
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
25

 1
2:

25
:1

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of TCS gas
aKey Laboratory of Semiconductor Materia

Chinese Academy of Sciences, Beijing 1000

liuxf@semi.ac.cn
bCenter of Materials Science and Optoelectr

Academy of Sciences, Beijing 100049,

zhang_yang@semi.ac.cn

Cite this: RSC Adv., 2024, 14, 16574

Received 5th April 2024
Accepted 16th May 2024

DOI: 10.1039/d4ra02563f

rsc.li/rsc-advances

16574 | RSC Adv., 2024, 14, 16574–1
flow and pre-etching on
homopitaxial growth of 4H-SiC
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Shangyu Yang, ab Yang Zhang*ab and Xingfang Liu*ab

In this study, the epitaxial growth of 6-inch n-type 4° off-axis Si-face substrates using a horizontal hot-wall

LPCVD system was investigated. The study explored the epitaxial growth under different source gas flow

rates, growth pressures, and pre-etching times, with particular emphasis on their effects on epitaxial

growth rate, epitaxial layer thickness uniformity, doping concentration and uniformity, and epitaxial layer

surface roughness. The observation was made that the increase in source gas flow rate led to variations

in dopant concentration due to different transport models between nitrogen gas and source gas.

Additionally, with the increase in etching time, overetching phenomena occurred, resulting in changes in

both dopant concentration and uniformity. Furthermore, the relationships between these three factors

and their corresponding indicators were explained by combining the CVD growth process with the

laminar flow model. These observed patterns are beneficial for further optimizing growth conditions in

industrial settings, ultimately enhancing the quality of the growth process.
Introduction

Currently, most epitaxial growth processes are predominantly
homoepitaxial, and the matured SiC device structures in the
industry are primarily based on 4H-SiC.1–3 Consequently, the
optimization of epitaxial techniques and growth processes in
the industry is primarily focused on homoepitaxial growth of
4H-SiC.3,4 Previous research has shown that under conditions of
signicant uctuations in source gas ow rates during epitaxial
growth, especially when themagnitude of the ow rate variation
is nearly equal to the magnitude of the source gas ow rate
itself, there is a gradual transition of the epitaxial growth from
4H to 3C polytype as the source gas ow rate increases.5 Under
specic source gas ow rate conditions, both 3C and 4H poly-
types may simultaneously appear on the same epitaxial wafer.
In order to determine the inuence of source gas ow rates on
homoepitaxial growth of 4H-SiC during homoepitaxial growth,
and to provide better references for controlling the growth
parameters of homoepitaxial 4H-SiC processes, it is necessary to
vary experimental conditions. Specically, under lower source
gas ow rates, reducing the magnitude of uctuations in source
gas ow rates and conducting experiments on the effects of
different source gas ow rates on epitaxial growth under the
premise of homoepitaxial growth. Additionally, chamber
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pressure also affects the ow rate of the source gas, the thick-
ness of the boundary layer,6,7 and the stability of the gas ow,
thereby inuencing the kinetics of epitaxial growth. Therefore,
it is necessary to study the relationship between chamber
pressure and the quality of gas-phase epitaxial growth.

The quality of epitaxial layers depends not only on various
process parameters of the chemical vapor deposition process
but also signicantly on the quality of the substrate.8–10 There is
ample evidence from numerous studies indicating that many
defects in epitaxial layers are caused by defects on the substrate
surface or extensions of substrate defects.11–13 Common
methods for eliminating defects in epitaxial layers caused by
substrate surface defects involve treating the substrate surface
to improve the quality of the epitaxial layer. For example,
common substrate surface defects such as carbon inclusions
and scratches can be eliminated through surface treatment.
Pre-growth in situ etching with H2 is one such surface treatment
process.14–16 At a certain temperature, using H2 for in situ
etching can eliminate surface scratches, improve substrate
surface smoothness, and enhance substrate surface quality.
Importantly, through chemical reactions, a layer of SiC is
removed from the surface while forming steps. The formal
growth stage then involves step ow growth, where C atoms and
Si atoms decomposed from the source gas molecules will
adsorb and nucleate at the steps, ultimately completing the
homogeneous epitaxial growth of SiC. Therefore, in situ etching
is an important process for SiC homogeneous epitaxial growth.

The objective of the present research is to study the effect of
epitaxial growth conditions on the epitaxial growth rate,
epitaxial layer thickness uniformity, doping concentration and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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uniformity, and epitaxial layer surface roughness for real-life
applications. In this article, particular attention is paid to the
effects of three process parameters, namely source gas ow rate,
growth pressure, and pre-etching time, on various growth
metrics under different experimental conditions. A series of
experiments were designed and conducted to investigate these
inuences.

Experimental

To investigate the inuence of source gas ow rate on the
homogeneous epitaxial growth of 4H-SiC during the epitaxial
growth process and to provide better references for regulating
the growth parameters of 4H-SiC homogeneous epitaxy, exper-
iments were conducted under the premise of homogeneous
epitaxy, varying the source gas ow rates to observe their effects
on epitaxial growth. The experimental groups were labelled as
Group A, and the experimental procedure was as follows: at an
epitaxial growth temperature of 1570 °C in a horizontal hot-wall
CVD system, 6-inch 4H-SiC n-type substrates were selected, and
epitaxial layer growth experiments were conducted on the
(0001) surface of these substrates. Trimethylsilane (TCS) diluted
with H2 and ethylene (C2H4) were used as the Si and C sources,
respectively. During the formal epitaxial layer growth, the C/Si
ratio was controlled at 0.72, and nitrogen (N2) was used as the
n-type doping source. The ow rates of different source gases
and doping gases were controlled, with reduced variations
compared to previous experiments, to avoid the formation of
the 3C crystal structure. During ow rate control, the ow rates
of each step of the source gases and doping gases were varied in
the same proportion. Aer determining the ow rates for one
group of epitaxy, the ow rates for the other two groups of
source gases and doping gases were set at 0.9 times and 1.1
times those of the experimental group, respectively. Samples
with ow rates set at 0.9 times, 1.0 times, and 1.1 times were
labelled as A1, A2, and A3, respectively.

Taking the preparation of A2 with a source gas ow rate of
1× as an example, the specic process and experimental
parameters are as follows: aer cleaning the epitaxial wafer, the
substrate was placed into the growth furnace. Within 26
minutes, the temperature of the substrate was raised from room
temperature to 1570 °C. Subsequently, a 2 minutes pre-etching
process was conducted in 100 slm of H2, with the gas pressure
controlled at 70 torr during substrate pre-etching. Following
this, while maintaining constant temperature, hydrogen ow
rate, and pressure, TCS at a ow rate of 55 sccm and C2H4 at
a ow rate of 14 sccm were introduced as the Si and C sources,
respectively. Additionally, N2 at a ow rate of 84 sccm was
introduced as the n-type doping source for the growth of the
buffer layer, which lasted for 8 minutes. Aer the buffer layer
growth, the ow rates of TCS, C2H4, and N2 were adjusted to 55
sccm, 20 sccm, and 33.5 sccm, respectively, for the formal
epitaxial layer growth. The growth duration of the formal
epitaxial layer was 38 minutes. Upon completion of the growth
process, the introduction of source gases was ceased, and the
ow rate of H2 was maintained until the epitaxial wafer cooled
to room temperature. For A1, the ow rates of TCS, C2H4, and N2
© 2024 The Author(s). Published by the Royal Society of Chemistry
at each step were reduced to 0.9 times that of A2, while other
conditions and processes remained unchanged. A3 followed the
same principle.

To investigate the specic effects of chamber pressure on the
nal epitaxial layer, we designed Group B experiments. Using
a horizontal hot-wall CVD epitaxial equipment, the chamber
temperature was raised to 1570 °C within 32 minutes and
maintained. The growth pressures for four samples were
controlled at 40 torr, 60 torr, 70 torr, and 80 torr, respectively,
and maintained constant throughout the process. The four
samples were named B1, B2, B3, and B4 accordingly. Subse-
quently, in situ etching was conducted for 4 minutes under
a hydrogen ow rate of 100 slm. Following this, TCS at a ow
rate of 27 sccm, C2H4 at a ow rate of 8 sccm, and N2 at a ow
rate of 70 sccm were introduced for buffer layer growth, which
lasted for 7 minutes. Aer the buffer layer growth, TCS at a ow
rate of 50 sccm, C2H4 at a ow rate of 18 sccm, and N2 at a ow
rate of 46 sccm were introduced for the formal epitaxial layer
growth, which lasted for 18 minutes. Upon completion of the
growth process, the heating power was turned off, and hydrogen
was continuously introduced until the samples cooled to room
temperature for sampling. Subsequently, tests were conducted
to measure the epitaxial layer thickness, doping concentration,
uniformity, and surface roughness.

To investigate the nal impact of the pre-etching process
before growth on the epitaxial layer, we conducted Group C
experiments. During the growth of the buffer layer, the ow rate
of TCS used was 30 sccm, with a C/Si ratio of 0.53, and the ow
rate of N2 was 80 sccm. In the formal growth phase, the ow rate
of TCS used was 50 sccm, with a C/Si ratio of 0.72, and the ow
rate of N2 was 60 sccm. The ow rate of H2 was maintained at
100 slm throughout the process. The parameters for this part of
the experimental group were the same, while the pre-etching
time before the growth of the buffer layer was set to 0 min,
1 min, 2 min, 4 min, 6 min, 9 min, and 12 min. The samples
were named C1, C2, C3, C4, C5, C6, and C7, respectively.

Results and discussion

For each epitaxial wafer in every group, the epitaxial layer
thickness was measured, and both the average growth rate and
the uniformity of the epitaxial layer thickness were calculated.
Additionally, dopant concentration and its uniformity, as well
as the surface roughness (Rq), were measured. Graphs were
plotted based on the different variables within each group. The
uniformity was calculated as follows:

uniformity = (sX/ �X ) × 100% (1)

where:

sX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

�
Xi � X

�2

s
(2)

is the standard deviation for this set of data. Xi is the i-th data
point, �X is the mean of the data, and n is the number of data
points. The formula indicates that the lower the value of
uniformity, the better the uniformity of the data set.
RSC Adv., 2024, 14, 16574–16583 | 16575
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The surface roughness of the epitaxial layer is represented by
Rq:

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

�
Zi

2

n

�s
(3)

where Zi represents the height of the i-th measurement point.
According to the denition, a higher value of Rq indicates
greater surface roughness, implying a more uneven surface of
the epitaxial wafer.
Source gas ow rate

In Group A experiments, a graph was plotted with the TCS ow
rate of the formal epitaxial layer as the horizontal axis. The
relationship obtained is depicted in Fig. 1.

From the graph, it can be observed that the growth rate is
linearly related to the source gas ow rate. This relationship is
quite straightforward to understand. Under the same step-ow
growth mode, the growth rate of the epitaxial layer is primarily
inuenced by the mass transport process. At the same pressure,
the boundary layer thickness remains relatively consistent, and
the mass transport of the source gas is mainly affected by the
concentration of the source gas in the airow. Without reaching
saturation, an increase in the source gas ow rate will corre-
spondingly increase the concentration of the source gas in the
boundary layer, resulting in a larger concentration difference
between the substrate and the boundary layer. This increase in
concentration difference will enhance mass transport accord-
ingly. The linear relationship between the source gas and the
epitaxial growth rate indicates that the reaction rate during CVD
epitaxial growth is greater than the gas transport rate.17,18 It also
indirectly suggests that under this gas ow rate, chemical
reactions near the substrate are quite sufficient, without
reaching saturation, implying that gas decomposition is rela-
tively thorough.

The unevenness of the epitaxial layer thickness decreases
with increasing gas ow rate. This is different from the obser-
vation in previous experiments where roughness was observed
at the substrate interface and more growth defects occurred at
Fig. 1 Growth rate and thickness uniformity under different source
gas flow rates.

16576 | RSC Adv., 2024, 14, 16574–16583
higher gas ow rates. The reason lies in the occurrence of 3C
polytype on 4H-SiC in previous experiments. The growth mode
of 3C polytype involves two-dimensional nucleation rather than
step-ow growth, leading to signicant randomness in the
arrangement of C–Si bilayers and consequently resulting in
deteriorated surface morphology and increased surface defects
in the epitaxial layer. However, in 4H-SiC homogeneous epitaxy,
the growthmode is characterized by step-ow growth, where the
arrangement of C–Si bilayers during epitaxial growth follows
the combined steps of the substrate surface. Therefore, the
crystal type of the epitaxial layer is controlled by the step type of
the substrate surface, ensuring that growth quality issues
observed in previous experiments do not occur. Microscopi-
cally, the gas ow rate has no effect on the uniformity of
homogeneous epitaxial growth. However, in terms of gas ow
eld distribution, under constant pressure, a higher gas ow
rate results in faster ow velocity. With higher gas ow velocity,
the gas ejected from the outlet can maintain a longer laminar
ow region,19,20 thereby improving the uniformity of the
epitaxial layer thickness and reducing the unevenness.

However, the doping concentration appeared to deviate from
expectations. Despite maintaining a xed ratio of N2 to TCS ow
rates at 0.61, as shown in Fig. 2, the doping concentration
decreased in the nal epitaxial wafers. This indicates a different
scenario compared to the case where mass transport rate limits
the source gas. In the epitaxial growth process of SiC, the
limitation on the decomposition of N2 and its incorporation as
doping atoms into SiC is governed by the chemical reaction
rate. In other words, within the boundary layer, the limitation
on the rate of N atoms entering the epitaxial layer arises from
the decomposition rate of N2 within the boundary layer and the
mechanism of N2 entering the epitaxial layer. Since the
consumption rate is relatively slow, the concentration of N2

within the boundary layer does not differ much from that in the
chamber environment. Without a concentration gradient, the
effect of gas ow rate on doping is relatively small. The internal
bond energy of N2 itself is high, and even at a high temperature
of 1570 °C, the number of N atoms generated by decomposition
is very limited.21 Therefore, simply increasing the ow rate of N2
Fig. 2 Doping concentration and doping uniformity under different
source gas flow rates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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does not correspondingly increase the number of doping atoms
entering the substrate and thus the doping concentration.
Additionally, due to the acceleration of the growth rate, the
doping concentration will decrease accordingly. This is only
part of the reason for the decrease in doping concentration. In
the homogeneous epitaxial growth process of SiC, the mecha-
nism of N atom doping competes for lattice positions with C
atoms.22 If the concentration of C elements in the gas increases,
the competitive ability of N atoms with C atoms decreases,
resulting in a decrease in doping concentration. With an
increase in the concentration of source gas, the concentration
of C atoms within the boundary layer increases. However, N
atoms are limited by the decomposition rate and do not
increase correspondingly in concentration, resulting in
a decrease in doping concentration.

The aforementioned changes primarily occur at the micro-
scale level. Whether it's the decomposition of N2 or the
competitive positioning of N and C atoms, these processes are
independent of the location on the substrate at the macroscopic
scale. Therefore, although there are changes in doping
concentration, the uniformity of doping concentration remains
unchanged. Thus, in this experiment, the uniformity has
consistently remained at around 10%, with almost no variation.

From the relationship between source gas ow rate and
substrate surface roughness, as shown in Fig. 3, it can be
observed that variations in source gas ow rate within this small
range did not induce changes in surface roughness. The
phenomena observed in previous experiments, such as step
clustering on the smooth central region of 4H-SiC, which led to
changes in surface roughness, did not occur here. In other
words, as long as the growth process remains within the range
of step-ow growth, the roughness of the epitaxial layer will not
undergo signicant changes.

When the mechanism of epitaxial growth remains
unchanged, the source gas ow rate is generally proportional to
the epitaxial growth rate, and the uniformity tends to improve
with an increase in the source gas ow rate. Regarding doping
concentration, when N2 is used as the doping source, the
doping concentration tends to decrease. It is speculated that
Fig. 3 Surface roughness of epitaxial layers under different source gas
flow rates.

© 2024 The Author(s). Published by the Royal Society of Chemistry
this phenomenon is related to the high stability of N2 itself and
the doping mechanism involving competition between N and C
atoms for lattice positions.23 However, this relationship may not
hold true when other N-containing gases are used as doping
sources. Additionally, the uniformity of doping concentration
and surface roughness do not uctuate signicantly with
changes in gas ow rate. However, all of these observations are
contingent upon the epitaxial growth proceeding in the regime
of step-ow homogeneous epitaxy. If the source gas ow rate is
too high, leading to two-dimensional nucleation or the forma-
tion of 3C polytype, there could be a sharp decline in epitaxial
quality, accompanied by a signicant increase in surface
roughness and an increase in surface defects.
Chamber pressure

The chamber pressure affects various aspects of epitaxial
growth. In terms of growth mechanisms, pressure directly
inuences the following processes:24,25

(1) The thickness of the boundary layer of the epitaxial layer
is directly inuenced by the chamber pressure. In the gas-phase
CVD process, the ow velocity of gas through the chamber is
high, while the ow velocity of gas near the substrate surface is
close to zero, forming a slow-moving gas layer known as the
boundary layer. Gas decomposition and chemical reactions
oen occur within this boundary layer, and the entire physical
transport process of the CVD process relies on this boundary
layer. The size of this boundary layer is directly controlled by
pressure, and in this mechanism, pressure directly affects the
physical transport process of the source gas.

(2) The ow velocity of gas is inuenced by the growth
pressure. With the same source gas ow rate, when the chamber
pressure increases, the volume of gas expansion decreases,
resulting in a slower ow velocity of the gas under the same
diameter. However, the CVD chamber is not in equilibrium. The
ow velocity of gas leads to an increase in the energy absorbed
by the gas, resulting in more thorough gas decomposition.
Some processes that are initially inuenced mostly by kinetics
move toward thermodynamic equilibrium over a longer period.
This movement alters the actual C/Si ratio of the gas and affects
the chemical reaction process.

(3) The uniformity and stability of gas ow have a direct
impact on the stability and uniformity of epitaxial growth.
Moreover, under the same source gas ow rate, the gas ow eld
in the epitaxial reactor is regulated by the chamber pressure.
Therefore, the chamber pressure during epitaxial growth also
inuences its stability.

The relationship obtained with the chamber pressure during
the growth process as the horizontal axis is depicted in Fig. 4.

The uniformity of epitaxial layer thickness did not exhibit
signicant changes at chamber pressures below 70 torr.
However, at a chamber pressure of 80 torr, there was a notable
increase in the unevenness of the growth thickness. This may be
attributed to the fact that at low chamber pressures, the growth
process remained relatively unchanged. However, when the
chamber pressure increased to a certain extent, the increase in
boundary layer thickness altered the mass transport in the
RSC Adv., 2024, 14, 16574–16583 | 16577
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Fig. 4 Growth rate and thickness uniformity of epitaxial growth under
different pressures.
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epitaxial layer, resulting in signicant uctuations in the
thickness at the center and edges of the substrate. Additionally,
constrained by the size and diameter of the chamber, at lower
air pressures, the airow over the substrate surface did not
experience turbulence. However, when the chamber pressure
increased to a certain level, the interaction between the airow
and the growth chamber led to turbulence, resulting in sudden
unevenness in epitaxial thickness.26

As shown in Fig. 5, the graph illustrates the variation of
doping concentration and uniformity with the growth chamber
pressure. The doping concentration showed no signicant
changes below 60 torr, but increased as the chamber pressure
exceeded 60 torr. By the time the chamber pressure exceeded 80
torr, the doping concentration was approximately 50% higher
compared to conditions at 40 torr. One possible factor
contributing to this change is the reduction in the mean free
path of molecules with changing chamber pressure, indicating
that at higher chamber pressures, it takes longer for gas mole-
cules to traverse the same chamber length. The N-type dopant
used for doping in this case is N2, and because the nitrogen–
nitrogen triple bond in N2 molecules is relatively stable, even at
high temperatures, the rate of nitrogen gas dissociation into N
atoms is not high, and the introduced N2 molecules are not fully
Fig. 5 Doping concentration and doping uniformity of epitaxial
growth under different pressures.

16578 | RSC Adv., 2024, 14, 16574–16583
dissociated. However, as the residence time of gas molecules in
the chamber increases, the degree of nitrogen dissociation also
increases, leading to an increase in the number of N atoms
capable of doping. This results in an increase in the doping
concentration of the nal epitaxial layer.

The doping uniformity, however, did not exhibit signicant
changes with the variation in chamber pressure but still showed
a downward trend. The uniformity decreased from 24.5% at 40
torr to 20.9% at 80 torr, with a slight improvement in unifor-
mity. This may be because, with the gradual increase in the
number of available N atoms for doping, the distribution of N
atoms in the gas phase becomes more uniform. Additionally,
the increase in N atom concentration in the direction of gas ow
allows the N atoms depleted at the edges to be promptly
replenished from the gas, reducing the difference in doping
concentration between the center and the edges, thereby
enhancing doping uniformity. Furthermore, the reduction in
the mean free path of gas molecules and the increase in colli-
sion frequency lead to more homogeneous gas mixing within
the entire chamber, contributing to the improvement in doping
uniformity.

Fig. 6 depicts AFM test images of the epitaxial wafer surfaces
under different growth pressures. Here, Rq represents the
surface roughness of the samples, measured in nanometers
(nm). The relationship between epitaxial growth pressure and
surface roughness is illustrated in Fig. 7. It can be observed that
as the epitaxial growth pressure increases, the surface rough-
ness exhibits a downward trend.

The surface roughness of these samples is inherently low,
and there is generally little change in roughness with increasing
growth pressure. However, overall, there is a trend of decreasing
roughness with increasing pressure. Surface roughness is
inuenced by various factors. In addition to some conventional
point and line defects, the most signicant factor affecting
surface roughness of epitaxial wafers is step bunching,
Fig. 6 AFM images of sample surface under different growth pres-
sures. The shading of colors in the figure represents the surface height
at that location.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Surface roughness of epitaxial growth under different
pressures.
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especially when epitaxial growth is performed using low-angle
substrates. In previous studies, researchers proposed a model
explaining step motion.27,28 When atoms are adsorbed to a step,
they can move upwards to the upper terrace and combine with
it, or they can move downward to join the current terrace.
However, the probability of atoms moving in these two direc-
tions is different. When adsorbed atoms tend to move upwards,
the upper terrace expands, thereby reducing the area of the
current terrace. As the area of the current terrace decreases, the
number of atoms adsorbed per unit time decreases, which in
turn reduces the expansion of the upper terrace, forming
a negative feedback loop on the growth rate of the terrace.
Consequently, the terraces tend to grow at a uniform rate.
Conversely, when atoms tend to move downwards and join the
current terrace, the width of the current terrace expands,
allowing more atoms to be adsorbed, resulting in a faster
expansion rate of the current terrace. Consequently, the area of
the lower terrace decreases, slowing down the expansion,
leading to a greater difference in expansion rates between
adjacent terraces. This causes the upper terrace to engulf the
lower terrace, forming larger terraces with a thickness of two
steps. This phenomenon manifests as step bunching on
a macroscopic scale. The formation of step bunching allows the
release and reduction of the surface energy of the crystal,
stabilizing the crystal's surface to a relatively stable state. It is
speculated that the increase in roughness at low pressure is
related to this factor, as previous research has shown that step
bunching defects are more likely to form at low pressure.

For the phenomenon of step bunching being more prone to
occur under low pressure, several reasons are conjectured as
follows:29

(1) Different stacking layers require varying growth energy,
hence the growth rates of different bilayer epitaxies vary.
Research indicates that in 4H-SiC, the growth rates of A and B
bilayers are faster compared to the C layer.30,31 In the epitaxy of
6H-SiC, the growth rate of steps conforms to the equation.32

vstep ¼ 4Jlsh0

n0h
(4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
Here, J, n0, h0, and ls represent the diffusion ux of growth
sources, the density of nucleation sites at step edges, the
interlayer spacing of 6H-SiC in the direction, the height of steps,
and the surface diffusion length of adsorbed atoms, respec-
tively. When the gas pressure decreases, the thickness of the
boundary layer also decreases.33 Thinning of the boundary layer
facilitates the diffusion of gas-phase substances to the gas
surface, thus increasing the diffusion ux of the growth source.
At the same time, due to the decrease in gas oversaturation at
step edges with decreasing chamber pressure, the diffusion
length of adsorbed atoms also increases. From the equation, it
can be seen that at low pressure, the growth rate of steps
increases with decreasing gas pressure. Under low pressure, the
increased growth rate of steps also enlarges the difference in
growth rates between different steps, thereby generating more
step bunching phenomena.

(2) Gas pressure changes can alter the reaction rates of
various reactions. However, the extent to which chamber pres-
sure affects the rate of each reaction varies. This is especially
true for the dissociation of gas sources and their binding to
reactants. This process, even if the input growth source gas
remains unchanged and the C/Si ratio remains constant, can
lead to different proportions of carbon and silicon atoms
adsorbed on the substrate surface, thereby inuencing the
morphology of the epitaxial material. Some studies have found
that in the epitaxial growth of SiC, low pressure creates
a carbon-rich environment in the growth system. In such
a carbon-rich environment, the surface free energy of the
substrate increases. According to previous formulas, the
occurrence of step bunching can reduce the surface free energy.
Therefore, from an energy perspective, changes in the gas C/Si
ratio resulting from decreased chamber pressure can induce
the formation of more step bunching, further increasing
surface roughness.
Pre-etching time

At high temperatures, H2 reacts with the surface SiC as
follows:34

SiC(s) 4 Si(l) + C(s) (5)

2C(s) + H2(g) 4 C2H2(g) (6)

Si(l) 4 Si(g) (7)

There are two factors that inuence in situ etching by H2:
temperature and time.35 When the pre-etching temperature is
not sufficiently high or the pre-etching time is insufficient,
inadequate etching may occur, resulting in the incomplete
removal of defects such as scratches on the substrate surface,
thereby affecting the substrate's quality.36,37 More importantly,
the substrate surface steps may not be fully exposed, thereby
affecting the subsequent step-ow growth process. Conversely,
if the pre-etching time is too long, over-etching may occur. Over-
etching can result in uneven step lengths on the surface, which
is detrimental to lattice replication and can adversely affect
epitaxial growth.
RSC Adv., 2024, 14, 16574–16583 | 16579
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Fig. 8 Growth rate and thickness uniformity of epitaxial growth under
different pre-etching times.

Fig. 9 Doping concentration and doping uniformity under different
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The relationship between pre-etching time, growth rate, and
epitaxial uniformity is illustrated in Fig. 8. From this graph, it
can be observed that the growth rate does not vary signicantly
with pre-etching time. Compared to the growth rate of 21.3 mm
h−1 without pre-etching, when the pre-etching time is 12
minutes, the growth rate only decreases to 19.26 mm h−1,
a change of less than 5%. However, there is an overall
discernible trend where the growth rate slightly decreases with
longer pre-etching times. Several factors may contribute to this
trend. When the pre-etching time is short, the substrate surface
roughness remains relatively high, and the substrate steps are
not fully exposed. Numerous defects still exist on the substrate
surface, leading to epitaxial growth that tends to nucleate at
these defect sites, resulting in epitaxial layers of potentially
different crystallographic orientations from the substrate and
non-strict step-ow growth. Under the inuence of various
growth factors, the epitaxial growth rate is relatively high. As the
growth time increases, the substrate steps are fully exposed, and
the surface roughness becomes smoother and more regular,
providing better conditions for homoepitaxial growth. However,
with further prolongation of the pre-etching time, over-etching
of the substrate surface may occur, resulting in wider and less
regular steps. Such step morphology is not conducive to step-
ow epitaxial growth and may even lead to two-dimensional
nucleation phenomena. Consequently, the growth rate further
decreases, and the quality of the epitaxial layer may degrade.

The relationship between pre-etching time and the unifor-
mity of epitaxial thickness further conrms the proposed
mechanism regarding the relationship between pre-etching
time and epitaxial growth rate. As depicted in Fig. 8, the
uniformity of growth improves rapidly in the initial stages with
increasing pre-etching time. The degree of non-uniformity
decreases signicantly from 18% without pre-etching to
around 3% when the pre-etching time is 2 minutes, demon-
strating a pronounced effect. However, as the pre-etching time
exceeds 2 minutes, the enhancement of epitaxial thickness
uniformity becomes less signicant with increasing pre-etching
time, although the degree of non-uniformity continues to
16580 | RSC Adv., 2024, 14, 16574–16583
decrease gradually, reaching its best at 9 minutes. With further
increases in pre-etching time, the adverse effects of over-etching
become apparent, and the non-uniformity of epitaxial layer
thickness does not continue to decrease; instead, it tends to
increase. This indicates the occurrence of uneven step widths
and two-dimensional nucleation phenomena, leading to the
non-uniformity of epitaxial thickness.

Fig. 9 illustrates the relationship between etching time and
doping concentration as well as doping uniformity. Similar to
the relationship between etching time and epitaxial thickness,
the relationship between etching time and doping concentra-
tion exhibits signicant effects during the initial etching
process. Aer 2 minutes of etching, the doping concentration
decreases from the initial value of 1.35 × 1016 cm−3 to 1.08 ×

1016 cm−3, with a change magnitude of nearly 20%. Subse-
quently, with increasing etching time, the doping concentration
gradually decreases and reaches its minimum when the etching
time reaches 9 minutes. However, the impact of etching time on
doping concentration becomes less pronounced aerward, with
the doping concentration remaining around 1.05 × 1016 cm−3,
with a variation magnitude of approximately 5%. At 12 minutes
of etching time, there is a slight rebound in doping concen-
tration, although the magnitude of the rebound remains low.
The manner in which N atoms, as doping atoms, enter the
epitaxial layer is related to the growth mode of the epitaxial
layer. When the epitaxial layer grows relatively irregularly, it is
difficult for N atoms to enter the epitaxial layer. As previously
analyzed, under conditions of short etching time, the epitaxial
growth does not strictly follow the step-ow growth mode. Many
nucleation sites are not on the terraces of the off-angle substrate
but on the rough parts of the substrate surface. This nucleation
mode favors the entry of N atoms, resulting in relatively high
doping concentration when etching is not performed or when
the etching time is short. With increasing etching time, the
terraces on the substrate surface gradually become apparent,
and the growth mode gradually transitions to step-ow growth.
In step-ow growth, it is more difficult for N atoms to enter the
crystal for doping, resulting in lower doping concentration.
Similarly, when the etching time is increased to 12 minutes, the
pre-etching times.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Surface roughness under different pre-etching times.
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appearance of over-etching on the substrate surface also leads
to the epitaxial growth becoming less regular, resulting in
a slight rebound in doping concentration in the epitaxial layer.

The relationship between pre-etching time and doping
concentration uniformity can also be explained by the afore-
mentioned mechanism. When the pre-etching time is short, the
epitaxial nucleation sites are mainly defects on the substrate
surface and rough areas of the substrate. The distribution of
these defects and rough areas on the wafer surface is not
uniform, leading to different epitaxial growth rates at different
locations on the substrate surface. The variation in epitaxial
growth rates results in different doping concentrations, leading
to doping concentration non-uniformity. As the pre-etching
time increases, the terraces on the substrate surface gradually
become apparent. At this point, the epitaxial growth mecha-
nism transitions to step-ow growth. Since the terraces at
various locations on the substrate are essentially the same, the
rates of adsorption, migration, and incorporation of atoms on
the terraces are almost identical. Consequently, the process of N
atom incorporation and binding becomes more stable, result-
ing in similar doping rates at various locations on the wafer and
thus similar doping concentrations. The epitaxial non-
uniformity is minimized at this stage. However, when the pre-
etching time continues to increase to the point of over-
etching, the terraces on the substrate surface are no longer
uniformly etched. Consequently, the epitaxial growth mode and
rates vary at different locations, leading to differences in
epitaxial growth rates. Under these conditions, the doping rates
at each location also differ, resulting in doping concentration
non-uniformity.

We selected samples with pre-etching times of 1 min, 2 min,
4 min, and 6 min for surface roughness testing. The AFM
images of the sample test results are shown in Fig. 10, and the
relationship between sample roughness and pre-etching time is
presented in Fig. 11. From this gure, it can be observed that
with increasing pre-etching time, the surface roughness
exhibits a trend of initially decreasing and then gradually
Fig. 10 AFM images of sample surface under different pre-etching
times. The shading of colors in the figure represents the surface height
at that location.

© 2024 The Author(s). Published by the Royal Society of Chemistry
stabilizing, which is in line with expectations. This trend arises
because at lower pre-etching times, as the pre-etching time
increases, the substrate surface becomes smoother and the
substrate terraces gradually become apparent. Additionally,
with increasing pre-etching time, the substrate surface becomes
progressively smoother. Furthermore, within these pre-etching
time ranges, the substrate surface does not exhibit signs of
over-etching. Conducting homoepitaxial growth in step-ow
mode is a relatively stable growth mode, and thus, the rough-
ness of the substrate essentially determines the roughness of
the epitaxial layer. Consequently, the roughness of the epitaxial
layer continues to decrease. For pre-etching times beyond one
minute, the substrate terraces are exposed, and before over-
etching occurs, the substrate roughness remains unchanged.
Therefore, the roughness of the epitaxial layer for these samples
is essentially the same.
Conclusions

In summary, we conducted SiC epitaxial experiments on 6-inch
n-type substrates with a 4° off-axis orientation. By controlling
process parameters such as source gas ow rate, chamber
pressure, and pre-etching time, we investigated the relationship
between these parameters and the quality of the epitaxial layer.
Our focus in evaluating epitaxial quality included parameters
such as epitaxial growth rate, thickness uniformity, doping
concentration, uniformity of doping concentration, and surface
roughness of the epitaxial layer.

In scenarios where the variation in source gas ow rate is
minimal, distinct epitaxial outcomes were observed under the
same growth system and process conditions. Under minor
changes in source gas ow rate, the epitaxial growth mode
remained unchanged, preserving homogeneous epitaxy. The
epitaxial growth rate exhibited a linear increase with the source
gas ow rate, while the uniformity of epitaxial layer thickness
improved with increasing ow rate. However, no signicant
correlation was observed between the surface roughness of the
epitaxial layer and the source gas ow rate. Conversely, the
doping concentration decreased with increasing source gas ow
RSC Adv., 2024, 14, 16574–16583 | 16581
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rate, although the uniformity of doping concentration did not
exhibit noticeable variations.

As the growth pressure gradually increased, a slight decrease
in growth rate was observed, while the unevenness of epitaxial
layer thickness remained relatively unchanged under low-
pressure conditions, but increased under high-pressure condi-
tions. The doping concentration increased with the rise in gas
pressure, leading to a more uniform distribution of doping
concentration. Additionally, the reduction in defects caused by
step clustering under low pressure resulted in a decrease in the
surface roughness of the epitaxial layer.

The pre-etching time has minimal impact on the epitaxial
growth rate, but it generally exhibits a slight decrease as the pre-
etching time prolongs. Moreover, an increase in pre-etching
time leads to a reduction in substrate surface roughness and
an improvement in the uniformity of epitaxial layer thickness.
However, with further increase in pre-etching time leading to
over-etching, the thickness uniformity deteriorates. Similarly,
the doping concentration and its uniformity show a similar
trend with increasing pre-etching time.
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