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Abstract: In this study, we investigate the initial rapid recrystallization of a discretely amorphized
C3H5-molecular-ion-implanted silicon (Si) substrate surface in the subsequent thermal annealing
treatment through the analysis of plan-view transmission electron microscopy (TEM) images and
technology computer-aided design (TCAD) process simulation. In the approach of the analysis of
the plan-view TEM image of the Si substrate surface, we found that initial rapid recrystallization
occurs in the intermediate regions between the residual crystalline and discrete amorphous regions
formed in the C3H5-molecular-ion-implanted Si substrate surface. In addition, the TCAD process
simulation results indicate that the intermediate regions correspond to the amorphous pockets
formed around the discrete amorphous regions in the C3H5-molecular-ion-implanted Si substrate
surface and are recrystallized preferentially during the short thermal annealing time. These plan-view
TEM image analysis and TCAD process simulation results reveal a two-step recrystallization of the
discretely amorphized C3H5-molecular-ion-implaned Si substrate surface. After the initial rapid
recrystallization of amorphous pockets in the 1st step, the recrystallization of discrete amorphous
regions starts in the 2nd step. The incubation period between the 1st and 2nd steps is the time
required to recrystallize the amorphous pockets around the discrete amorphous regions completely
and redefine the amorphous/crystalline interface.

Keywords: molecular ion implantation; thermal annealing treatment; solid phase epitaxial growth

1. Introduction

In the process of fabricating complementary metal oxide semiconductor (CMOS) image
sensors, transition metallic impurities contaminating the device’s active regions form white
spots [1,2], and oxygen atoms diffusing from Czochralski (CZ)-grown Si substrates have a
negative impact on the imaging lag [3]. Additionally, at the silicon oxide/silicon (SiO2/Si)
interface, the interface state density causes a leakage current [4,5]. Therefore, to prevent the
performance degradation of the CMOS image sensor, we have developed C3H5-molecular-
ion-implanted epitaxial Si substrates [6–15]. C3H5-molecular-ion-implanted epitaxial Si
substrates are fabricated using a simple manufacturing method: C3H5 molecular ion
implantation into a CZ-grown Si substrate followed by the growth of an epitaxial Si layer
on the implanted substrate [7]. The projection range of C3H5 molecular ions under the
epitaxial Si layer functions as a proximity-gettering sink for transition metallic impurities
and acts as a barrier to oxygen atoms diffusing from the CZ-grown Si substrate. Moreover,
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hydrogen atoms contained within the projection range of C3H5 molecular ions diffuse and
passivate the dangling bonds at the SiO2/Si interface in the device structure.

Furthermore, it has been reported that the gettering capability for transition metallic
impurities is improved by high-dose C3H5 molecular ion implantation [7,8]. High-dose
C3H5 molecular ion implantation also enhances the barrier effect for the oxygen atoms
diffusing from the CZ-grown Si substrate [9]. In addition, the number of hydrogen atoms
trapped within the projection range increases linearly depending on the dose of the C3H5
molecular ion implantation [10]. However, high-dose C3H5 molecular ion implantation
increases implant-induced damage and forms discrete amorphous regions in the Si substrate
surface [11]. Therefore, after high-dose C3H5 molecular ion implantation, a subsequent
thermal annealing treatment is required to recrystallize the discrete amorphous regions in
the Si substrate surface before epitaxial Si layer growth [12].

To optimize the subsequent thermal annealing conditions, we have studied the recrys-
tallization behavior of a discretely amorphized C3H5-molecular-ion-implanted Si substrate
surface [13–15]. In our previous work, through X-ray photoelectron spectroscopy (XPS), we
obtained a change in the crystalline fraction of the discretely amorphized C3H5-molecular-
ion-implanted Si substrate surface after subsequent thermal annealing treatment from the
chemical shifts of Si 2p spectra [13]. The Si 2p spectrum is broadened by the amorphization
of the Si substrate surface after C3H5 molecular ion implantation, but the broadened spectra
gradually recover owing to recrystallization after subsequent thermal annealing treatment.
Therefore, the crystalline fraction of the Si substrate surface can be derived quantitatively
from the chemical shifts of Si 2p spectra. As a result, we reported that the crystalline fraction
of the discretely amorphized C3H5-molecular-ion-implanted Si substrate surface changed
via two-step recrystallization during subsequent thermal annealing [13]. The crystalline
fraction of the discretely amorphized C3H5-molecular-ion-implanted Si substrate surface
rapidly increases in the 1st step. Then, the crystalline fraction increases again following a
sigmoidal curve in the 2nd step.

Since our major concern is the crystallinity of the Si substrate surface after subsequent
thermal annealing, we first focused on the recrystallization behavior in the 2nd step. We an-
alyzed the change in the crystalline fraction in the 2nd step using the Kolmogorov–Johnson–
Mehl–Avrami (KJMA) theory [16–20] and concluded that the change in the crystalline
fraction in the 2nd step is caused by the three-dimensional solid phase epitaxial growth
(SPEG) of discrete amorphous regions in the Si substrate surface [13–15]. On the other
hand, for the 1st step, we hypothesized the recrystallization of the preferential areas in the
discretely amorphized C3H5-molecular-ion-implanted Si substrate surface, but the overall
two-step recrystallization model is unclear.

Therefore, in this study, we investigate the preferential areas in the discretely amor-
phized C3H5-molecular-ion-implanted Si substrate surface through the analysis of plan-
view transmission electron microscopy (TEM) images. In addition, we also conduct tech-
nology computer-aided design (TCAD) process simulations to analyze the initial rapid
recrystallization of preferential areas. Monte Carlo (MC) ion implantation simulations in
the TCAD process simulator are performed to calculate isolated point defects (vacancies (V)
and interstitial Si atoms (I)), amorphous pockets, and discrete complete amorphous regions
as implant-induced damage after C3H5 molecular ion implantation. The recrystallization
behavior of each type of implant-induced damage is also simulated using a kinetic Monte
Carlo (KMC) code in the TCAD process simulator. Finally, we clarify the overall two-step
recrystallization model of the discretely amorphized C3H5-molecular-ion-implanted Si
substrate surface.

2. Experimental Methods
2.1. Experimental Sample Preparation and Evaluation Procedure

CZ-grown p-type Si (100) substrates were implanted with C3H5 molecular ions at
room temperature to form discrete amorphous regions in the substrate surfaces. The C3H5
molecular ions were singly ionized from the hydrocarbon compound cyclohexane using the
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electron impact method. The acceleration energy was 80 keV and the C3H5 molecular ion
dose was 1.00 × 1015 ions cm−2. The tilt and twist conditions for ion implantation were both
set to 0◦. The entire ion implantation process was performed using hydrocarbon-molecular-
ion implanter (CLARIS®, Nissin Ion Equipment, Kyoto, Japan). Afterwards, subsequent
thermal annealing treatment was performed to recrystallize the discretely amorphized
C3H5-molecular-ion-implanted Si substrate surface at 550 ◦C, 575 ◦C, and 600 ◦C for
1–20 s in ambient nitrogen using a rapid thermal process equipment (AccuThermo AW610,
Allwin21, Fremont, CA, USA). The ramp-up (-down) rate was set to 20 ◦C s−1 (−20 ◦C s−1).
After C3H5 molecular ion implantation, the amorphization of the Si substrate was first
observed by cross-sectional TEM. In addition, the amorphization and recrystallization
behavior of the Si substrate surface were observed by plan-view TEM after C3H5 molecular
ion implantation and subsequent thermal annealing treatment. The TEM specimens were
thinned using the argon ion milling technique. All the observations were conducted using
a transmission electron microscope (H-9000UHR-I, Hitachi, Tokyo, Japan).

2.2. Analysis Procedure for Plan-View TEM Images

The analysis of the plan-view TEM images was performed using the image processing
software (PicMan version 1.0.0.1, WaferMasters, Dublin, CA, USA). [21]. The gray level
(0–255) of every pixel in the plan-view TEM images after C3H5 molecular ion implantation
was derived and the gray level distribution was generated. Then, the threshold values of
the crystalline and amorphous phases were obtained from the peaks and bottoms of the
gray level distribution. Furthermore, we performed image thresholding using the threshold
value of each phase and created phase maps based on the plan-view TEM images after
C3H5 molecular ion implantation and subsequent thermal annealing treatment.

2.3. TCAD Process Simulation Procedure

The TCAD process simulation software (Sentaurus™ process, Synopsys, Sunnyvale,
CA, USA). was applied to all simulations [22]. The simulation models were created from
a single Si crystal. The size of the simulation models was 80 nm × 80 nm × 800 nm. A
native oxide film with a thickness of 1 nm was set on the simulation model surface. First,
MC ion implantation simulation was applied to amorphization using C3H5 molecular
ion implantation [23]. The implanted C3H5 molecular ions were separated into their
components upon collision with the Si substrate surface [22]. The binary collisions between
the implanted ions and Si lattice atoms and the electrical stopping effect were calculated [23].
When the energy transferred from the implanted ions to the lattice Si atoms exceeds
the threshold, EThreshold, point defects (V and I) are assumed to form implant-induced
damage [24]. Not only isolated point defects but also amorphous pockets and complete
amorphous regions were induced in the simulation model. The amorphous pockets, VnIm,
were expressed as clusters of V and I. In a series of simulations, amorphous pocket sizes
from V1I1 to V249I249 were considered. The complete amorphous regions were defined
as the regions where the combined concentration of V and I exceeded the amorphization
threshold [22]. The amorphous-crystalline (AC) parameter of the simulation model was
expressed as

AC =
CV + CI
CThreshold

(1)

where CV is the concentration of V, CI is the concentration of I, and CThreshold is the amor-
phization threshold. In the subsequent thermal annealing treatment, the recrystallization
was calculated using the KMC code [25]. In this case, nonlattice atomistic KMC was applied
to calculate the recrystallization of discretely amorphized regions precisely. The activation
energy for the recombination of amorphous pockets is not constant [26,27] and has been
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hypothesized to depend on the size [28]. The recombination of the isolated point defects
and amorphous pockets is calculated as

vdiss = v0,diss·sizeβ·exp
(
−Ediss(size) + P∆Vdiss

kBT

)
(2)

where vdiss is the recombination frequency, v0,diss is the prefactor, size is the amorphous
pocket size, and β is the calibration parameter for the size dependence. Also, Ediss is the
activation energy for recombination, which depends on the size of the amorphous pockets,
as shown in Figure 1a [13,27,29]. Linear interpolation is applied between the plots in
Figure 1a. In addition, P is the hydrostatic pressure and ∆Vdiss is the activation volume
under that pressure. kB is the Boltzmann constant. T is the absolute temperature of the
subsequent thermal annealing treatment.

Furthermore, the recrystallization rate, v(n), of complete amorphous regions was also
calculated as

v(n) = V0 × exp
(
−Ea(n) + P∆VSPE + c

kBT

)
(3)

where V0 is the parameter of the velocity prefactor. Ea is the activation energy for SPEG. The
activation energy for SPEG of complete amorphous regions is dependent on the percentage
of neighboring amorphous n, as shown in Figure 1b [13,30–32]. Moreover, ∆VSPE is the
activation volume under pressure. c is the effect of other impurities. The recrystallization
frequency, ν, of complete amorphous regions is defined as

ν =
υ(n)

w
(4)

where w is the amorphous length in the direction of recrystallization. In the KMC algorithm,
recrystallization is simulated from a set of random numbers and the recrystallization
frequency of each amorphous state. The input values of each parameter for amorphization
in MC ion implantation, the recombination of amorphous pockets in Equation (2), and the
recrystallization of amorphous regions in Equation (3) are summarized in Table 1.

Table 1. Input values of each parameter for amorphization in MC ion implantation, recombination of
amorphous pockets in Equation (2), and recrystallization of amorphous regions in Equation (3).

Process Parameter Input Value Unit

Amorphization in
MC ion implantation

EThreshold 15.00 eV
CThreshold 1.15 × 1022 cm−3

Recombination of
amorphous pockets

(Equation (2))

v0,diss 5.00 × 10−4 cm2 s−1

size 1–249 −
β 1.00 −

∆Vdiss 0.00 nm3

Recrystallization of
amorphous regions

(Equation (3))

n 1–99 %
v0 1.70 × 108 cm2 s−1

∆VSPE 0.00 nm3

c 0.00 −
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Figure 1. (a) The activation energy of amorphous pockets for recombination depends on the
size [13,27,29]. (b) The activation energy of complete amorphous regions for recrystallization depends
on the percentage of neighboring amorphous defect particles [13,31,32].

3. Results and Discussion
3.1. Results of Analyzing Plan-View TEM Image of Si Substrate Surface after C3H5 Molecular Ion
Implantation and Subsequent Thermal Annealing Treatment

In this section, we show TEM images of the Si substrate surface after C3H5 molecular
ion implantation and subsequent thermal annealing treatment and investigate preferential
areas of initial rapid recrystallization by image analysis. Figure 2 shows cross-sectional
bright-field TEM images of the Si substrate surface after C3H5 molecular ion implantation
at a dose of 1.00 × 1015 ions/cm2 [13]. The buried amorphous layer is formed at a depth of
20–80 nm. The contrast of the TEM images indicates that some crystalline regions remain
at a depth of 20 nm from the Si substrate surface. Figure 3 shows plan-view bright-field
TEM images of the Si substrate surface after C3H5 molecular ion implantation. Here, the
thickness of the plan-view TEM specimens is approximately 10 nm from the Si substrate
surface. Hence, the plan-view TEM image is not affected by the buried amorphous layer
inside. The size of the plan-view TEM image is 461 pixels × 610 pixels. In the plan-view
TEM image of the C3H5-molecular-ion-implanted Si substrate surface, numerous discrete
amorphous regions are formed. It is confirmed that many residual crystalline and discrete
amorphous regions exist in the Si substrate surface; however, the amorphous/crystalline
(A/C) interface is ambiguous. We obtained the gray level of every pixel in the plan-view
TEM image using image process software.
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Figure 3. Plan-view bright-field TEM image of the Si substrate surface after C3H5 molecular ion
implantation with dose of 1.00 × 1015 ions/cm2.

Figure 4 shows the gray level distribution of the plan-view TEM image of the C3H5-
molecular-ion-implanted Si substrate surface. In the bright-field TEM images, the crystalline
regions are shown as dark contrast due to the diffraction of electron beams. On the other
hand, owing to the transmission of electron beams, the amorphous regions are shown as
bright contrast. Therefore, the contrast of the TEM image is considered an indicator of the
crystallinity. As shown in Figure 4, the gray level distribution has three peaks in the near
gray levels 100, 150, and 200. Then, in addition to the crystalline regions where the electron
beam diffracts and is shown as a dark contrast and the amorphous region where the electron
beam is transmitted and shown as a bright contrast, it can be seen that there are intermediate
regions between the crystalline and amorphous regions, where electron beam transmission
and diffraction occur simultaneously and are shown as gray contrast. Furthermore, from
the peaks and bottoms of the gray level distribution in Figure 4, the contrast threshold
values at which the crystalline, intermediate, and amorphous regions are predominant
can be determined. There are many methods to determine threshold values [33]. In this
study, the threshold values of the gray level distribution were determined using Otsu’s
method [34]. In Otsu’s method, first, the gray level distribution is divided into three classes
(C0, C1, and C2) by the threshold values k1 and k2. The relationship between k1 and k2 is
1 < k1 < k2 < 255. To maximize σ2

B, which is the variance between each class, the threshold
values k∗1 and k∗2 are calculated as

σ2
B
(
k∗1, k∗2

)
= max

1<k1<k2<255
σ2

B(k1, k2)

= ω0(µ0 − µT)
2 + ω1(µ1 − µT)

2 + ω2(µ2 − µT)
2

(5)

where ω0, ω1, and ω2 are the occurrence probabilities of C0, C1, and C2, respectively.

pi =
ni
N

(6)

ω0 =
k1

∑
i=1

pi (7)

ω1 =
k2

∑
i=k1+1

pi (8)

ω2 =
255

∑
i=k2+1

pi (9)
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Here, i is gray level and ni is the number of pixels. N is the total number of pixels.
In addition, µT , µ0, µ1, and µ2 are the mean levels of the total and each class, which are
calculated as

µT =
255

∑
i=1

ipi (10)

µ0 =
k1

∑
i=1

ipi
ω0

(11)

µ1 =
k2

∑
i=k1+1

ipi
ω1

(12)

µ2 =
255

∑
i=k2+1

ipi
ω2

(13)

In this case, the extremely dark areas of the original TEM image impede the threshold
value derivation, and k∗1 and k∗2 are searched at higher than gray level 95. As a result of the
calculation, the threshold values k∗1 and k∗2 are obtained as 141 and 186, respectively. Using
image processing software, we performed the image thresholding of the crystalline and
intermediate phases using the threshold value k∗1 from the plan-view TEM image. Then,
the image thresholding of the crystalline and amorphous phases was also performed using
the threshold value k∗2 and superimposed on the image thresholding result of the threshold
value k∗1. Finally, the crystalline–intermediate–amorphous phase map was created.

Figure 5 shows a set of the original plan-view TEM image and the crystalline–
intermediate–amorphous phase map after C3H5 molecular ion implantation. In the phase
map, the amorphous and intermediate regions are expressed as red and green islands, re-
spectively, in the blue crystalline background. It is confirmed that crystalline, intermediate,
and amorphous regions are represented in the phase map in accordance with the contrasts
in the plan-view TEM image. It is seen that the complete amorphous regions are relatively
circular, but the intermediate regions are formed into sharp shapes. It is found that all the
discrete amorphous regions are surrounded by intermediate regions in the Si substrate
surface after C3H5 molecular ion implantation.
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Figure 5. Set of (a) the original plan-view bright-field TEM image and (b) crystalline–intermediate–
amorphous phase map of Si substrate surface after C3H5 molecular ion implantation.

Next, we obtained the gray level distribution of the plan-view TEM image of the
C3H5-molecular-ion-implanted Si substrate surface after subsequent thermal annealing
(not shown) and confirmed that the peak position of the crystalline phase was unchanged.
Then, using the same image thresholding procedure with the threshold values k∗1 and
k∗2, we obtained the phase map of the C3H5-molecular-ion-implanted Si substrate surface
after subsequent thermal annealing treatment. Figure 6 shows a set of the original plan-
view TEM image and the crystalline–intermediate–amorphous phase map of the C3H5
molecular-ion-implanted Si substrate surface after subsequent thermal annealing at 600 ◦C
for 1 s. As shown in Figure 6, it seems that the size of the discrete amorphous region in the
C3H5-molecular-ion-implaned Si substrate surface remains almost unchanged. However,
it is found that the intermediate regions are recrystallized preferentially after subsequent
thermal annealing treatment at 600 ◦C for 1 s.
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As shown above, the recrystallization behavior of the intermediate region was signif-
icantly different from that of the complete amorphous region from the viewpoint of the
plan-view TEM observation. In the next section, through MC ion implantation simula-
tion, we calculate not only complete amorphous regions but also implant-induced isolated
point defects and amorphous pockets. In addition, the recrystallization behavior of some
amorphized states is also investigated by TCAD KMC process simulations.

3.2. TCAD Process Simulation Results after C3H5 Molecular Ion Implantation and Subsequent
Thermal Annealing

In this section, we use a TCAD process simulator to investigate the preferential areas
for recrystallization in the discretely amorphized C3H5-molecular-ion-implanted Si sub-
strate surface. Figure 7a shows the TCAD simulation model surface after C3H5 molecular
ion implantation under the same ion implantation conditions as in the experiment. In
Figure 7a, the crystallinity of the simulation model is represented by red to blue color
contours using the AC parameter based on Equation (1). The TCAD simulation model
shows that after C3H5 molecular ion implantation, the buried amorphous layer is formed
at approximately the same depth as the cross-sectional TEM image in Figure 2. The A/C
interface at the Si substrate surface is expressed by the red dotted line in the enlarged view
of Figure 7a. The regions surrounded by the red line are discrete complete amorphous
regions formed in the C3H5-molecular-ion-implanted simulation model. In addition, the
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implant-induced V and I as isolated point defects and in amorphous pockets are indicated
by green and red particles, respectively, in the simulation model surface. As shown in the
enlarged view of Figure 7a, it is found that the concentration of point defects in several
small regions exceeds the amorphization threshold, and discrete complete amorphous
regions are formed in the C3H5-molecular-ion-implanted simulation model surface. It
is also seen that V and I as isolated point defects and in amorphous pockets are formed
surrounding discrete complete amorphous regions in the simulation model surface after
C3H5 molecular ion implantation. Thus, in the TCAD process simulation model shown in
Figure 7a, the formation behavior of V and I as isolated point defects and in amorphous
pockets corresponds to that in the intermediate regions shown in the phase map of the
C3H5-molecular-ion-implanted Si substrate surface in Figure 5. Next, Figure 7b shows
the discretely amorphized C3H5-molecular-ion-implanted simulation model surface after
subsequent thermal annealing treatment at 600 ◦C for 1 s. In the enlarged view of Figure 7b,
it is found that the number of V and I as isolated point defects and in amorphous pock-
ets significantly decrease rapidly after subsequent thermal annealing for 1 s. It is also
confirmed that the recrystallization behavior of V and I as isolated point defects and in
amorphous pockets corresponds to the annihilation phenomena of the intermediate regions
shown in the phase map of the C3H5-molecular-ion-implanted Si substrate surface after
subsequent thermal annealing at 600 ◦C for 1 s in Figure 6.
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thermal annealing at 600 ◦C for 1 s.



Crystals 2024, 14, 112 10 of 15

From the comparison of the results of the experimental plan-view TEM image analysis
and TCAD simulation models, the intermediate regions shown in the phase maps are
considered to be the regions where V and I as isolated point defects and in amorphous
pockets are formed. In addition, Figure 8 shows the changes in the numbers of V and I as
isolated point defects, in amorphous pockets, and in complete amorphous regions of the
simulation model surface after C3H5 molecular ion implantation and subsequent thermal
annealing at 600 ◦C for 1–4 s.
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Here, the numbers of V and I of each amorphization status are counted within the
depth of less than 3 nm from the simulation model surface. In Figure 8, it is found that the
numbers of V and I as isolated point defects and in amorphous pockets of the simulation
model surface are rapidly reduced by subsequent thermal annealing for 1–4 s. It is also seen
that decreases in the numbers of V and I, as isolate point defects and in amorphous pockets,
become smaller with longer thermal annealing time. Therefore, to evaluate the crystallinity
quantitatively, the change in the crystalline fraction of the C3H5-molecular-ion-implanted
Si substrate surface after subsequent thermal annealing is determined as

C(t) = 1 − CV + CI
CThreshold

− CV,PD + CI,PD + CV,AP + CI,AP

CThreshold
r (14)

where CV,PD and CI,PD, CV,AP, and CI,AP are, respectively, the concentrations of V and I as
isolated point defects and in amorphous pockets. r is the fitting parameter for the ratio of
amorphous pockets and amorphous regions. Figure 9 shows the change in the crystalline
fraction of the discretely amorphized C3H5-molecular-ion-implanted Si substrate surface
after subsequent thermal annealing at 550 ◦C, 575 ◦C, and 600 ◦C.

The experimental values in Figure 9 are quantitatively derived from the shape of the
XPS Si 2p spectra of the Si substrate surface after C3H5 molecular ion implantation and
subsequent thermal annealing in the previous work [13]. In the experimental result of
XPS, in the 1st step of recrystallization, the crystalline fraction of the Si substrate surface
rapidly increases during subsequent thermal annealing at 550 ◦C, 575 ◦C, and 600 ◦C
for approximately 1–4 s. Then, after the 1st step and the incubation periods, the crys-
talline fraction increases again following a sigmoidal curve in the 2nd step. The results
of the TCAD process simulation indicate that the change in the crystalline fraction of
the C3H5-molecular-ion-implanted Si substrate surface due to the recrystallization of V
and I as isolated point defects and in amorphous pockets corresponds to the initial rapid
recrystallization behavior in the 1st step revealed by the experimental XPS analysis results.
Furthermore, we hypothesize that after the recrystallization of V and I as isolated point
defects and in amorphous pockets in the 1st step, the recrystallization of discrete complete
amorphous regions starts in the 2nd step. Thus, we conducted a two-step recrystallization
simulation. Figure 10 shows the results of the two-step recrystallization simulation of the
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1st step (isolated point defect and amorphous pockets) and 2nd step (complete amorphous
regions). As shown in Figure 10, the two-step recrystallization simulation results agree
with the experimental results of the XPS analysis entirely. Therefore, as mentioned above,
there is an order of recrystallizing regions in the discretely amorphized Si substrate surface.
We believe that the isolated point defects and amorphous pockets (i.e., intermediate re-
gions) are first recrystallized in the 1st step as the preferential areas, and then the complete
amorphous regions formed discretely are recrystallized in the 2nd step. In the next sec-
tion, we describe the overall two-step recrystallization model of the discretely amorphous
C3H5-molecular-ion-implanted Si substrate surface.
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Figure 9. Crystalline fractions in C3H5-molecular-ion-implanted Si substrate surface with subsequent
thermal annealing at 550 ◦C, 575 ◦C, and 600 ◦C determined from experimental results of XPS and
TCAD simulation results, due to recrystallization of amorphous pockets.
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Figure 10. Crystalline fractions in C3H5-molecular-ion-implanted Si substrate surface with subse-
quent thermal annealing at 600 ◦C determined from experimental results of XPS and TCAD simulation
results due to recrystallization of amorphous pockets and complete amorphous regions.

3.3. Overall Two-Step Recrystallization Model of the Discretely Amorphized
C3H5-Molecular-Ion-Implanted Si Substrate Surface

Figure 11 shows a schematic diagram of the overall two-step recrystallization model of
the discretely amorphized C3H5-molecular-ion-implanted Si substrate surface. As shown
in Figure 11a, isolated point defects and amorphous pockets are formed around the discrete
amorphous regions in the C3H5-molecular-ion-implanted Si substrate surface. Regarding
the relationship between the amorphous pockets and complete amorphous regions, Ed-
mondson et al. previously reported that amorphous regions are formed heterogeneously
because of overlapping amorphous pockets [35]; therefore, it is considered that discrete
complete amorphous regions are always surrounded by amorphous pockets. For the same
reason, the A/C interface of a discrete amorphous region is rough after C3H5 molecular
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ion implantation. In the enlarged view of Figure 11a, the atomistic image shows the SPEG
behavior of the A/C interface. As described in previous papers, SPEG behavior was ex-
plained simply by the motion of terraces, ledges, and kinks at the A/C interface [36–39]. In
these papers, the Si atom from the amorphous region was hypothesized to be trapped at
the A/C interface as a kink, then the connected kinks formed a ledge, the stacked ledges
further created a planar terrace, and SPEG proceeded via the layer-by-layer growth of the
terrace. In the 1st recrystallization step, a ledge is already formed at amorphous pockets
and the rough A/C interface. A kink is easily trapped in the existing ledge and SPEG
rapidly proceeds. Because the 1st recrystallization step continues until preferential areas
such as amorphous pockets and the rough of the A/C interface are consumed, the change
in the crystalline fraction shows an initial rapid reaction and incubation periods. Then, as
shown in the enlarged views of Figure 11b in the 2nd recrystallization step, since there
are no isolated point defects, amorphous pockets, or rough A/C interface, the kinks must
form a ledge at the terrace without any assistance part. In previous articles, many authors
showed the initial rapid SPEG and plateau behavior due to the recombination of amor-
phous pockets through experiments [40–42] and molecular dynamic simulation [29]. In
this study, we clearly observed a relationship between the 1st recrystallization step of the
amorphous pockets and the 2nd recrystallization step of the complete amorphous regions
in the Si substrate surface.
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Figure 11. Two-step recrystallization model of discretely amorphized C3H5-molecular-ion-implanted
Si substrate surface. (a) Isolated point defects and amorphous pockets are formed around the discrete
amorphous regions after the C3H5 molecular ion implantation. In addition, the A/C interface of
a discrete amorphous region is rough. In the 1st recrystallization step, a kink is trapped in ledge
formed at amorphous pockets and the rough A/C interface and SPEG rapidly proceeds. Until
preferential areas such as amorphous pockets and the rough of the A/C interface are consumed, the
1st recrystallization step continues. (b) In the 2nd recrystallization step, the kinks must form a ledge
at the terrace without assistance part. (c) SPEG proceeds slowly via layer-by-layer from the outside.

It has also been reported that the formation behavior of amorphous pockets is sig-
nificantly affected by the mass of the ion-implanted species, acceleration energy, and Si
substrate temperature [43]. Then, to optimize the subsequent thermal annealing conditions
after C3H5 molecular ion implantation, it is necessary to perform a preliminary estimation



Crystals 2024, 14, 112 13 of 15

of not only the complete amorphous regions but also the amorphous pockets formed on
the Si substrate surface.

4. Conclusions

The initial rapid recrystallization of preferential areas in a discretely amorphized
C3H5-molecular-ion-implanted Si substrate surface was analyzed through the analysis
of plan-view TEM images and TCAD process simulation. We obtained a crystalline–
intermediate–amorphous phase map using the thresholding plan-view TEM image of
the Si substrate surface after C3H5 molecular ion implantation and subsequent thermal
annealing. We found that the initial rapid recrystallization occurred in the intermediate
regions around discrete amorphous regions formed in the C3H5-molecular-ion-implanted
Si substrate surface. In addition, the TCAD process simulation results indicated that
the formation and recrystallization behavior of the amorphous pockets around discrete
amorphous regions corresponds to the intermediate regions of the phase map. Furthermore,
it was confirmed that the change in the crystalline fraction of the Si substrate surface due
to the recrystallization of amorphous pockets and discrete complete amorphous regions
in the TCAD process simulation corresponds quantitatively to that of the experimental
XSP analysis results. Thus, the recrystallization of the C3H5-molecular-ion-implaned Si
substrate surface proceeds via two steps. After the initial recrystallization of amorphous
pockets in the 1st step, the recrystallization of discrete amorphous regions starts in the
2nd step. The incubation period between the 1st and 2nd steps is assumed to be the time
required for the complete recombination of the amorphous pocket and the redefinition of
the A/C interface.
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