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Abstract
The amorphous and heterogeneous microstructures of polymer-derived ceramics (PDCs) make it
challenging to uniformly polish them without the appearance of obvious polishing defects. In this study,
the surface characteristics of polymer-derived silicoaluminum carbonitride (SiAlCN) ceramics were
investigated after mechanical polishing and chemical–mechanical polishing (CMP). The results showed
the generation of polishing defects including scratches, pits, and comet tails after mechanical polishing;
nonetheless, the surface quality was largely improved after CMP, providing an ultra-smooth surface (Ra =
~0.25 nm). The evolution of the surface morphology was characterized in detail and X-ray photoelectron
spectroscopy was used to analyze the characteristics of chemical bond before and after the CMP. The
polishing slurry dominated the corrosion process during CMP, inducing the oxidation of the SiCxNy phase;
nonetheless, the so-formed oxidation products and carbon phase were removed by mechanical action.
The obtained ultra-high smooth surface can promote practical application in the �eld of PDCs-based
sensors.

1. Introduction
Polymer-derived ceramics (PDCs) have various potential applications in the �elds of semiconducting
sensors and micro-electromechanical systems due to their outstanding properties, including high
temperature stability, corrosion and oxidation resistance, semiconducting properties, and piezoresistive
properties [1–4]. However, the performance of PDC-based sensors and their potential applications in the
semiconductor industry depend highly on the key requirement of having a high-quality defect-free surface
with low surface roughness [5]. Unfortunately, the improvement of the surface quality of PDCs has not
been extensively focused upon. To date, a variety of ultra-precision polishing methods such as �uid
polishing [6, 7], electrochemical polishing [8], and chemical–mechanical polishing (CMP) have been
applied to obtain high-quality defect-free ceramic surfaces [5, 9]. Among them, CMP is considered to be a
powerful fabrication technology for removing material by combining chemical and mechanical action
together, leading to the achievement of global planarization and ultra-smooth surfaces with no defects [5,
10]. Moreover, it has been widely applied in the fabrication of semiconductor devices and planarization of
materials such as silicon-on-insulators [11], sapphire [12], and silicon carbide (SiC) [13]. Therefore, CMP is
considered as a potentially important technology to smooth the surfaces of PDCs.

It has been acknowledged that during CMP, effective removal of material is attributed to the mechanical
action among the workpieces, pad, and abrasive as well as the chemical action among the workpieces,
abrasive, and slurry [5]. Therefore, both the microstructure of the workpieces and the nature of the
polishing slurry play an important role in CMP. As a representative PDCs, the polymer derived silicon
carbonitride (SiCN) ceramic is composed of the amorphous SiCxNy phase and the free-carbon phase [1,
14]. The SiCxNy phase supports most of the load in indentation, while the free carbon supports the load in
elastic deformation stage [15, 16]. The special heterogeneous microstructure makes the uniform removal
extremely di�cult, thus leading to the di�culty in acquiring ultra-smooth surface. Thus, appropriate
selection of polishing slurry is signi�cantly important as it can provide a unique polishing environment
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between the workpieces and the polishing pad, involving both chemical and mechanical action for better
polishing, and leading to high e�ciency and selective removal [17]. Polishing slurries are usually
composed of abrasives, oxidizer, pH regulator, and solvent [5, 10]. For glass and silicon nitride (Si3N4)
ceramic workpieces, CMP has been successfully applied by using water solution, under polishing
environment with pH 7‒9, and abrasive with a hardness of approximately 7 Mohs (such as zirconia
(ZrO2) and ceria) [18]. In SiCN ceramics, the SiCxNy ceramics phase seems to present a primary
contribution to mechanical property on the whole [15, 19]. Therefore, similar polishing slurry was used to
assess the underlying CMP mechanisms for polishing SiCN-based PDCs.

Herein, owing to the enhancement of the compactness and oxidation resistance with the addition of
aluminum (Al) element [20], the Al-doped SiCN ceramics (SiAlCN) was selected as the target material. The
SiAlCN ceramic wafers were �rst mechanically polished, and then CMP was successfully applied on the
pre-polished SiAlCN ceramic wafers using self-made ZrO2 slurry. Furthermore, the surface morphology
and surface roughness were assessed and measured, the formed etching pits were carefully studied, and
�nally the polishing mechanism for amorphous SiAlCN ceramics was successfully derived.

2. Experimental
SiAlCN ceramic precursors were fabricated based on procedures reported in previous studies [21, 22].
SiAlCN ceramics wafers with a diameter of 9 mm and thickness of ~ 0.5 mm were obtained after
pyrolysis at 1000 °C for 2 h in inert gas atmosphere. The density and open porosity of SiAlCN ceramic
wafers were ~ 2.0 g cm−3 and below 1%, respectively, which were obtained through Archimedes method.
The wafers were pasted on the surface of epoxy resin blocks, which were embedded in the clamp head of
an automatic polisher (EcoMet™ 250 Pro, Buehler, USA). The SiAlCN ceramic wafers were mechanically
polished in succession using �xed diamond lapping �lms with abrasive grain sizes in a sequence of 9, 6,
3, and 1 µm (Beijing Grish Hitech Co., Ltd., China), marked as #9, #6, #3, and #1, respectively. Deionized
water was used as the lapping slurry for the mechanical polishing. After each lapping process, the SiAlCN
ceramic wafers were ultrasonically cleaned and rinsed with deionized water and compressed air,
respectively. The lapping parameters were optimized as follows: The rotation speeds of the clamp head
and lapping �lms were 30 and 60 rpm, respectively, with an applied pressure of 10 N or 5 N lasting from 2
to 20 min. The ceramic wafers polished after #1 lapping �lm were then used as the original samples for
the following CMP processing in this study. The lapping �lm was then replaced with a Grish polishing
pad (Beijing Grish Hitech Co., Ltd., China) and then the polishing slurry for CMP was changed from
deionized water to lab-made ZrO2 slurry using a feeding system. This lab-made ZrO2 slurry was
composed of monoclinic ZrO2 (< 100 nm; Aladdin, 99.99% metals basis), a pH regulator (NaHCO3), and
deionized water. The ZrO2 concentration was 1 wt.% and the pH was adjusted to ~ 8. The slurry was
ultrasonically dispersed for 30 min prior to its use in the CMP process. Based on the optimal mechanical
polishing parameters, the parameters for CMP process were set as follows: lapping pressure of 5 N
(which corresponded to the minimum values in the polisher machine), rotation speed of clamp head and
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polishing pad of 30 and 60 rpm, respectively, with an optimal duration time of 20 min. Finally, the SiAlCN
wafers were cleaned with alcohol, deionized water, and compressed air after the CMP process.

Surface morphology of the samples was characterized by optical microscopy (BX51M, Olympus, Japan),
optical pro�ler method (Wyko NT1100, Veeco, USA), and scanning electron microscopy (SEM; Helios G4
CX, FEI, USA) system equipped with energy dispersive X-ray spectroscopy (EDS) system. The surface
roughness was measured via atomic force microscopy (AFM; Dimension Icon, Bruker, USA) with a
measurement area of 10 × 10 µm2 and 5 × 5 µm2, respectively. The average surface roughness was
calculated through the detection of surface roughness of �ve different regions. X-ray photoelectron
spectroscopy (XPS; Axis Supra, Kratos, England) was used to analyze the chemical bonding states and
phase composition of the SiAlCN ceramic wafers before and after the CMP process through Ar ion beam
etching. In order to ensure the accuracy of test results after CMP process, the SiAlCN ceramic wafers were
ultrasonically cleaned in alcohol and distilled water prior to testing.

3. Results And Discussion
Figure 1 exhibits the optical images of the surface of SiAlCN ceramic wafers sequentially polished with
different diamond-�xed abrasive lapping �lms. The surfaces of SiAlCN ceramic wafers polished with #9
lapping �lms appeared to be very rough, with numerous micro-holes and pits generated due to material
fractures caused by lateral cracks [23], which still existed after being polished with #6 (Figs. 1a and b).
Fortunately, the surface of SiAlCN wafer became smooth and presented a mirror state when #3 lapping
�lm was used, though some mechanical scratches and pits were still retained, which could be clearly
observed in Figs. 1c and e. The scratches on wafers’ surface were produced due to the mechanical action
of the abrasives, and the formation of pits was attributed to the indentation caused by abrasive particles
or the deep damage caused by previous procedures [24], which could not be avoided even by adjusting
the polishing parameters and surface cleaning time. However, dramatic change in the surface
morphology was observed when the polishing was carried out with #1, with the generation of the comet
tails defects (Figs. 1d and f). Even when the minimum lapping pressure (5 N) was applied, the comet tails
defects could not be avoided. It was likely that the SiCxN4−x phase, which got detached from the substrate
was crushed into smaller particles [25, 26], leading to the formation of several small scratches after dark
points, as shown in Fig. 1 f. Therefore, sinking appeared at the area of dark points and protrusions
appeared behind dark points. Furthermore, some tiny pits (point I) without comet tails still remained on
the surface of SiAlCN ceramics, which were related to the material defects existing due to the previous
polishing procedure.

The surface morphology of SiAlCN ceramics polished after #3 and #1 lapping �lms was further detected
by AFM and representative surface morphology is presented in Fig. 2. Surface roughness with Ra values
of 0.79 ± 0.17 and 1.42 ± 0.49 nm were, respectively, obtained for the #3 and #1 lapping �lms based on
large number of the detected samples. The low surface quality obtained following the use of #3 lapping
�lm was mainly caused by the large amount of deep mechanical scratches with depth close to 10 nm
(Figs. 2a and c). In contrast, the low surface quality for sample polished with #1 lapping �lm was mainly
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caused by the formation of small pits (Figs. 2b and d). The small pits presented wide width compared to
the deep scratches, and caused the increase of the surface roughness after polishing with #1 lapping
�lm. This phenomenon was found to be related to the defection of comet tails. The Vickers’ hardness of
SiCN ceramics ranged from 8.3 to 11.3 GPa [27] (equated to a hardness of ~ 6.5–7 Mohs), which was
lower than that of the diamond abrasive (~ 10 Mohs). When #1 lapping �lm or �ner diamond abrasives
were employed, the pressure stress applied on the surface of SiAlCN ceramics was therefore high enough
to induce indentation and small pits, thus decreasing the surface quality. Therefore, it was di�cult to
polish uniformly by mechanical polishing only, and CMP was applied to further increase the surface
quality. Moreover, even though the surface roughness of samples after being polished with #3 was lower
than that of samples polished with #1, the deep mechanical scratches (Figs. 2a and c) were di�cult to
remove during CMP. Thus, samples polished after #1 were selected as the pre-polished samples for the
following CMP process.

Figure 3 exhibits the optical and AFM images of the surface of SiAlCN ceramics obtained following the
CMP process with the lab-made ZrO2 slurry. The scratches and comet tails disappeared completely
without the formation of obvious defects. Some tiny dark pits observed on the surface (Fig. 3a) were
related to the pits which appeared during previous polishing procedures (Fig. 1d), which were not
effectively removed by CMP. The result of the AFM images (Fig. 3c) indicated that the surface roughness
value Ra was reduced to 0.24 ± 0.09 nm. The maximum surface height difference was about 1 nm as
illustrated in Fig. 3d. Under the condition of polishing slurry, except for the mechanical action, it was
indicated that chemical reactions also occurred during the CMP process, leading to the formation of an
extremely smooth surface. The nature of the chemical action taking place in this complex SiAlCN ceramic
structure during the CMP process was therefore assessed.

Figure 4 illustrates SEM morphology of the surface of polished SiAlCN ceramics before and after CMP.
After mechanical polishing with #3, the pits induced due to the mechanical action presented small and
irregular pro�le (Fig. 4a), while the surface morphology became smoother with the large decease of
apparent pits after being polished with #1 (Fig. 4b). However, after CMP, some pits still remained on the
surface of SiAlCN ceramics (Fig. 3a), and the representative morphology is illustrated in Fig. 4d. The
formed pits exhibited a circular pro�le, which was different from that shown in Fig. 4(a). It was mainly
attributed to the chemical action during CMP and the orbital motion of polishing head. Figure 4(c)
exhibits the change in the content of detected elements, which may reveal this chemical action. The
corresponding elemental compositions are listed in Table I. The result of points I and II indicates the
enhancement in the intensity of C element and decrease in the intensity of Si and N elements after CMP. It
indicates that the Si or N related phases were removed during CMP and the C-related phase was
accumulated. This phenomenon was more noticeable in the pits. Comparative analysis of the results of
points II, III, and IV indicates that the intensity of C and O element presented a distinct enhancement, while
that of Si, N, and Al elements showed a distinct decrease in pits, which was also demonstrated by the
EDS mapping shown in Figs. 4(e)–4(i). It was suggested that the polishing slurry was easily accumulated
in the pits, which made the chemical action more serious. Therefore, it was believed that the change of
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the intensity of elements was related to the oxidation of sample surface and chemical reaction of Si,N-
related phase. Moreover, owing to the rapid removal of target material from the pits, the size of pits
gradually enlarged with prolonged polishing time, which should be avoided in practical applications.

The XPS spectra of the surface of SiAlCN ceramics obtained before and after CMP with ZrO2 slurry are
shown in Fig. 5, and the corresponding chemical composition is listed in Table II. Clearly, the
characteristic peaks of C 1 s and O 1 s were strengthened, whereas those of N 1 s, Si 2p, and Al 2p were
weakened after CMP, indicating the increase in the contents of C and O elements after CMP. The chemical
composition of O 1 s, C 1 s, N 1 s, and Si 2p showed an obvious variation, respectively, changing from
5.69, 29.63, 21.85, and 41.66 atomic% prior to CMP to 16.52, 41.8, 13.81, and 27.24 atomic% after CMP.
In contrast, a small change for Al was observed, from 1.17 to 0.63 atomic%. The variation of the chemical
composition obtained from the XPS data was similar to that of EDS data, thus con�rming the occurrence
of the chemical action during CMP.

Figure 6 illustrates the detailed XPS spectra of Si, Al, C, and N elements present on the surface of SiAlCN
ceramic wafers before and after CMP with the ZrO2 slurry. All XPS spectra were normalized by C 1 s peak
(binding energy (BE) = 284.8 eV) to correct the charge accumulation and contamination of hydrocarbons.
Prior to CMP, the peaks for the Si–C, Si–N, and Si–O bonds were identi�ed at 100.5, 102.3, and 103.6 eV
[28–30], respectively (Fig. 6a), and Si–N bond was the main chemical bond within SiAlCN ceramics [31].
However, after CMP, the content of the Si–C bond showed a slight increase and the content of the Si–N
bond was dramatically reduced from 87.27 to 35.35%. Furthermore, the SiOx and Si2N2O bonds were also
detected and identi�ed at 101.3 eV [32] and 101.7 eV [33], respectively. The formation of these two types
of bonds was related to the breaking and oxidation of Si–N bond based on the nature of the SiCxNy

structure within SiAlCN ceramics. The content of the C–Si bond (283.4 eV) [34] also increased from 2.91
to 19.08% as observed in the C1s XPS spectra (Fig. 6b), which could be explained based on the polishing
environment. The hardness of SiC crystal was ~ 9.2 Mohs, which was di�cult to be removed by the
mechanical action of the ZrO2 abrasive (~ 8 Mohs). Thus, the polishing of SiC by CMP is mainly ascribed
to the chemical action, and the polishing degree becomes greater if more alkaline pH ranges (> 10) are
used along with oxidizer additives such as H2O2 and potassium permanganate [35]. Therefore, the Si–C
bond could not be easily removed under current slurry environment and remained on the surface of
SiAlCN ceramics, inducing the increased content of Si–C bond. Nonetheless, the Si–C originated only
from the SiCxNy phase and it exhibited little in�uence on the complete removal of SiAlCN ceramics due to
its low absolute content of the Si–C phase.

Figure 6b shows the generation of the C–O (286.7 eV) [36] and C = O (288.2 eV) [37] bonds with the
decrease of C–C (285.6 eV) [38] and disappearance of the C–N (287.7 eV) bonds [39], indicating the
occurrence of oxidation during CMP. The C = C (284.4 eV) [38] bond dominated after CMP due to its high
bond energy of 602 kJ mol−1, compared to the bond energy of 346 kJ mol−1 for C–C bond. Herein, the C–
C bond was more easily oxidized and removed, showing large decrease of the C–C bond. Other than the
oxidation of the Si and C elements, the oxidation behavior was also observed in other elements as well.
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Prior to CMP, a sialon structure (Al–N coordination structure) and Al–O bonds were identi�ed at 74.5 and
75.4 eV, respectively [29, 40] (Fig. 6c). During CMP, the sialon structure was destroyed and oxidized,
disappearing from the XPS spectra since only the Al–O bond was observed (74.2 eV) [41]. The oxidation
of the sialon, C–N, and Si–N bonds was also con�rmed by the XPS spectra of N element (Fig. 5d). Sialon,
Si–N, and C–N peaks appeared before CMP at 397.9, 398.6, and 400 eV [29, 39, 42], respectively.
However, after CMP, Si–N, Si2N2O, and NSi2O bonds associated with the peaks at 397.2, 397.7, and
400 eV [39, 43] were identi�ed, respectively.

The above mentioned results; therefore, indicate that chemical reactions occurred during the entire CMP
process, as shown in Fig. 7, involving mainly the SiCxNy phase of SiAlCN ceramics. The Si–N bond
dominating the SiCxNy phase was ruptured and hydrolyzed to SiO2, releasing NH3, which was similar to
the hydrolysis of Si3N4 crystal during CMP [18, 44], as illustrated in Eq. (1). The resultant SiO2 reacted
with water to produce silicic acid dissolved in water, according to Eq. (2) [26]. Between the Si–N and SiO2

layers, an intermediary Si2N2O layer was then formed according to Eq. (3) [45], as con�rmed by XPS
patterns. As a result, the chemical action of the polishing SiAlCN ceramics through CMP was found to be
greatly related to the oxidation of Si–N. Nevertheless, the difference lies in the other structures that
existed in amorphous SiAlCN ceramics. Another main phase in SiAlCN ceramics was the free carbon
phase, which was partially oxidized into C–O or C = O bond. The removal of carbon phase was mainly
attributed to the mechanical polishing during CMP. Other structures with small content, such as sialon
and C–N can also be oxidized into relevant oxidation products, generating SiO2, Al2O3, and other oxide
structures (for example, containing C–O bond) on the surface of SiAlCN ceramic wafers. Most of the
reaction products can be removed by the subsequent mechanical action of the abrasive. The hardness of
the abrasive (ZrO2) is slightly greater than that of SiAlCN ceramics and the formed SiO2 (~ 7 Mohs) layer
and the reaction products. Therefore, mechanical removal could be mild and �ne due to their similar
hardness, minimizing the damage due to mechanical action. Owing to the softened SiAlCN ceramics
surface and mild mechanical polishing, the scratches formed during previous procedure were removed,
providing the extremely smooth surface of SiAlCN ceramic wafers with low damage.

4. Conclusions
Ultra-smooth surfaces were obtained on amorphous and heterogeneous polymer-derived SiAlCN ceramics
by the CMP process. A ceramic sample with a roughness Ra of ~ 1.42 nm was obtained after mechanical
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polishing along with polishing defects such as scratches and comet tails. However, after the CMP
process the roughness decreased to ~ 0.25 nm, showing an ultra-smooth surface. The polishing
mechanism was proposed according to the result of EDS patterns and XPS measurement. During CMP,
the SiCxNy phase was mainly oxidized to SiO2 and Si2N2O, and subsequently removed by mechanical
action, and other oxidation products (such as the oxidation products of C–C, C–N) were also removed by
mechanical action. The present study provides new insights into the CMP process to achieve ceramics
with extremely smooth surface, in particular, for amorphous and heterogeneous ceramics, thus
developing the application of PDCs in the semiconductor �elds.
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Tables
Table I. The elemental composition of the detected points shown in Fig. 4.

Atom% Si Al C N O

I(Before CMP) 42.63 1.54 29.15 19.85 6.83

II(After CMP) 28.88 1.07 46.89 16.24 6.92

III 15.93 0.23 58.41 9.48 15.95

IV 13.39 0.21 58.40 11.36 16.64

 

Table II. The chemical composition of the polished surface of SiAlCN before and after CMP

Atom% Si2p Al2p C1s N1s O1s

Before CMP 41.66 1.17 29.63 21.85 5.69

After CMP 27.27 0.63 41.80 13.79 16.51

Figures
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Figure 1

Optical images of the SiAlCN ceramics polished with the lapping �lm �xed with diamond abrasive of
different sizes: (a) 9 μm, #9; (b) 6 μm, #6; (c) and (e) 3 μm, #3; (d) and (f) 1 μm, #1. (e) and (f) exhibit the
surface morphology of pits and comet tails, with a measurement area of 92.7 × 121.9 μm2.
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Figure 2

AFM images (10 × 10 μm2) of SiAlCN ceramic wafers polished with different lapping �lms. (a) #3, (b) #1.
(c) and (d) are cross-section images along the lines in (a) and (b).
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Figure 3

Surface morphology of SiAlCN ceramics after CMP process with the lab-made ZrO2 slurry: (a) and (b)
Optical images (c) AFM image (5 × 5 μm2), and (d) Cross-section pro�le along the lines in (c).
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Figure 4

SEM micrographs and EDS patterns of the etched pit when CMP with ZrO2 polishing slurry has been
applied. The points in the EDS patterns represent the polishing defects with three detected points, marked
as I, II, and III.
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Figure 5

XPS spectra corresponding to the surface of SiAlCN ceramics before and after CMP with ZrO2 slurry.

Figure 6

XPS spectra corresponding to the surface of SiAlCN ceramics before and after CMP with ZrO2 slurry.
Inset: Table listing the chemical composition (atomic%) calculated from the XPS spectra.
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Figure 7

Schematic of oxidation and removal process of SiAlCN ceramic during CMP.


