy for the lapped surface, as well as after two-step 
PAP. As shown in Fig. 16(a), the lapped surface exhibits an overall 
compressive stress state, which is attributed to sintering-induced resid
ual stress or crystallographic orientation effects in AlN ceramics [36]. In 
addition, line-shaped stress concentrations were observed, spatially 
coinciding with the distribution of scratch. In contrast, after 60 times 
two-step PAP cycles, the scratch-induced surface tensile stress was 
completely eliminated. These results

indicated that the PAP process, which combines self-limiting plasma 
modification with selective removal of the modified layer under low 

polishing pressure, was effective in removing the residual roughness and 
crystal damage introduced by preceding mechanical processing steps in 
practical AlN ceramic fabrication. Consequently, the damage-free and 
ultra-smooth surface can be obtained.

3.5. Finishing mechanism of plasma self-limiting modification–based 
ultra-low-pressure polishing

Fig. 17 illustrates the conceptual schematic of PAP mechanism pro
posed in this study, centered on the approach of self-limiting plasma 
modification and ultra-low-pressure selective removal of modified layer. 
For multiphase ceramics composed of AlN grains with polycrystalline 
orientations and Y2O3 binder phase, conventional mechanical 
machining relies on increasing the applied pressure to achieve higher 
MRR. However, this often leads to grain and binder shed-off as well as 
anisotropic removal, which amplifies pits, steps and consequently de
grades the surface roughness. Reducing the applied polishing pressure 
and using small size abrasives can mitigate the above-mentioned issues. 
However, when the nominal pressure falls below removal threshold, the 
abrasives only slide relative to the substrate surface without effectively 
penetrating the bulk, and material removal cannot be achieved. To 
enable effective removal under pressures well below this threshold, PAP 
first modifies the AlN ceramic surface using reactive plasma. As the 
modified layer grows in thickness, it progressively hinders the transport 
of radicals, causing the interfacial reaction rate to rapidly decay and 
reach a saturation thickness within a short time. This phenomenon 

Table 4 
The experimental parameters of 2 step plasma assisted polishing.

Parameters Conditions

Chamber pressure 37 Pa
Process gas O2 (91 sccm) CF4 (9 sccm)
Applied RF power 400 W
Plasma irradiation time 1 min
Type of abrasive Vitrified-bonded diamond (#40000: ϕ 0.125 

μm)
Polishing pressure 0.9 kPa/0.6 kPa
Grinding stone rotation 40 rpm
Substrates rotation 21 rpm
Polishing time 20 s
Number of 2-step PAP circulation 30 times

Fig. 14. SWLI images of AlN surface (a) after lapping under pressure of 0.9 kPa, (b) after 2-step PAP under pressure of 0.9 kPa, (c) after 2-step PAP under pressure of 
0.6 kPa; (d) Comparison of material removal depth and surface roughness of AlN ceramic after lapping and after PAP under different pressures.

T. Tao et al.                                                                                                                                                                                                                                      Ceramics International 52 (2026) 14883–14898 

14895 



referred to the self-limiting state. The saturation thickness is primarily 
determined by the flux and kinetic energy of the radicals as well as the 
transport properties of the modified layer, and it is relatively insensitive 
to grain orientation. As a result, a nearly uniform modified layer 
thickness can be achieved across different grain orientations and phases.

Consequently, the local height variations initially caused by differ
ences in modification rates return to their pre-modification levels once 
saturation is reached, achieving uniform surface modification. After the 
surface modification, the polishing stage is conducted under a nominal 
pressure below the threshold required for effective penetrating of the 
AlN substrate. This ensures that the unmodified AlN does not experience 
significant cutting, thereby avoiding brittle fracture and subsurface 
damage. Meanwhile, the AlF3 modified layer remains sufficiently sus
ceptible to mechanical removal, allowing its stable and selective 
removal throughout the polishing process. As a result, a sub-nanometer- 

level smooth surface of the AlN ceramic was achieved.
At present, CMP remains the primary ultra-precision planarization 

technique for aluminum nitride ceramics, with other ultra-precision 
processing methods serving as supplementary approaches. However, 
existing processes such as CMP, ELID, IBF, and MRF do not exhibit clear 
advantages in large-scale or batch production, resulting in persistently 
high processing costs for AlN ceramics. As shown in Table 5, Compared 
with conventional methods, the two-step PAP process proposed in this 
study can achieve sub-nanometer surface roughness under ultra-low 
mechanical pressure while minimizing subsurface damage to the 
greatest extent. The excellent performance in terms of surface quality, 
damage suppression, and process stability highlights the practical ad
vantages of this method for ultra-precision finishing of AlN ceramic 
substrates.

Fig. 15. Surface characterization of the AlN substrate before and after PAP, shown through optical microscope images ((a) before, (d) after), AFM images ((b) before, 
(e) after), and cross-sectional images from the AlN grain to the binder material ((c) before, (f) after), to illustrate the changes in surface morphology induced by the 
PAP process.

Fig. 16. Optical microscopy images, the residual stress distributions (in yellow rectangle area) on the surfaces of (a) lapped surface, (b) PAP 60 times processed 
surface measured by confocal Raman microscope with an observation area of 81.7 × 25.0 μm2 in XY plane.
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Fig. 17. Schematic diagram of the finishing mechanism in plasma self-limiting modification-based ultra-low-pressure polishing.

Table 5 
Comparison of processing methods on AlN ceramics.

Processing method Best 
roughness

Processing characteristics Material removal mechanism

Ultra-precision grinding [37] Ra ≈6 nm Simple operation, 
Subsurface damage, 
Grain-boundary step

Mechanical removal

Chemical mechanical polishing (CMP) [12] Ra ≈6 nm Damage-free, 
Grain-boundary step

Non-uniform chemical modification and mechanical removal

Magnetorheological polishing (MRP) [38] Ra ≈22 nm No tool wear, high cost, 
Grain-boundary step

Shear force induced by a gradient magnetic field acting on magnetorheological fluid

ELID grinding [11] Ra ≈8 nm High efficiency, 
Subsurface damage, 
Grain-boundary step

Combination of in-process wheel dressing and grinding

Plasma-assisted polishing (conventional) 
[15]

Sa ≈3 nm Low roughness, 
Grain-boundary step

Non-uniform plasma modification and removal of the modified layer under low 
pressure

Plasma-assisted polishing (this study) Sa = 0.8 nm Sub-nanometer 
roughness, 
Damage-free, 
Grain-boundary step-free

Uniform plasma modification followed by mechanical removal under ultra-low 
pressure

T. Tao et al.                                                                                                                                                                                                                                      Ceramics International 52 (2026) 14883–14898 

14897 



4. Conclusions

In this study, a two-step PAP process based on plasma self-limiting 
modification followed by ultra-low-pressure selective removal was 
developed and its mechanism and effectiveness were systematically 
validated on AlN ceramics. By optimizing the CF4/O2 plasma composi
tion, fluorocarbon deposition on the AlN surface was suppressed, 
enabling the formation of a self-limiting AlF3 modification layer, which 
reached saturation within approximately 1 min with an effective 
thickness exceeding 7.2 nm. Subsequently, under a polishing pressure 
below the threshold required for cutting the AlN substrate, small-size 
fixed diamond abrasives were used to selectively remove the modifica
tion layer. Compared with pure mechanical polishing, PAP significantly 
reduces inter-grain and inter-phase step heights without introducing 
scratches or subsurface damage. Under a polishing pressure of 0.9 kPa, 
30 cycles of 20-s two-step PAP reduced the surface roughness Sa of AlN 
from 2.12 nm to 1.26 nm and further decreased it to 0.86 nm at a pol
ishing pressure of 0.6 kPa. Over the same duration, the material removal 
depth achieved by two-step PAP was approximately 59 times higher 
than that of conventional lapping. Multi-technique characterization 
(AFM, EBSD, SEM, and EDX) confirmed that the modification layer was 
uniform across different crystal orientations and phases, and that the 
removal proceeded sequentially from the top-down manner. Pits and 
grain-boundary steps induced by the Y2O3 binder were effectively sup
pressed. These results demonstrated that the proposed PAP process can 
achieve sub-nanometer and damage-free finishing of AlN ceramics, with 
further optimization of the process to achieve higher processing effi
ciency, it is expected to provide a feasible high-quality surface finishing 
approach for the industrial fabrication of high-power and high- 
frequency packaging substrates.
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