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With the rapid development of semiconductor industry, large-sized silicon wafers with high flatness and uniform
nanotopography are generally required. Final-touch polishing (FP) is the final process in silicon wafer produc-
tion, it can effectively clean the wafer's surface and control its surface geometry. The distribution of thermal field
during final-touch polishing process is challenging to measure and predict, it greatly affects the characteristics
and non-uniformity of material removal profile in both mechanical and chemical aspects. This study develops a
numerical model to study the thermal field distribution and material removal, and used to predict the thermal
characteristics and material removal profile of silicon wafer during final-touch polishing. For validation, an
infrared camera and infrared sensor were applied to measure the surface temperature during polishing, and the
surface material removal profile was examined and compared with model predictions. The surface material
removal profile was also performed to investigate the effects of polishing parameters, including slurry flow rate,
rotational speed and applied pressure. By obtaining optimal polishing parameters, final-touch polishing exper-
iments were conducted on 12-inch silicon wafers. The experimental results showed that the polished silicon
wafer has a highly flat surface with flatness of site front least square range was 23.06 nm and edge site front least
square range was 23.77 nm, and the nanotopography threshold values of 2 x 2 mm? area and 10 x 10 mm? area

(THA2 & THA10) for polished silicon wafer were 7.21 nm and 17.72 nm can be achieved, respectively.

1. Introduction

Large-sized silicon wafers (8 in. and above) have been widely used in
semiconductors to fabricate integrated circuit chips [1]. With the
continuous development of ultra-large scale integrated circuits (ULSI),
the silicon wafer's surface quality requirement should have low defects,
high flatness and uniform nanotopography [2]. Deterioration in surface
geometry of large-sized silicon wafers not only influences the surface
flatness but also raises challenges for subsequent lithographic focus
[3,4]. Final-touch polishing (FP) is the final process of fabricating high
quality silicon wafers with high flatness, stable, and uniform material
removal [4]. During final-touch polishing, the material removal char-
acteristics exhibit highly sensitive to fabrication conditions, such as
applied contact pressure [5], abrasive contact status [6], temperature
distribution [7] and chemical reaction intensity [8,9], thus would lead
to deterioration in material removal uniformity.

The fabrication of 12-inch silicon wafers mainly includes three key
polishing processes: double-sided polishing (DSP), edge polishing (EP),
and final-touch polishing. All three processes utilize the mechanism of
chemical mechanical polishing (CMP) to remove wafer surface material
effectively. The DSP mainly achieves stock removal on the wafer surface
(about 15 pm) and obtains the surface flatness and nanotopography
[10]. In the EP process, the material removal of the wafer's bevel occurs
to obtain the clean edge, reduce residual stress and prevent fragmen-
tation [11]. In the FP process, it requires to minimize deterioration for
high flatness and nanotopography obtained after DSP process, it also
aimed to achieve particle free with mirror surface finishing [12]. In a
typical final-touch polishing process, a fast polishing procedure is fol-
lowed by two fine polishing procedures. The fast polishing achieves
major material removal (about 300 nm-600 nm) to reach the desired
surface geometry, while fine polishing primarily focuses on surface
cleaning and reducing residual metals. The physical and chemical
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Measurement of Thermal Field
Temperature Distribution Inside
Reaction Chamber for Epitaxial
Growth of Silicon Carbide Layer

Silicon carbide (SiC) has been widely utilized in the semiconductor industry for the devel-
opment of high-power electrical devices. Using chemical vapor deposition to grow a thin
epitaxial layer onto the SiC substrate surface with orderly lattice arrangement, good
surface morphology, and low doping concentration is required. During epitaxial growth,
the high reaction temperature and its distribution are generally difficult to measure and
will affect the properties of the epitaxial growth layer. This study presents a thermal-field
testing method based on process temperature control rings (PTCRs) to measure the high-
temperature distribution inside the epitaxial growth reaction chamber, and to study the
effects of reaction chamber structure and epitaxial growth parameters on the quality of
the epitaxial layer. The measurement accuracy of PTCRs was characterized using silicon
melting experiments and the measuring principle of PTCRs was presented. The thermal
field of the reaction chamber was then numerically simulated and compared with experi-
mental results. The experiment results exhibit a temperature gradient of less than 0.4 °C/
mm on the surface, indicating good temperature uniformity. Epitaxial growth is an essential
process in the fabrication of SiC devices, as it enables the production of layers with precise
doping density and thickness. The SiC epitaxial growth experiments were conducted to
study the effects of the gas flow ratio and doping flow ratio of three inlet flow channels
on the thickness and doping concentration distributions. The results demonstrated that
the non-uniformity of thickness and doping concentration of the epitaxial layer were
below 1.5% and 4.0%, respectively. [DOI: 10.1115/1.4065021]

Keywords: silicon carbide, epitaxial growth, temperature characterization, reaction

chamber, gas flowrate, micro- and nano-machining and processing, nontraditional
manufacturing processes

carrot defect [11], triangular defect [12], downfall [13], and step

Silicon carbide (SiC) is a well-known semiconductor material
that has been widely used for high-power and high-frequency elec-
tronic devices such as power electronics, automotive electronics,
and communication devices [1-4]. Due to the high covalent
nature of the Si—-C bond, efficient lattice vibration conduction
increases the group velocity of phonons, thus enhancing the
thermal conductivity (~5 W/cm-K) [5,6]. Additionally, SiC exhibits
a wide bandgap, with high electron saturation velocity (~2x
107 cr/s) and critical electric field strength (~3 MV/cm) [7]. The
relatively high crystal dislocation density in commercial SiC sub-
strate (10°-10% cm™>) will greatly affect its performance [8-10].
Therefore, to fabricate high-performance power devices, it is
crucial to grow a low roughness epitaxial SiC layer on the substrate
surface with uniform thickness and doping concentration, as well as
a complete and ordered crystal lattice without defects including

!Corresponding author.
Manuscript received May 12, 2023; final manuscript received February 25, 2024;
published online April 22, 2024. Assoc. Editor: Martin Jun.
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bunching [14].

Several methods have been proposed for the growth of SiC epi-
taxial layers onto the substrate surface, such as physical vapor trans-
port [15], liquid phase epitaxy [16], molecular beam epitaxy [17],
pulsed laser deposition [18], and chemical vapor deposition
(CVD). The CVD is able to achieve a high-quality homo-epitaxial
growth of SiC epitaxial layer through step-flow growth, which leads
to fewer defects and moderate growth rates [19,20]. As shown in
Fig. 1, the reaction source gases of SiHCl; (TCS) and C,H, are
introduced into an epitaxial growth reaction chamber under the
carrier gas of H,, where intermediate compounds are generated
through gas phase reaction. These compounds are adsorbed on
the substrate surface through gas phase diffusion into the boundary
layer, and further generate carbon atoms, silicon atoms, and bypro-
ducts via surface reaction. Some of the carbon and silicon atoms
diffuse through the surface to the correct position and incorporate
into the lattice to form the epitaxial layer, while the rest are desorbed
from the surface together with byproducts and discharged with the
main gas flow. Thus, the CVD epitaxial growth of SiC is a complex
reaction process that requires precise control of gas flowrate,

JULY 2024, Vol. 146 / 070901-1
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Numerical Modding and Experimental Sudy of the Reaction Processin Silicon
Epitaxial Growth Reaction Chamber

DENG Shiwei®? SHEN Wenjie*® CHEN Yuhong“? BAI Tian'?
MEI Deging"? WANG Yancheng" 2
(1. State Key Laboratory of Fluid Power & Mechatronic Systems, Zhejiang University, Hangzhou 310058;
2. Zhgjiang Province Key Laboratory of Advanced Manufacturing Technology, Zhejiang University,
Hangzhou 310058;
3. Zhgjiang Jingsheng Mechanical & Electrical Co., Ltd., Shaoxing 310023)

Abstract: Silicon epitaxial wafer is the basic functional material for large scale integrated circuits and semiconductor devices, etc. It
is the growth of uniform epitaxial thin layer on single crystal silicon wafer through epitaxial reaction, the uniformity control of
epitaxial layer's thickness and electrical resistivity is the key challenge of silicon epitaxial growth. The growth quality of silicon
epitaxial layersis significantly influenced by the design of reaction chamber and thermal flow field. A multi-physics field smulation
model to analyze the effects of chamber structure on the uniformity of thermal field distribution is established. Additionally, the
effects of process parameters such as carrier gas flow rate, inlet gradient and susceptor speed on the silicon epitaxial growth reaction
process through numerical simulation are investigated. Experimental results from multi-point temperature tests of reaction chamber
demonstrate a high level of agreement between predicted and measured temperature distributions under different process conditions,

with a maximum temperature prediction deviation < 1.2%. Based on the simulation analysis, an optimized combination of epitaxial

* [ K E R B S 4 (52175522) F1iH VT 48 H S B & 1§ (2020C01034,
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