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ABSTRACT Gettering sinks for metallic impurities formed by carbon-cluster ion implantation in epitaxial
silicon wafers have been investigated using technology computer-aided design and atom probe tomog-
raphy (APT). We found that the defects formed by carbon-cluster ion implantation consist of carbon
and interstitial silicon clusters (carbon-interstitial clusters). Vacancy-type clusters are not dominant get-
tering sinks for metallic impurities in the carbon-cluster ion implanted region. APT data indicated that
the distribution of oxygen atoms in the defects differs between Czochralski-grown silicon and epitaxial
silicon wafers. The high gettering efficiency observed in carbon-cluster ion implanted epitaxial silicon
wafers in comparison with Czochralski-grown silicon wafers is due to the distribution of oxygen atoms
in the defects. Defects not containing O atoms provide strong gettering sinks for metallic impurities.
These defects are formed by only carbon-interstitial clusters. Oxygen atoms inside the defects modify the
amount of carbon-interstitial cluster formation on the defects. It is suggested that the gettering efficiency
for metallic impurities in carbon-cluster ion implanted epitaxial silicon wafer is determined by the amount
of carbon-interstitial clusters.

INDEX TERMS Atom prove tomography, CMOS image sensors, gettering, ion implantation, silicon, TCAD
simulation.

I. INTRODUCTION
Dark current is a key parameter of determining the per-
formance of CMOS image sensors. For the fabrication of
advanced CMOS image sensors, reduction of the dark current
is an extremely important issue. Metallic impurity con-
tamination introduced by the fabrication process is one of
the causes of dark current [1]–[3]. Metallic-impurity-related
defects formed in the silicon (Si) band gap allow the thermal
generation of carriers. Therefore, a gettering technique is an
extremely effective method for suppressing the formation of
metallic-impurity-related defects during device fabrication.
It is known that void defects formed by helium (He)

and hydrogen (H) implantation act as effective gettering
sinks for metallic impurities [4]–[6] and reduce the dark

current of CMOS image sensors [7]. The gettering occurs
owing to the strain field induced by void defects, and it
is called relaxation-type gettering. This gettering technique
is particularly effective in samples with high concentra-
tion contamination. However, the production cost is high
because the formation of void defects requires the high
(> 1 × 1016 cm−2)-dose implantation of He and H ions
and a long implantation time.
Our previous study on gettering using the carbon (C)-

cluster ion implantation technique indicated that such
implantation results in the formation of effective gettering
sinks for transition-metal impurities, such as Fe, Cu, and Ni,
under the active region of CMOS image sensors even in the
case of low (<1 × 1015 cm−2)-dose implantation [8], [9].
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FIGURE 1. SIMS depth profiles of C and Fe concentrations in CZ-Si and
Epi-Si in C-cluster ion implanted region with a dose of 1 × 1015 cm−2 [10].

A C-cluster ion originates from low-molecular-weight hydro-
carbons (e.g., C3H5 and C3H6). It was previously suggested
that C agglomerates are effective gettering sinks for metal-
lic impurities formed by C-cluster ion implantation and that
gettering occurs owing to the segregation type [9]. This get-
tering technique does not require impurity supersaturation,
i.e., for metallic impurity gettering, sinks of the segregation
type are more effective than those of the relaxation type. We
have also demonstrated that the gettering efficiency of C-
cluster ion implantation for Fe in the epitaxial-growth layer
(Epi-Si) is approximately twice that of Czochralski (CZ)-Si
(see Fig. 1), even though no secondary extended defects were
observed by transmission electron microscopy (TEM) [10]. It
is well known that the oxygen (O) concentration in Epi-Si is
much lower than that in CZ-Si. Therefore, this result suggests
that C-cluster ion implantation in a low-O-concentration
layer affects C agglomerate formation or induces other point
defects such as vacancy (V)-related defects. Pinacho et al.
reported that C and interstitial Si (I) form clusters (CI clus-
ters) in C-rich Si [11]. Okuyama et al. [12] have suggested
that C agglomerates are formed by the aggregation of CI
clusters. However, it is not clear whether O in the implanted
region affects the morphology of C agglomerates. In addi-
tion, it is believed that V clusters formed by excessive V are
stable configurations and can be effective gettering sinks for
metallic impurities [13], [14]. It is also not clear whether
V clusters are formed in a C-cluster ion implanted region.
Thus, the origin of gettering sinks with high gettering effi-
ciency in C-cluster ion implanted Epi-Si has not yet been
established. Clarification of the origin of defects induced by
C-cluster ion implantation in Epi-Si is very important for the
fabrication of C-cluster ion implanted Si wafers with high
gettering efficiency for metallic impurities.
Secondary ion mass spectrometry (SIMS) and TEM have

been generally applied to the clarification of the gettering

mechanism. However, in C-cluster ion implantation, the lat-
ter did not clearly demonstrate the difference in implantation
defects between CZ-Si and Epi-Si owing to the limited of
resolution of TEM. Additionally, these techniques are not
applicable to the evaluating of the O contribution to the for-
mation of defects, which is key issue in understand gettering
sinks induced by C-cluster ion implantation in Epi-Si. Laser-
assisted atom probe tomography (laser-APT) is an extremely
useful approach to directly obtaining the impurity distribu-
tion at the atomic scale [15], [16]. However, there is a limit
to the observable defects because APT analysis is conducted
using needle-shaped samples. To overcome the problem, we
have introduced implantation defects at a dose of 1016 cm−2

to increase the defect density as a model system to specify
the difference in the morphology of defects between CZ-Si
and Epi-Si.
In this study, we therefore investigated the morphology

of defects induced by C-cluster ion implantation in detail
to reveal the origin of gettering sinks for metallic impu-
rities. First, we considered the implantation-related defect
species formed by C-cluster ion implantation by perform-
ing a technology computer-aided design (TCAD) simulation.
Moreover, we investigated the difference between the com-
positions of defects in CZ-Si and Epi-Si using APT. We
also analyzed the impurity distribution of defects formed by
C-cluster ion implantation.

II. THEORETICAL AND EXPERIMENTAL METHODS
We used the TCAD Sentaurus Process from Synopsys to
calculate the defects formed after annealing of C-cluster ion
implantation. The model of CI cluster formation is incor-
porated in the parameter database in the TCAD Sentaurus
Process [17], whose calibration is based on the results
of [11]. A cluster consisting of m substitutional C (Cs) atoms,
having n atoms [either interstitial C (Ci= CsI) or Si] existing
at an interstitial position is denoted as CmIn. The reactions
involved in CmIn cluster formation can be described by the
following trapping and emission reactions of Ci, V, and I:

CmIn + Ci ↔ Cm+1In+1, (1)

CmIn + I ↔ CmIn+1, (2)

CmIn ↔ CmIn+1+ V. (m, n = 1, 2) (3)

Reaction 3 represents the generation of a V that diffuses
away. The configurations of CI clusters taken into account
in the TCAD Sentaurus Process are those up to C3I3. The
model for V cluster formation uses the two types of V clus-
ter model incorporated in the TCAD Sentaurus Process [17],
namely, the full and 2Moment models, to reveal the forma-
tion of small V clusters and void defects. The full model is
a small-V-cluster model, that is, Vn clusters with n = 2−8 are
included. The Vn clusters included in this model act as pre-
cursors of void defects. Vn cluster formation can be described
by the following reactions:

Vn + V ↔ Vn+1, (4)
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Vn + I ↔ Vn−1. (n = 1, 2. . . ) (5)

The 2Moment model calculates the formation and dissolution
of V2, and a Vn cluster with n>2 is defined as a void defect.
Both models for V cluster formation are incorporated in the
parameter database, whose calibration is based on the results
in [18] and [19]. In this calculation, we used the C-cluster ion
of C3H6, a dose of 1 × 1016 cm−2, an implantation energy
of 80 keV, and heat treatment at 1100 ◦C for 30 min.

The samples subjected to C-cluster ion implantation were
n-type phosphorus-doped CZ-Si and Epi-Si wafers. The
interstitial O concentration in the CZ-Si was about 1.4 × 1018

cm−3 and that of the C-cluster ion-implanted region in Epi-
Si was below 1016 cm−3. C-cluster ions of C3H6 were
implanted into wafers with an energy of 80 keV at a dose
of 1 × 1016 cm−2. After implantation, the samples were
annealed at 1100 ◦C for 30 min in N2 ambient. The C depth
profiles were measured by SIMS. For APT analysis, needle-
shaped samples including the C-cluster ion implanted region
were fabricated using a focused ion beam (FIB) system.
A Ni capping layer was deposited on the sample surface for
protection against FIB damage. Figure 2 shows the experi-
mental procedure of this study. The APT analysis was carried
out using a laser-assisted APT system (AMETEK LEAP
4000XSi) equipped with an ultraviolet laser (wavelength of
355 nm, laser power of 20 pJ) to examine the impurity dis-
tribution in the C-cluster ion implanted region. The samples
were cooled to 70 K. The APT data were analyzed using
integrated visualization and analysis software (IVAS) from
CAMECA.

III. RESULTS AND DISCUSSION
A. DEFECT SPECIES FORMED BY C-CLUSTER ION-
IMPLANTATION SIMULATED BY TCAD
Figure 3 shows the C, V, and I depth profiles resulting from
the implantation of 1 × 1016 cm−2 C3H6 ions into the
Si wafer at 80 keV obtained by simulation. The calculated
depth profiles of V and I are nearly the same. These calcu-
lation results do not agree with those of Si ion implantation,
which showed impurity gettering via V clusters [14], which
is probably due to the low energy implantation of C-cluster
ions. Figure 4 shows C depth profiles obtained from the
TCAD simulation and SIMS analysis of the implantation
of 1 × 1016 cm−2 C3H6 ions into CZ-Si and Epi-Si after
annealing at 1100 ◦C for 30 min. The total V concentra-
tion calculated by using the two types of cluster model after
annealing is also shown in Fig. 4. Note that in the TCAD
simulation, the O concentration in the Si substrate cannot be
taken into account. The C depth profiles of both CZ-Si (red
dotted line) and Epi-Si (blue line) obtained from SIMS are
in good agreement as shown in Fig. 4. In addition, although
the agreement is not perfect, total C profile obtained by
TCAD simulation was similar to the SIMS C depth profiles.
The TCAD simulation results indicate that the C profile in
the C-cluster ion implanted region is formed by CI clusters.
The C profile is mainly formed by C3I3 clusters. This result

FIGURE 2. (a) Schematic illustration of experimental procedure of this
study. (b) Needle shaped sample for APT analysis.

FIGURE 3. The depth profiles of C, I, and V after C-cluster ion implantation
at dose of 1 × 1016 cm−2 calculated by TCAD simulation.

is in good agreement with a previous study on C3H5 ions
with a lower dose implantation of 5 × 1014 cm−2 [20].
On the other hand, hardly any V clusters including void

defects form in the C-cluster ion-implanted region, although
V6 clusters have been reported to have particularly stable
configurations [19], [21]. Positron annihilation spectrometry
studies have indicated that V defects decrease in number
or disappear during heat treatment above 850 ◦C [22]. This
supports the low V cluster concentration after 1100 ◦C heat
treatment observed in the TCAD simulation. It is probable
that during heat treatment at the high temperature of 1100 ◦C,
the out diffusion of V is the dominant reaction rather than V
cluster formation. The contribution of V to CI cluster forma-
tion represented by reaction 3 also suppressed the formation
of V cluster. In addition, the TCAD simulation results did
not indicate an increase in the V cluster concentration in
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FIGURE 4. The depth profiles of C and V clusters after at 1100 ◦C for 30
min heat treatment with a C3H6 dose of 1 × 1016 cm−2 by TCAD
simulation. The black dotted line represent carbon total obtained by TCAD
simulation, the red dotted line and blue line are by SIMS measurement.

FIGURE 5. Cross-sectional TEM images of (a) CZ-Si and (b) Epi-Si
implanted at a C-cluster ion implantation dose of 1 × 1016 cm−2 after
annealing at 1100 ◦C for 30 min.

the C-cluster ion-implanted region in both V cluster models.
If metallic impurity gettering occurs through V clusters, an
increase in the V cluster concentration should be observed
because the high gettering efficiency for metallic impurities
mirrors the C profile in the C-cluster ion implanted region,
as shown in Fig. 1 [10]. The gettering reaction through
V clusters should be promoted by the increased solubil-
ity of the metallic impurities in region where the V cluster
formed [13], [14]. Additionally, in the case of relaxation get-
tering via void defects, 20–35 nm diameter octahedral size
defects should form in the ion implanted region [4]–[7].
However, in cross-sectional TEM images of C-cluster ion
implanted CZ-Si and Epi-Si, no void defects were observed
in the ion implanted region, as shown in Fig. 5. Only the
5 nm size defects were observed in both samples, which are
probably C agglomerates. Thus, we consider that V clusters
are not dominant gettering sinks for metallic impurities in
the C-cluster ion implanted region in both CZ-Si and Epi-Si.

FIGURE 6. The three-dimensional APT maps of C in C-cluster ion
implanted (a) CZ-Si and (b) Epi-Si after heat treatment. The
one-dimensional C concentration profiles in CZ-Si and Epi-Si are shown in
(c) and (d), respectively. The black circles represent the result obtained by
APT and red and blue lines represent the result in CZ-Si and Epi-Si
obtained by SIMS, respectively.

These simulation results suggest that the gettering of
metallic impurities occurs by the interaction with CI clusters
such as C3I3 in both CZ-Si and Epi-Si. Thus, we consider
that the amount of metallic impurity gettering depends on
the amount of CI cluster formation in the C-cluster ion-
implanted region. We assume that the O concentration in
the C-cluster ion implanted region may affect the amount of
CI cluster formation.

B. THREE-DIMENSIONAL MORPHOLOGY OF DEFECTS
INDUCED BY C-CLUSTER ION-IMPLANTED CZ-SI AND
EPI-SI
Figures 6(a) and 6(b) show three-dimensional C-atom
maps in the C-cluster ion implanted region in CZ-Si and
Epi-Si, respectively. It has been reported that the C con-
centration increases at the center of C agglomerates in
both samples [23]. It can be seen that the C agglomerates
formed by C-cluster ion implantation in Epi-Si are simi-
lar to those in CZ-Si. Additionally, in both samples, it is
considered that the C agglomerates observed by APT corre-
spond to the defects observed by TEM shown in Fig. 5 [9].
Figures 6(c) and 6(d) show the one-dimensional C con-
centration profiles obtained from the APT data in the depth
direction together with the SIMS profiles. Although the APT
profiles have a discrete distribution, it can be seen that they
are in good agreement with the SIMS profiles. The TCAD
simulation results shown in Fig. 4 indicate that the C pro-
files in the C-cluster ion implanted region consist of CI
clusters formed by the interaction with C and I. Thus, we
consider that the C agglomerates observed by APT analysis
are agglomerates of CI clusters such as C3I3 in both CZ-Si
and Epi-Si.
What is the role of O in the C-cluster ion implanted region

in C agglomerate formation? To investigate the role of O, we
analyzed the difference between the distributions of O and C
atoms in both CZ-Si and Epi-Si obtained from the APT map-
ping. Figures 7(a) and 7(b) show isoconcentration surfaces
defined at 5 at.% C and 1.2 at.% O in both CZ-Si and Epi-Si,
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FIGURE 7. The isoconcentration surfaces associated with 1.2 at% O and 5
at% C in C-cluster ion implanted (a) CZ-Si and (b) Epi-Si. The C agglomerate
containing and not containing O atoms are shown in (a) and (b),
respectively.

respectively, to more clearly illustrate the distribution of O
in C agglomerates. The figures show APT data obtained at
depths of 40–90 nm, which include the region of maximum C
concentration observed by SIMS shown in Fig. 6. The 5 at.%
C and 1.2 at.% O isoconcentration-surface means delineate
the regions containing more than 5 at.% C and 1.2 at.% O,
respectively. Figure 7(a) indicates the presence of O atoms
incorporated inside C agglomerates. The data suggest that
these agglomerates grew by incorporating O atoms. On the
other hand, the C agglomerates shown in Fig. 7(b) consist of
only C atoms and were probably formed by the aggregation
of CI clusters. By focusing on C and O distribution, it was
found that the C agglomerates can be divided into two types;
those including and not including O atoms.
Figure 8 shows the relationship between the diameter of

the C agglomerates and the maximum C concentration at
the agglomerate centers. The results for the two types of
C agglomerates are also shown in Fig. 8. The average size
of the C agglomerates estimated using IVAS was approxi-
mately 5 nm in both samples. However, it appears that the
C concentration of the agglomerate formed by the implanta-
tion of Epi-Si had a higher central C concentration than that
formed by the implantation of CZ-Si. Moreover, comparing
CZ-Si and Epi-Si, the ratio of the number of the two types
of defects differs. The results indicated that more C agglom-
erates in CZ-Si contained O atoms. On the other hand, in
Epi-Si, there were more C agglomerates that did not contain
O atoms. The proportion of C agglomerates not containing
O atoms in Epi-Si was approximately two times that in CZ-
Si. This suggests that the atomic-level defect compositions
induced by C-cluster ion-implantation in CZ-Si and Epi-Si
differ, despite the apparent similarity of the agglomerates.
It is believed that the formation of C agglomerates cannot

occur without the relaxation of stress due to the incorpora-
tion of I or O because agglomerate formation by C itself
leads to a decrease in volume [24]. If the C agglomerates are
formed by relaxation of stress, the amount of CI cluster for-
mation will depend on the amount of O incorporated in the
agglomerates. Therefore, it is considered that the amount of
CI clusters formation in the C agglomerates differs between
those containing O atoms and those not containing O atoms.
The APT data illustrated in Fig. 8 show that C-cluster ion

FIGURE 8. Relationship between diameters of C agglomerates and C
concentration for (a) CZ-Si and (b) Epi-Si. The blue triangle represent the C
agglomerates containing O atoms and the red circles represent the C
agglomerates not containing O atoms [23].

implanted Epi-Si has more C agglomerates not containing O
atoms than those containing O atoms. This suggests that Epi-
Si has more C agglomerates only consisting of CI clusters. In
other words, in Epi-Si, the most of implanted C contributes
to CI cluster formation such as C3I3. On the other hand,
in CZ-Si, because a large amount of O is contained in the
C-cluster ion-implanted region, the formation of C agglom-
erates involves not only I but also O atoms. The presence
of C agglomerates containing O atoms suggests that part of
the implanted C contributes to the interaction with O such
as CO defect formation.
Recent theoretical results by first-principles calculation

suggest that CI clusters such as C3I3 can be effective getter-
ing sinks for metallic impurities [25]. On the other hand, C
trapped by O atoms cannot be effective gettering sinks [26].
These calculation results indicate that C agglomerates formed
by CI clusters undergo a strong electronic interaction with
metallic impurities. Hence, the amount of CI cluster for-
mation in the C-cluster ion implanted region determines the
gettering efficiency for metallic impurities. The O atoms in C
agglomerates probably suppress the electronic interaction of
agglomerates because they inhibit CI cluster formation. We
propose that the increase in the solid solubility of metal-
lic impurities in C-cluster ion implanted Epi-Si is due to
the strong electronic interaction of C agglomerates con-
sisting of CI clusters. The mechanisms are illustrated in
Fig. 9.
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FIGURE 9. Illustration of model of gettering reaction for metallic impurity
on C agglomerates formed by C-cluster ion implantation.

IV. CONCLUSION
We investigated the origin of gettering sinks for metallic
impurities induced by C-cluster ion implantation in Epi-Si
using TCAD simulation and APT. The TCAD simulation
results indicated that not point defect clusters but CI clus-
ters in the C-cluster ion implanted region provide gettering
sinks for metallic impurities. We found by APT that the C
agglomerates are aggregations of CI clusters in both CZ-Si
and Epi-Si. The APT results indicated that the distribution of
O atoms in C agglomerates differs between CZ-Si and Epi-Si.
The C-cluster ion implanted Epi-Si induced more defects not
containing O atoms than those containing O atoms inside C
agglomerates. This indicates that more C agglomerates only
consist of CI clusters. The O atoms inside C agglomerates
inhibit CI cluster formation. We consider that the getter-
ing efficiency for metallic impurities in the C-cluster ion
implanted region is determined by the amount of CI cluster
formation. The obtained results indicate that the control of O
atoms inside the defects induced by C-cluster ion implanta-
tion is effective for maximizing the localization for metallic
impurities to reduce the dark current.
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