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A B S T R A C T   

As a common oxide-semiconductor interface, SiO2/Si plays an important role in silicon-based electronics and 
optoelectronics. In order to effectively obtain an ultra-smooth and thin SiO2/Si interface, a hybrid tuning process 
based on inductively coupled plasma (ICP) was proposed, which combined oxidation (plasma-OX) and atom- 
migration manufacturing (plasma-AMM). In plasma-OX process, a thick oxide film was rapidly prepared on Si 
wafer surface in 2 min, which included a SiO2 layer on the top and a SiOx (x < 2) layer between the top layer and 
the bulk crystalline silicon (c-Si). In subsequent plasma-AMM process, ICP steadily delivered energy to the Si 
wafer surface and induced the migration of unsaturated Si from SiOx layer to c-Si, which enhanced the crys
tallization of silicon wafer. The roughness of SiO2/Si interface was reduced to Sa 0.171 nm at 620 W in 5 min. 
However, a 2–3 nm thickness SiOx layer still existed, and several defects causing by residual thermal stress can be 
observed. Further optimizing plasma-AMM process by setting multi-step slow cooling, the SiOx layer can be 
almost completely decomposed. The interface roughness Sa was reduced to <0.1 nm and the interface thickness 
was reduced to 1–2 atom layer. Both OX and AMM process were conducted in the same setup, which is 
convenient for switching. This study proposed and demonstrated the feasibility of a hybrid plasma tuning pro
cess, which provided an efficient tuning technology at atomic level for semiconductor interface.   

1. Introduction 

Interface is a key component of Metal-Oxide-Semiconductor Field- 
Effect Transistor (MOSFET), which has a wide range of applications in 
modern electronics and optoelectronics. The fabrication and the per
formance analysis of these interfaces, such as Nb/Hf/Ti/Oxide [1], Al/ 
Al2O3 [2,3], HfOx/Hf [4], SiO2/Si [5,6], and GeO2/Ge [7,8], are 
particularly important in the technology and application of advanced 
material, including functional ceramics material, metal coatings, cata
lysts and others [9]. 

As the most typical oxide-semiconductor interface, SiO2/Si is closely 
related to the generation of oxide charges and states on the device sur
face [10,11]. The requirement for miniaturization of components has 
placed more stringent demands on ultra-thin oxide technology, which 
means that it is necessary to understand and control the laws of SiO2/Si 
interface formation at the atomic level and a smooth and thin SiO2/Si 
interface at atomic level with low-defect was needed [12,13]. Also, the 

rapid developments of lithography technology [14] and Si quantum 
computing [15,16] put forward more strict demands on the surface of Si 
semiconductor [17,18]. Along with the increasing requirement on 
manufacturing accuracy, the atomic and close-to-atomic scale 
manufacturing (ACSM) [19–21] was proposed, in which the materials 
are removed, transferred or added at the atomic level. Thus, ACSM will 
be the research focus in advanced surface/interface manufacturing of 
semiconductor. 

As early as 1978, Krivanek [22] proposed a smooth SiO2/Si interface 
(0.4 nm) containing possible non-stoichiometric oxides as a transition 
layer. In the decades that followed, the SiO2/Si interface was observed at 
micro/nanoscale [23,24]. Bongiorno [25] and Tu [26] proposed a 
method for the orderliness of the SiO2/Si interface through quantitative 
and simulation calculations. The SiO2/Si interface is not a simple con
tour morphology but a mixed SiOx (x < 2) layer with a certain thickness. 

Deal [27] discussed the relationship between SiO2/Si interface 
structure and device characteristics in detail. They found that there was 
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a SiOx (x < 2) oxide layer in the SiO2/Si interface. The SiOx layer con
tained partially ionized or excess Si, which could form new SiO2 through 
diffusion reaction. Based on the reaction energies of different locations 
by first-principles calculation, Hiroyuki [28–30] investigated the 
behavior of the Si atoms migration and the reconstruction of SiO2 layer. 
Bottomley reported that the atomic height steps at the SiO2/Si (100) 
interface (~ 0.14 nm) were formed by annealing at ≥1325 ◦C [31]. In 
this process, the Si atoms in the SiOx layer migrated and bonded to the c- 
Si during steady-state annealing. The evolution of interface morphology 
by mass transport can be quantitatively described by a surface self- 
diffusion mechanism [32]. A large number of investigations have 
confirmed that the flattened morphology [33,34], steps morphology 
[35,36] and spherical/columnar structures [37–40] were achieved by 
high temperature and annealing processes on the SiO2/Si interface. 

In our pervious works, a plasma-induced atomic migration 
manufacturing (plasma-AMM) process was proposed, which efficiently 
achieved ultra-smooth surface of fused silica based on inductively 
coupled plasma (ICP) [41,42]. The critical process of plasma-AMM is the 
instantaneous energy transfer to the wafer by ICP through three modes: 
thermal convection, heat conduction and thermal radiation. As the en
ergy transferred continuously, the surface atoms received sufficient 
energy, broke bond and migrated in the surface. Until the migrated 
atoms reached to the low energy sites and the surface structure tended to 
be a balance state, an ultra-smoothing of surface was formed. Moreover, 
ICP is a typical strong ionized and equilibrium plasma, which exhibits 
the characteristics of high temperature and high particle concentration. 
The temperature of ICP can be adjusted within the range of hundreds to 
thousands of degrees, which could accurately control the processing 
temperature for the wafer. Therefore, ICP is an effective medium for 
inducing atomic migration, and plasma-AMM could be considered as a 
potential efficient process to control the reconstruction of SiO2/Si 
interface. 

In order to achieve an ultra-smooth and thin SiO2/Si interface, an 
oxide film containing SiOx was required on the Si wafer surface firstly 
before plasma-AMM process. By injecting oxygen into the ICP gas, the 
plasma oxidation (plasma-OX) reaction is expected to prepare a SiOx 
layer rapidly under the high temperature, and it can be accomplished in 
the same setup of plasma-AMM. Considering the advantage and con
venience of plasma-OX and plasma-AMM processes, an ultra-smooth and 
ultra-thin SiO2/Si interface at atomic level may be processed by 
combining these two procedures. This study explored the plasma-OX 
manufacturing process and subsequent OX-AMM hybrid 
manufacturing process, respectively. Both of plasma-OX and plasma- 
AMM are based on atmosphere ICP setup, allowing flexible process 
switching. Then, an optimized plasma-AMM process by multi-step slow 
cooling was proposed to accomplish a SiO2/Si interface of atomic 
thickness without defect, which is similar to laser annealing technology 
[43]. The core factors controlling the atomic migration in plasma-AMM 
process were investigated. The roughness evolution and morphology 
characteristics of SiO2/Si interfaces were studied. An ultra-smooth and 
ultra-thin SiO2/Si interface with ultimate precision was manufactured 
by the optimized OX-AMM hybrid process. 

2. Mechanism and experimental procedures 

Fig. 1 shows the schematic diagrams of plasma-OX and subsequent 
plasma-AMM process. As shown in Fig. 1(a), the original oxide film is 
derived from the natural oxidation in the atmospheric environment. In 
the normal temperature and pressure environment, the thickness of the 
natural oxide film is in low degree. When ICP containing abundant ox
ygen atoms irradiated on the Si surface, oxygen quickly permeated and 
diffused in the surface, which results in thickening the oxide layer in the 
plasma-OX process, as shown in Fig. 1(b). However, oxygen atoms 
cannot be completely matched up with Si atoms due to excessive oxygen 
permeation and short-term rapid oxidation. Thus, the plasma-OX pro
cessed oxide film consists of an oxygen-saturated layer (SiO2) on the top 

and an oxygen-unsaturated layer (SiOx, x < 2) neighboring crystal silica 
(c-Si). 

According to the results of high-temperature annealing for Si wafer, 
the roughness of the silicon surface decreased from 5.5 nm to 0.13 nm, 
and the surface lost the anisotropic nature during self-diffusion [32]. In 
this work, the plasma-AMM process may can achieve a similar function 
of high-temperature annealing because the plasma carries abundant 
thermal energy. As only argon is the reaction gas source, the physical 
influence mode for ICP was dominant in the plasma-AMM process [42], 
which was predicted to conduct the thermal repair of the SiO2/Si 
interface. 

Fig. 1(c) shows the atoms migration schematic diagram in the 
plasma-AMM process. Due to the continuous energy input from plasma, 
atoms in the SiOx layer began to migrate. There likely are two paths for 
the atoms to migrate in the interfaces when the energy continuously 
input from plasma. One is that the unsaturated Si atoms in the SiOx layer 
diffuse toward the SiO2 layer with massive oxygen atoms, and the 
excessive O atoms in the top layer move downward to bond with Si 
atoms. The second is that the Si atoms migrate toward c-Si to extend the 
crystalline structure accompanying with some defects removing in 
crystalline silicon. During plasma-AMM processing, the burry interface 
for SiOx gradually evolve to a distinguishable interface between SiOx 
and crystalline silicon structure because of the reconstruction of the 
bonding modes of Si atoms and O atoms, as shown in Fig. 1(d). 

In this study, the plasma-OX process and subsequent plasma-AMM 
process on the Si surface were conducted on the same constructed 
equipment. Fig. 2(a) shows the ICP setup, which is mainly composed of 
RF (radio frequency) power supply, matcher, copper inductor coil, 
quartz torch tube, alumina sample table and three-axis computer nu
merical control (CNC) motion system. The torch tube is fixed at the 
center of the induction coil and consists of two coaxial quartz tubes 
(outer diameter 20 mm, inner diameter 16 mm). In OX process, the inner 
tube supplied a small flow of ignition gas (Ar) and reaction gas (O2) and 
the outer tube supplied a large flow of cooling gas (Ar), which prevented 
quartz torches from melting at high temperatures and stabilized the 
plasma beam. With regards to the AMM mode, the supply of oxygen was 
stopped in the inner tube and others was same to plasma-OX process. 

The surface temperature of Si wafer during the whole OX-AMM 
process was shown in Fig. 2(e). The material of the wafer samples in 

Fig. 1. The schematic diagrams of SiO2/Si Interface during tuning plasma 
processing, (a) plasma-OX process, and (b) its surface layer structure after OX 
processing. (c) The subsequent plasma-AMM process, and (d) the interface after 
plasma-AMM process for Si wafer. 
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Fig. 2. (a) The photograph of ICP setup; (b) the schematic diagram of OES measurement for ICP diagnostic, the OES spectra obtained from plasma in (c) OX process 
and (d) AMM process; (e) the detected temperature of Si wafer surface during the whole OX-AMM process (RF power was 620 W); (f) the variation in the tem
peratures of sample surface with the RF powers, and the inset is the thermal image under 620 W of RF power. 

S. Liang et al.                                                                                                                                                                                                                                    



Journal of Manufacturing Processes 107 (2023) 166–178

169

this study is single crystal silicon. (100) is the crystal plane parallel to 
the wafer surface. The size of wafers was 10 mm × 10 mm × 0.5 mm and 
the diameter of ICP irradiated region was 20 mm, thus the temperature 
in the irradiated region under the plasma torch was recorded as the 
surface temperature. When the RF power was 620 W, the average 
temperature of the Si wafer surface was 920.7 ◦C. The research also 
shows that the surface temperature has a linear relationship with RF 
power, as shown in Fig. 2(f). By adjusting the power, the surface tem
perature of Si wafer surface can be roughly controlled from 400 to 
1100 ◦C. 

The compositions of free radicals of ICP in the plasma-OX and 
plasma-AMM processes were detected by an optical emission spec
trometer (OES, Ocean Optics USB4000) with a wavelength resolution of 
0.2 nm. As seen in Fig. 2(b), the fiber optic probe was fixed at a distance 
of about 200 mm from the torch center, and the spectral information of 
all collected data was recorded with a constant integration time of 60 
ms. The wavelength of the emission spectrum can be used to deduce its 
energy, and then the composition of the transition group can be cali
brated. The emission intensity reflects the density of free radicals to 
some extent. 

The parameters in plasma-OX and subsequent plasma-AMM pro
cesses are shown in Table 1. In the plasma-OX process (RF 500 W), argon 
was used as the ignition gas (Ar, 1.5 slm). Corresponding to the deex
citation of argon atoms, some strong argon peaks (751.5 nm, 763.5 nm, 
811.5 nm, 842.5 nm, etc.) were observed [44,45], as shown in Fig. 2(c). 
Due to the introduction of a large amount of oxygen, two distinct strong 
oxygen peaks (671.4 nm and 772.9 nm) were observed corresponding to 
the deexcitation of the oxygen atom. Compared to the OES spectra in 
plasma-OX process, the intensity of two oxygen peaks (671.4 nm and 
772.9 nm) were weakened in plasma-AMM process (RF power 620 W) 
while others were almost same, shown in Fig. 2(d). 

In order to better characterize the interface morphology, the silicon 
oxide film on the surface of Si wafers need to be removed. Hydrofluoric 
acid (HF) was used to remove silicon oxide film efficiently [46,47], 
which is based on the reaction of HF and SiO2. The chemical reaction of 
oxide film and HF can be expressed as Eq. (3) [48]: 

SiO2(solid) +HF(aq) +H+→SiF6
2−

(aq) +H2O(aq) (1) 

To realize a stable etching of silicon oxide film, NH4F solution was 
added to HF solution, which was called buffered oxide etch (BOE) so
lution [49]. Thus, the processed Si wafers were placed in the BOE 

solution for 10 min. The reaction diagram of oxide film in BOE solution 
is shown in Fig. 3. The processed Si wafers were placed in the BOE so
lution for 10 min. The EDS (Energy Dispersive Spectrometer) spectrum 
was used to analyze the contents of the main elements of surface, as 
shown in Fig. S1. It indicates that the silicon oxide film can be removed 
in 10 min etching. 

The Si wafer by computer controlled optical surfacing (CCOS) 
manufacturing is widely used in commercial sales due to the smooth 
surface with less subsurface damage. Thus, the original states of c-Si 
(100) wafer processed by CCOS were studied as original samples. All 
wafers were ultrasonically cleaned with high purity alcohol (99.5 %) 
and rinsed in ultra-pure water, then dried with nitrogen (99.999 %). The 
surface morphology was observed by laser scanning confocal micro
scope (LSCM, Keyence VK-X1000), and the surface roughness was 
measured by atomic force microscope (AFM, Bruker Edge). For the 
purpose to clarify the structural evolution of the subsurface processed by 
plasma-OX and OX-AMM hybrid processes, the lamellar specimens for 
high resolution transmission electron microscope (HRTEM) analysis 
were lifted out by a dual-beam scanning electron microscopy/focused 
ion beam (SEM/FIB) system. The X-ray diffraction (XRD) data were 
obtained by a Philips 60 X’Pert PRO powder diffractometer using Cu Kα 
radiation (λ 1.54055 Å) at 40 kV and 10 mA. The incident beam was 
passed through an X-ray mirror having a divergence slit of 1/2. The 
diffracted beam was directed to the detector through a parallel plate 
collimator with equatorial acceptance slit of 1/4. 

Fig. 4. LSCM and AFM images: (a) Origin surface, (b) The exposed surface after 
HF etching 10 min; (c) The profiles of regular-round-pits of AFM images in (b). 

Table 1 
The Plasma-OX and the subsequent plasma-AMM process parameters.  

Parameters Plasma-OX Plasma-AMM 

Ignition gas (Ar) 1.5 slm 
Cooling gas (Ar) 18.0 slm 
O2 60 sccm 0 
Frequency 27.12 MHz 
RF power 500 W 560–700 W 
Distance 10 cm 
Time 2 min 5 min  

Fig. 3. Schematic diagrams of HF etching with oxide layer on the Si surface.  

S. Liang et al.                                                                                                                                                                                                                                    



Journal of Manufacturing Processes 107 (2023) 166–178

170

3. Results 

3.1. The original surface/subsurface of Si 

The morphology of original surface/subsurface was observed firstly. 
Fig. 4(a) shows the original morphologies of Si surface by LSCM and 
AFM images. The original surface was smooth and the roughness was Sa 
0.358 nm. HF etching was used to remove oxide film and exposed sur
face morphology is shown in Fig. 4(b). After HF etching, the surface was 
also smooth and the roughness was Sa 0.375 nm, which was near the 
original surface due to the re-natural oxidation of the Si wafer surface in 
atmospheric environment. The several tens nanoscale round-pits are 
observed in the AFM image, as shown in Fig. 4(b). HF reacted with Si 
oxides and completed etching quickly, but reacted with c-Si slowly. 
Therefore, these round-pits exposed after HF etching were presumed to 
be derived from nanoscale subsurface defects on the original surface 
processed by CCOS. The higher oxygen content at these subsurface de
fects provided HF adsorption with more active sites. As shown in Fig. 4 
(c), the surface profiles exhibit the nanoscale depth of these round-pit, 
which confirmed the CCOS processed surface of Si wafer was to some 
extent smooth with less damage at nanoscale. 

Fig. 5 shows the subsurface characteristics of the original Si wafers. 
The HRTEM image of the whole surface at hundreds nanoscale is shown 
in Fig. 5(a). The carbon layer covered on the wafer surface was used to 
avoid damage of oxide film during FIB process. The EDS (Si) and EDS (O) 
distribution mappings of the cross-section for the unprocessed original 
surface are shown in Fig. 5(b) and (c). The thickness for high-content 
oxygen region of was about 4 nm, which was caused by the previous 
step processing procedure, i.e., natural oxidation. Fig. 5(d) shows the 
HRTEM image for the original Si surface at tens nanoscale. An obvious 
oxide film was observed on the surface, with thickness at nanoscale. 
However, the oxide film was not completely orderly as indicated by the 
yellow dotted line. On the contrary, the atoms in c-Si are arranged in 

order, so the arrangement of atoms in the oxide film and c-Si is further 
observed. 

The lattice fringes of c-Si were uniform and clear, shown in the Fig. 5 
(e). Meanwhile, the lattice fringe spacing was about 0.31 nm, corre
sponding Si (111). The high-resolution images obtained by TEM came 
from the cross section of the surface material. The lattice fringes for 
(111) plane was original from the electron diffraction images and FFT/ 
IFFT calculation, which was in connection with the relationship of the 
crystallographic zone axis and the direction of the transmitted electron 
beam. 

Fig. 6. LSCM and AFM images: (a) Plasma-OX processed surface, (b) The 
exposed interface after HF etching. 

Fig. 5. The subsurface characteristics of the original Si wafer: (a) HRTEM image of the whole subsurface at hundreds nanoscale; EDS images of the silica element (b) 
and oxygen elements (c); (d) HRTEM image of the surface oxide film at tens nanoscale; Lattice fringe images of interface (e) and c-Si (f). The solid yellow circles 
represent the twisted lattice and the dashed yellow circles represent dislocations. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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The dislocations and lattice distortions can be identified in the lattice 
fringe in oxide film, shown in the Fig. 5(e). As interstitial atoms, the 
doped oxygen atoms caused defects in c-Si, which destroyed the equi
librium state between Si atoms and distorted the lattice. Therefore, the 
lattice distortions were observed on the surface, as marked by solid 
circles. Meanwhile, the lattice distortions formed local slip in the crystal 
structure, which led the generation of edge dislocations, as marked by 
dotted circles. The thermal stress is another major factor in generating 
lattice distortion and edge dislocations. The doping of oxygen atoms in 
the natural oxidation process was conducted in normal temperature and 
pressure environment, thus the lattice distortion and edge dislocation 
were derived from the doping of a small amount of oxygen atoms in the 
natural oxidation process. However, the subsurface defects of the CCOS 
processed original wafer easily adsorbed oxygen atoms, which led the 
observable dislocations and lattice distortions. The original oxide film 
on the Si surface was considered as SiOx (x < 2), consisting of c-Si and 
doping O atoms, which was consistent with previous speculation. 

3.2. The OX processed interface SiO2/Si 

The plasma-OX process was first conducted on the original surface of 
Si wafer as the first step. The RF power is 500 W, and the corresponding 
wafer surface temperature was maintained at about 751.2 ◦C, shown in 
Fig. 2(f). Based on short-term and thermal oxidation, the oxide film on 
the Si surface became thickened rapidly in plasma-OX process. Fig. 6(a) 
shows the surface morphology of the plasma-OX processed oxide film by 
LSCM and AFM images. The color of LSCM image is significant light 
blue, and the surface roughness in the AFM image is Sa 0.194 nm. After 
HF etching 10 min, the oxide film was removed and the exposed 
morphology of SiO2/Si interface is shown in Fig. 6(b). Compared with 
the original surface morphology (Fig. 4(b)), the round pits on the orig
inal surface disappeared observing from the AFM image, which was due 
to the depth of oxidation exceeded that of the round pits. 

The subsurface characteristics of the OX processed Si wafers is shown 
in Fig. 7. The HRTEM image for the whole surface characteristics at 
hundreds nanoscale is shown in Fig. 5(a) and a significant oxide film on 
the surface was observed. The EDS (Si) and EDS (O) distribution map
pings of the cross-section for the plasma-OX processed surface are shown 
in Fig. 7(b) and (c). The thickness for high-content oxygen region of was 
about 143 nm, which was caused by the thermal oxidation procedure. 
According to the analysis of the bonding mechanism of Fig. 1 (a), oxygen 
cannot be completely matched up with silicon due to excessive oxygen 
injection and short-term oxidation treatment, so the oxide layer is 
composed of SiO2 layer and SiOx (x < 2) layer. Fig. 7(d) shows the 
HRTEM image for the SiO2/Si interface characteristics at tens nanoscale, 
in which the SiO2 layer is on the top, the c-Si region is at the bottom, and 
a transitional SiOx layer in the middle. The structure for SiOx layer is 
similar to that for c-Si, but the structure was blurred, and there are some 
obvious dislocations and distortions as indicated by the yellow line. 

In order to observe and compare the atomic arrangement on the 
SiO2/Si interface, the lattice fringe images are shown in Fig. 7(e) and (f). 
Severe lattice distortions and edge dislocations can be observed on the 
lattice fringe of SiOx layer, as marked by yellow circles. Compared with 
the original surface, the density of distortion in the SiOx layer was larger 
and the degree of lattice deformation was more serious. A large number 
of oxygen atoms infiltrated on the wafer surface, forming a serious 
doping phenomenon. Meanwhile, the high temperature oxidation also 
promoted the oxygen doping and residual thermal stress, which caused 
serious lattice defect. The excess oxygen atoms seriously destroyed the 
crystal structure, leaving a certain amount of free Si atoms, which pro
vided the premise of Si atom migration in the next-step process. 

3.3. The OX-AMM processed interface SiO2/Si 

Plasma-OX prepared a thick oxide film on the Si wafer surface, and 
the subsequent plasma-AMM was used as the second processing 

Fig. 7. The subsurface characteristics of the OX processed Si wafer: (a) HRTEM image of the whole subsurface at hundreds nanoscale; EDS images of the silica 
element (b) and oxygen elements (c); (d) HRTEM image of the SiO2/Si interface at tens nanoscale; Lattice fringe images of interface (e) and c-Si (f). 

S. Liang et al.                                                                                                                                                                                                                                    



Journal of Manufacturing Processes 107 (2023) 166–178

172

Fig. 8. (a) The LSCM image of the OX-AMM processed Si wfer surface; (b) Exposed SiO2/c-Si interface after HF etching 10 min; (c) AFM images of SiO2/c-Si interface 
at different AMM powers. 
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procedure. Fig. 8(a) shows the subsequent AMM processed surface of 
LSCM image, in which the color is blue. Fig. 8(b) displays the exposed 
SiO2/Si interface after HF etching observing by LSCM, and some 
microscale ripples were identified. It can be inferred that the plasma 
induced the atoms migration of Si wafer under the high-temperature, 
and it realized the softening of the SiOx interface layer in AMM pro
cess. As AMM process was stopped, there was a sharp heat exchange 
between wafer surface of high temperature and the atmosphere of 
normal temperature. Thus, these microscale ripples in the SiO2/Si 
interface may be resulted from the rapid cooling. 

With respect to plasma-AMM process, the power was the main factor 
for the migration efficient of atoms [41,42]. The plasma-AMM experi
ments of various powers were conducted in Fig. 2(f). For exploring the 
effect of RF power on the interface morphology, Fig. 8(c) shows the 
exposed SiO2/Si interface by AFM images at different plasma-AMM 
powers. The corner areas of Si wafer begin to melt when the power 
exceeded 700 W, which affected the surface structure seriously. There
fore, the power used in the plasma-AMM process was <700 W. When the 
power was set as 560 W, there was little change in the exposed 
morphology and roughness of SiO2/Si interface, compared with the 
plasma-OX processed interface. When the power increased, the rough
ness of the SiO2/Si interface gradually decreased to the lowest value of 
Sa 0.171 nm at AMM 620 W. As for further increasing the power during 
AMM process, the roughness of the surface began to deteriorate, and the 
highest value of Sa reached to 0.726 nm at AMM 700 W. At higher AMM 
powers, the island structures were formed. Thus, 620 W in the plasma- 
AMM was the most suitable process parameters. However, the rapid 
cooling may be the key factor for generating microscale ripples of the 
surface. Owning to the micro-melting of the SiOx interface layer under 
excessive power, the rapid cooling of the SiOx interface layer led to the 

island structures. In order to eliminate the microscale ripples 
morphology, the optimization of plasma-AMM process was necessary so 
as to manufacture a flatting SiO2/Si interface. 

The HRTEM image for the surface characteristics of the OX-AMM 
(620 W) processed Si wafers is shown in Fig. 9 (a). The EDS (Si) and 
EDS (O) distribution mappings of the cross-section for the OX-AMM 
processed surface are shown in Fig. 9(b) and (c). The thickness for 
high-content oxygen region of was reduced to ~120 nm. The HRTEM 
image for the SiO2/Si interface is shown in Fig. 9(d), and the thickness of 
the interface is at several nanoscales and apparently less than that of the 
interface processed only by OX plasma process. It was in line with the 
analysis of the migration mechanism of Fig. 1(b), which is the specu
lation of decomposition of SiOx layer and the Si re-bonding to c-Si. 

The lattice fringe image of SiOx layer is shown in Fig. 9(e), and the c- 
Si lattice fringes can be observed on most of the SiOx interface layer. 
Compared with the plasma-OX processed SiOx interface defects, the 
density of lattice distortion was decreased and the lattice deformation 
almost disappeared. The ICP only carried argon without oxygen. On the 
one hand, the energy transferred into the SiOx interface continuously, 
thus Si atoms in the SiOx layer migrated and boned to c-Si, which real
ized the thinning of SiO2/Si interface and removed defects. On the other 
hand, the oxide film hindered the oxygen atoms in the atmospheric 
environment from permeating the interface, which avoided the new 
doping. However, the OX-AMM processed SiOx layer was still recog
nized, and its thickness was 2–3 nm. A small number of residual defects 
were derived from the residual thermal stress after the plasma-AMM 
process due to the rapid cooling. In order to completely eliminate re
sidual defects and reduce the thickness of SiO2/Si as much as possible, 
the plasma-AMM process needs to be optimized. 

Fig. 9. The subsurface characteristics of Si wafer processed by the OX-AMM (620 W): (a) HRTEM image of the subsurface at hundreds nanoscale; EDS images of (b) 
the silica element and (c) oxygen element; (d) HRTEM image of the SiO2/Si interface at tens nanoscale; lattice fringe images of (e) the interface and (f) c-Si. 
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3.4. The OX-AMM (cooling) processed interface SiO2/Si 

It is likely that the rapid cooling results in the streamlined mor
phography and residual defects of the SiOx layer. Thus, the core of 
optimizing plasma-AMM was to realize multi-steps slow cooling at a 
constant power. The minimum roughness of plasma-AMM process in 
constant power was obtained at 620 W, thus 620 W was used for the 
initial power. The power decreased from 620 W to below 400 W at the 
different rates in the plasma-AMM (cooling) process. Fig. 10 (a) shows 
the powers value versus time at the different cooling rates. The 
decreasing trend of RF power is approximately in linear, and the inset 
image shows the enlarged graph relation of time and setting power. The 
decreased value for each step is in the fixed power and the setting power 
maintained for one minute in each step. For directly elucidating the 
variation of temperature of sample and time, the curve of temperature 
and time in the whole process was recorded when the cooling setting of 
RF power is 10 W/min, as shown in Fig. 10(b). In plasma-OX process, the 
temperature of wafer surface increased from room temperature to 
751.7 ◦C in 2 min. By switching to plasma-AMM process, temperature of 
wafer surface increased to 924.0 ◦C subsequently. The setting cooling 
procedure can control the temperature of the wafer surface decreasing 
from 924.0 ◦C to 618.7 ◦C in 25 min, which is different from rapid 
cooling after plasma-AMM. Then, the power was off and the temperature 
was decreased rapidly. 

Fig. 11 (a) shows the surface morphology of sample processed after 
OX-AMM (cooling) observed by LSCM under 10 W/min of cooling RF 
power, which was similar to that after OX-AMM processing. Fig. 11(b) 
shows the exposed SiO2/Si interface morphology after HF etching. It is 
worth noting that there were no ripples observed on the smooth SiO2/Si 
interface, which is different from the surface condition after OX-AMM 
process without cooling processing. It means that multi-step slow cool
ing mode can reduce the influence of thermal stress. 

Fig. 11(c) shows the AFM topography of the exposed SiO2/Si inter
face after etching, which were OX-AMM processed at different cooling 
rates. When the cooling rate was 30 W/min, the roughness of SiO2/Si 
interface was decreased to 0.116 nm significantly. Besides, when the 
cooling rate decreased to 10 W/min, the roughness of Sa can decrease to 
0.0842 nm. With respect to these lower cooling rate of 5 W/min and 1 
W/min, the roughness for the SiO2/Si interface cannot be reduced 
obviously, and it is stabilized at 0.08–0.09 nm. The results confirm that 
the ultra-smooth SiO2/Si interface can be processed through the multi- 
step slow cooling process, which can reduce the microscale ripples and 
nanoscale streamlined morphology. The optimized plasma-AMM (cool
ing) process can make a breakthrough in manufacturing ultra-smooth 
surface with its roughness of Sa below 0.1 nm. Fig. 11(d) shows the 
HRTEM image for the SiO2/Si interface characteristics of the OX-AMM 
(cooling) processed wafer at tens nanoscale. A significant flatting 
SiO2/Si interface was observed, and the SiOx layer thickness is below 
0.6 nm (1–2 atoms layer). The lattice fringe image of SiO2/Si interface is 
shown in Fig. 11(e) and c-Si is shown in Fig. 11(f). Compared with the 
OX-AMM processed SiOx interface, the lattice distortion and deforma
tion completely disappeared. The lattice fringe image in the SiO2/Si 
interface was same to c-Si, and there is not observed dislocation 
morphology. Thus, it can be considered that the SiOx completely 
decomposed and disappeared, and the atomic-level ultra-smooth and 
ultra-thin SiO2/Si interface was processed. 

4. Discussion 

A thick oxide film was formed on the surface of the Si wafer after the 
plasma-OX process, including an oxygen-saturated layer (SiO2) on the 
top and a significant oxygen-unsaturated layer (SiOx, x < 2) adjacent to 
the bulk crystal silica (c-Si). After the subsequent plasma-AMM process, 
the Si atoms in the SiOx layer migrated and re-bonded to c-Si, and the 
SiOx layer became thinner. Based on the OX-AMM hybrid process, the 
SiOx layer gradually decomposed and a smooth and thin SiO2/Si inter
face on the subsurface was formed. By optimizing the OX-AMM (cool
ing) process, the thickness of SiOx layer between SiO2 the c-Si can reduce 
to <0.6 nm, with surface roughness of Sa < 0.1 nm. Fig. 12(a) shows the 
HRTEM images at nanoscale for the interface characteristics after 
different processed Si wafers, and Fig. 12 (b) shows the corresponding 
lattice fringe images. 

On the original Si wafer surface, the interface atomic arrangement 
neighboring c-Si is blurred due to the doping oxygen atoms in nature 
oxidation process. Thus, the slightly distorted and curved lattice fringes 
are observed in the SiOx layer of original Si surface. On the plasma-OX 
processed Si wafer surface, the interface atomic arrangement neigh
boring c-Si is more irregular due to the excessive doping oxygen atoms 
and thermal stress in the thermal oxidation process. Thus, severe dis
torted and curved lattice fringes can be observed in the SiOx layer of 
plasma-OX processed Si surface. On the OX-AMM processed Si wafer 
surface, the interface atomic arrangement neighboring c-Si is clear. 
Because of the stably transferring energy, the free Si atoms in the SiOx 
layer migrated and bonded to the c-Si. This process led the decomposi
tion of SiOx layer and the defects are eliminated. Without new doping 
oxygen atoms, there was no new defects from doping on the SiO2/Si 
interface. However, the rapid cooling after the plasma-AMM still brings 
thermal stress, leading a small number of residual defects. Thus, slight 
fuzzy fringes were observed in the SiOx layer of OX-AMM processed Si 
surface. In order to completely eliminate the influence of thermal stress, 

Fig. 10. The OX-AMM process with cooling settings, (a) the relationships of the 
setting RF powers and time under different cooling rates; (b) the change of 
temperature with time for sample from the beginning of manufacturing to the 
ending of the cooling process (10 W/min) and natural cooling. 
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Fig. 11. The LSCM images of (a) the OX-AMM (cooling) processed Si surface and (b) the exposed SiO2/c-Si interface after HF etching; (c) AFM images of the exposed 
SiO2/Si interfaces at different cooling rates; (d) HRTEM image of SiO2/Si interface, (e) lattice fringe image of SiO2/Si interface and (f) c-Si after the plasma-AMM 
(cooling) process at cooling rate of 10 W/min. 
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multi-step slow cooling is designed in plasma-AMM. On the OX-AMM 
(cooling) processed Si wafer surface, the interface atomic arrangement 
neighboring c-Si was extremely clear. By stably transferring energy in 
multi-step slow cooling mode, the plasma-AMM (cooling) process can 
avoid the thermal stress to a great extent. Thus, a significant amorphous 
region and lattice fringes region were observed SiO2/Si interface of OX- 
AMM (cooling) processed Si surface, and an ultra-thin SiO2/Si interface 
can be processed. 

As the final procedure, HF etching is used to remove the oxide film 
and expose the interface morphologies. Fig. 13(a) shows the exposed 
profiles and roughness values of the original surface and the SiO2/Si 
interfaces after different processes from AFM images in Figs. 4(b), 6(b), 
8(d) and 11(c). The original surface was composed of SiOx layer, and the 
roughness was Rq 1.42 nm and Ra 0.257 nm. After thermal oxidation of 
plasma-OX process, the SiO2/Si interface is mainly composed of SiOx 
layer. Therefore, the plasma-OX processed roughness of SiO2/Si inter
face was Rq 1.62 nm and Ra 0.247 nm, which was similar to original 
surface. The subsequent plasma-AMM process thinned the thickness of 
SiOx layer to 2–3 nm, and the SiO2/Si interface was flatting. Thus, the 
exposed SiO2/Si interface after HF etching was smooth, with the 
roughness reduced to Rq 1.07 nm and Ra from 0.161 nm. By optimizing 
plasma-AMM (cooling) process, the thickness of SiOx layer can decrease 
to below 0.6 nm and the roughness of exposed SiO2/Si interface is Rq 
0.421 nm and Ra < 0.1 nm. 

For further elucidating the morphology evolution of the Si wafers, 
the power spectral density (PSD) analysis was conducted on the data 
from AFM images of the SiO2/Si interface. Data fitting of PSD is shown 
in Fig. 13(b). It is evident that interface roughness within measured 
range of high spatial frequency is effectively decreased during OX-AMM 
and OX-AMM (cooling) processes. 

Furthermore, the interfacial roughness is obtained by removing the 
surface oxide film by HF etching. Therefore, it is necessary to detect the 

surface after HF etching to determine the crystal orientation and 
element distribution of the surface. Fig. 14 shows the XRD spectra of the 
original wafer and HF etched wafer surfaces. All the spectrums show 
individual peak in almost the same position of Si (311) orientation, 
which confirmed HF etching did not change the crystal orientation of the 
wafer surface. 

The asymmetric characteristic at the bottom of the diffraction peak 
on the original surface can be understood as the oxygen doping by 
natural oxidation and the original subsurface damage. After HF etching, 
a natural oxide film was formed on the surface again, and the diffraction 
peak of the film was almost unchanged. The thermal oxidation process 
included excessive oxygen doping and thermal stress, which led to the 
obvious left shift of diffraction peak. Further the plasma-AMM process 
releases the stress at the interface and the diffraction peak returns to the 
right. After the optimized plasma-AMM (cooling) tuning, the stress was 
almost completely released and the diffraction peak returned to the 
initial position. Moreover, the intensity of diffraction peak increased 
significantly and the full width at half maxima (FWHM) decreased after 
AMM (cooling) tuning, which confirms that the materials on the surface 
became excellent crystallization. 

5. Conclusion 

This study proposed an efficiently process for ultra-flat and ultra-thin 
SiO2/Si interface by combining plasma-OX process and plasma-AMM 
process. By optimizing process, the roughness and thickness of SiOx/Si 
interface can be rapidly reduced to atomic level. The proposed OX-AMM 
hybrid process was conducted on one ICP setup by adjusting the airflow. 
The conclusion is as follows: 

Fig. 12. (a) The HRTEM images and (b) lattice fringe images for the characteristics of SiO2/Si interface neighboring c-Si region of the Si wafers surface after different 
processes at nanoscale. 
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(1). The oxide film thickness of original Si surface was 0.4 nm. The 
atomic arrangement of surface was blurred with same dislocation 
defects, with the roughness Sa 0.375 nm.  

(2). In the ICP oxidization mode, the plasma-OX process overlaid an 
oxide film with thickness 140 nm on the c-Si surface in 2 min, 
which formed a SiO2 layer on the top and a SiOx (x < 2) layer 
neighboring to c-Si. Compared with the original sample, the 
atomic arrangement of SiO2/Si interface was not improved, and 
the roughness was Sa 0.316 nm.  

(3). In the ICP migration mode, the plasma-AMM process induced Si 
atoms migration to c-Si and the SiOx layer gradually decomposed 
in 5 min. At 620 W RF power, the thickness of oxide film was 
reduced to 120 nm and the thickness SiOx layer was reduce to 
about 2–3 nm. The roughness of SiO2/Si interface was reduced to 
Sa < 0.2 nm. In comparison, traditional thermal annealing 
consumed hours to achieve atomic-level interface  

(4). By optimizing multi-step cooling plasma-AMM tuning, the SiOx 
layer was almost completely decomposed with thickness of 1–2 
atom layers and the interface defects was completely removed. 
While annealing rate was set as 10 W/min, the SiO2/Si interface 
roughness achieved Sa < 0.1 nm, which was close to physical 
limit.  

(5). This plasma-induce OX-AMM hybrid process provides a potential 
manufacturing method for SiO2/Si interface applied in MOSFET. 
It also shows a possibility for ultra-smooth Si surface by HF 
etching as the final process to remove the SiO2 oxide film, which 
may be further extended for manufacturing Si semiconductor 
devices. 
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[39] Solà Garcia MM. Fabrication of c-Si microstructures through reorganization at high 
temperatures, in. Universitat Politècnica de Catalunya; 2015. 
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