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ABSTRACT The two-step implantation of argon precursor ion (Ar+) followed by boron ion (B+) in single
crystalline silicon at room temperature is discussed to activate boron implanted region by post heating at
300 followed by 400oC. The implantation of Ar+ at a dose of 6.0 × 1013 cm−2 at 70 keV with a projected
range Rp(Ar) of 80 nm followed by B+ at 1.0 × 1015 cm−2 and 15 keV with Rp(B) of 62 nm caused
crystalline disordered states with the effective disordered amorphous depth Aeff of 32 nm, while the post
heating of 300oC for 90 min followed by 400oC for 30 min markedly decreased Aeff to 1.8 nm. The effective
recrystallization by the post heating promoted activation of doped region associatedwith decrease in the sheet
resistivity to 189 �/sq by the post heating. The activation ratio was estimated as 0.33 under the assumption
of a hole mobility of 50 cm2/Vs in the boron implanted region.

INDEX TERMS Activation, carrier density, carrier lifetime, defect, low temperature.

I. INTRODUCTION
Low temperature processing is important to achieve the
low thermal budget for fabricating semiconductor devices.
It realizes a low tact time of device fabrication and low-cost
production. Especially, the low temperature fabrication tech-
nology is important to fabricate polycrystalline silicon thin
film transistors (poly-Si TFTs), photo sensors, and solar
cells on low thermal proof substrates, for example, glass and
plastic substrates [1]–[5]. Ion implantation is an essential
technology for incorporating dopant atoms in semiconductor.
It has established itself as a tool for forming the source/drain
regions for fabricating transistors and the pn junction for
photo sensors. However, the activation of dopant atoms at a
low temperature has been a serious problem to apply the ion
implantation technology to device fabrication processing at
a low temperature. In general, heating at temperature higher
than 600oC is required owing to the large activation energy
for moving dopant atoms from the interstitial sites to the
lattice sites or giving thermal energy enough to recrystallize
disordered silicon state caused by high energy ion implanta-
tion [6]–[10]. Reduction of the activation energy and effective
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recrystallization of disordered states are necessary to realize
the activation of implanted region at a low temperature.

This paper discusses a two-step-ion implantation of argon
precursor ion (Ar+) followed by boron dopant ion (B+)
implantations to achieve dopant activation and carrier gen-
eration at a low temperature by post heating at 300 followed
by 400oC. Decrease in the sheet resistivity and increase in
the dopant activation ratio are demonstrated with association
of Ar+ precursor ion implantation. This paper demonstrates
that disordered states caused by the two-step implantation is
effective for dopant activation at a low temperature.

II. MODEL AND EXPERIMENTAL PROCEDURE
Ar+ is selected as the precursor implantation to form silicon
disordered states associated with silicon bonding distortion,
which will decrease the average bonding energy of the silicon
lattice. Decreasing the average bonding energy is an advan-
tage for the boron atoms implanted in the interstitial sites
to move in the silicon lattice sites by post heating at a low
temperature. It will be a practical advantage that Ar+ implan-
tation easily causes silicon disordered states with a low dose
because Ar atom is heavier than silicon atom. It will be also
important to keep crystalline states partially as the crystalline
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nucleation site in the Ar+ precursor implanted regions by
selecting the Ar+ dose to recrystallize the disordered states
by the post heating at low temperatures. From our concern of
poly-Si TFTs whose source and drain regions are fabricated
by ion implantation with dopant species of phosphorus and
boron, with their dose of about 1× 1015 cm−2, and projected
range from 50 to 100 nm in general, boron implantation
was investigated in this paper under the conditions of a dose
of 1.0 × 1015 cm−2. We used the heating temperatures of
300 and 400oC, which are the conventional heating tempera-
tures for activating the dopant atoms in the source and drain
regions for poly-Si TFTs. After our preliminary reports [11],
we set following experimental procedures to precisely inves-
tigate the coherent relations between activation of dopant
atoms and disordered states.

For investigating an appropriate dose of Ar+ precursor, we
set it ranging from 1.0× 1013 to 5.0× 1014 cm−2 under the
implantation conditions of an acceleration energy of 70 keV
at RT to n-type CZ single crystalline silicon substrates with a
thickness of 500 µm and a resistivity higher than 1500 �cm.
Calculation with the program of transport of ions in matter
(TRIM [12]) resulted in a projected range Rp(Ar) of 80 nm.
B+ ions were subsequently implanted at RT. The acceleration
energy, Rp(B), and dose were 20 keV, 80 nm, and 1.0× 1015

cm−2, respectively. Ar+ followed by B+ implantations were
carried out to the top and rear silicon surfaces. The total dose
was therefore two times of that given above. The samples
were then heated at 300oC for 90 min in the air atmosphere.
After investigation of changes in crystalline and electrical
properties of implanted regions, the samples were subse-
quently heated at 400oC for 30 min in the air atmosphere.
For the second experiment, the relation between Rp(Ar)

and Rp(B) was investigated by changing the acceleration
energy of the second 1.0 × 1015-cm−2-B+ implantation at
RT between 5 and 50 keV. Rp(B) ranged from 23 to 175 nm.
Ar+ precursor implantation was set at 70 keV and 6.0 ×
1013 cm−2, and RT. Ar+ precursor implantation followed by
B+ implantations were carried out to the top and rear silicon
surfaces. The samples were then heated by 300oC for 90 min
followed by 400oC for 30 min in the air atmosphere.
In order to analyze the crystalline state in the ion implanted

region in the process steps of ion implantation and post
heating, the non-destructive measurement of optical reflec-
tivity spectra was used. The optical reflectivity spectra of the
silicon surfaces were measured for wavelength ranging from
250 to 1000 nm using a conventional optical spectrometer.
The complex refractive index sensitively changes associ-
ated with disordered bonding states caused by ion implanta-
tion. The surface structure with different complex refractive
indices from that of single crystalline silicon can change the
shape of optical reflectivity spectrum. Optical interference
effect also occurs because the depths of ion implantation
were similar or lower than the wavelengths of light. The
experimental optical reflectivity spectra were analyzed using
a home-made numerical calculation program developed with
the optical interference effect and the effective dielectric

media approximation with a model of seven silicon layered
structure with different crystalline fraction X and thickness
d formed on single crystalline silicon substrate [13], [14].
The crystalline fraction Xi at ith layer with a thickness di
is determined as a coefficient when the effective complex
refractive index ni at ith layer is assumed to be given by the lin-
ear combination of complex refractive indices of crystalline
silicon nc and amorphous silicon na as,

ni = Xinc + (1− Xi)na. (1)

The optical absorption coefficient is very high on the order
of 106 cm−1 for wavelength lower than 350 nm. The optical
reflectivity in the ultraviolet region gives information of the
effective complex refractive index in the 10-nm-deep surface
region. The optical absorption coefficient decreases as the
wavelength increases from 350 nm because of the silicon
indirect band structure. The optical reflectivity for long wave-
length therefore includes information of the effective com-
plex refractive index of a deep region.X in the shallow surface
region is therefore determined by fitting the calculated optical
reflectivity to the experimental optical reflectivity in the ultra-
violet region Then X values in deeper regions was analyzed
using the optical reflectivity spectra for longer wavelength
to obtain the in-depth Xi profile. The fitting was conducted
with the least squares method by changing Xi and di for the
seven layers until the squared root of the sum of squared
residuals between experimental reflectivity re (%) and cal-
culated reflectivity rc (%) integrated from 250 to 1000 nm S
was lower than 1%, which was equivalent to 1% difference
between experimental and calculated reflectivity values in
average between 250 and 1000 nm, as,

S =

√∫ 1000
250 (re − rc)2 dλ

750
< 1, (2)

where λ is the wavelength. Figure 1 shows the demonstra-
tion of (a) experimental optical reflectivity spectra of single
crystalline silicon (black solid curve), as-ion implanted Ar+

at 70 keV and 6.0×1013 cm−2 followed by B+ at 20 keV and
1.0 × 1015 cm−2 (red solid curve), and calculated spectrum
fitted to the experimental spectrum of the as-implanted sam-
ple (red dashed curve), (b) the in-depth crystalline fraction
X profile obtained by the spectral fitting shown in Fig. 1(a),
and (c) a bright field image of transmission electron micro-
scope (TEM) of the as-implanted sample. The spectrum of the
single crystalline silicon shows the two large peaks of E2 and
E1 caused by the large joint density of states in the Brillouin
zone of crystalline silicon appeared at 275 and 340 nm and
monotonously decrease in the optical reflectivity according
to monotonous decreases in the refractive index and extinc-
tion coefficient as the wavelength increases from 340 nm.
The two-step implantation of Ar+ and B+ slightly decreased
the optical reflectivity in the ultraviolet region and waved the
spectrum shape in visible and infrared regions shown by the
red curve. The almost same spectral shapes were observed at
different places of the sample within a detection limit of the
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FIGURE 1. (a) Experimental optical reflectivity spectra of single crystalline
silicon, as-ion implanted Ar+ at 70 keV and 6.0× 1013 cm−2 followed by
B+ at 20 keV and 1.0× 1015 cm−2, and calculated spectrum, (b) the
in-depth crystalline fraction X profile obtained by the spectral fitting, and
(c) a bright field image of transmission electron microscope (TEM) of the
as-implanted sample.

spectrometer of 0.5%. The calculated spectrum (red dashed
curve) well fitted the experimental spectrum with a S value
of 0.86%. The fitting resulted in X as a function of depth as
shown in Fig.1 (b). X in the surface region was decreased
by the ion implantation. Especially X decreased to 0.35 in
the depth between 35 and 90 nm. this indicates that a buried
disordered region was formed by the ion implantation. The
image of TEM shows many dark spots indicating disordered
sites. The dark spots concentrated at the almost coincident
depth with low X . The results of Figs. 1(a) to (c) indicate
the capability of the optical reflectivity spectrum analysis for
non-destructively investigating the disordered states caused
by ion implantation.

We also introduced the effective disordered amorphous
depth Aeff as an index of disorder states formed in silicon
substrate by integration of the product of 1-Xi and di at
ith layer as,

Aeff =
∑
i

(1− Xi)×di. (3)

To investigate the electrical conductivity and carrier life-
time, we used a 9.35-GHz-microwave-transmittance mea-
surement system [15], [16]. The system had waveguide

tubes, which had a narrow gap where a sample was placed.
Continuous-wave (CW) 635 nm laser diode (LD) light with a
penetration depth of 2.7 µm was introduced into the waveg-
uide tubes. The light intensities were set at 0.74 mW/cm2

on the sample surface for 635 nm lights. In a dark field,
the microwave was absorbed by free carrier in the silicon
substrate by so-called Drude effect [17]. The microwave
transmittance Td was analyzed with a finite-element numeri-
cal calculation program made with a Fresnel-type microwave
interference effect and the free carrier absorption to estimate
the sheet resistivity, which was obtained by fitting the calcu-
lated Td to the experimental Td. The microwave transmittance
under the light illumination of the ion-implanted surface Tp
was also measured to obtain the photo-induced minority car-
rier effective lifetime τeff. τeff was analyzed by the numerical
program of carrier diffusion and annihilation to estimate the
carrier recombination velocity at the implanted surfaces [18].

FIGURE 2. Optical reflectivity spectra of the samples (a) as-implanted
with Ar+ with the dose ranging from 0 to 5.0× 1014 cm−2 at 70 keV at RT
followed by B+ with the dose of 1.0× 1015 cm−2 at 20 keV at RT,
(b) heated at 300oC for 90 min, and (c) subsequently heated at 400oC for
30 min.

III. RESULTS AND DISCUSSIONS
Figure 2 shows the optical reflectivity spectra of the sam-
ples (a) as-implanted with Ar+ with the dose ranging from
0 to 5.0 × 1014 cm−2 at 70 keV at RT followed by B+ with
the dose of 1.0 × 1015 cm−2 at 20 keV at RT, (b) heated
at 300oC for 90 min, and (c) subsequently heated at 400oC
for 30 min. The optical reflectivity spectra of the single crys-
talline silicon sample were also plotted by black solid curve
in each graph. The single B+ implantation slightly decreased
the optical reflectivity spectra in the ultraviolet region. The
E1 and E2 peaks were slightly decreased. This means that
disordered state was formed in the shallow surface region.

72600 VOLUME 8, 2020



T. Sameshima et al.: Argon Precursor Ion Implantation Used to Activate Boron Atoms in Silicon at Low Temperatures

Ar+ implantation changed the optical reflectivity spectra. The
E1 and E2 peaks further decreased as the dose of Ar+ implan-
tation increased to 2.0 × 1014 cm−2, although the spectrum
had noE1 andE2 peaks for theAr+ dose of 5.0×1014 cm−2 as
shown in Fig. 2(a). It shows that the disordered state increased
in the silicon surface regions as the Ar+ dose increased,
while the crystalline state still remained at the surface region
for Ar+ dose lower than or equal to 2.0 × 1014 cm−2.
On the other hand, the silicon surface region was completely
amorphized by 5.0 × 1014 cm−2-Ar+ implantation. Marked
spectral fringes appeared in visible and near infrared region
for Ar+ doses between 6.0 × 1013 and 5.0 × 1014 cm−2.
High optical interference occurred owing to the formation
of thick regions with refractive indices different from that of
single crystalline silicon by Ar+ implantation. These spectra
indicate that substantial disordered regions were formed by
the two-step implantation.

Post heating at 300oC for 90 min increased the heights of
the E1 and E2 peaks for Ar+ dose lower than or equal to
2.0 × 1014 cm−2, as shown in Fig. 2(b). This indicates the
crystalline fraction X increased at the silicon surface region
by the post heating. However, there were still no E1 and E2
peaks for the Ar+ dose of 5.0× 1014 cm−2. The amorphous
region was not crystallized by the heating at 300oC. The
spectral fringes were still observed for Ar+ doses between
6.0 × 1013 and 5.0 × 1014 cm−2. Internal disordered states
still remained. Post heating at 400oC for 30 min further
increased the heights of the E1 and E2 peaks close to those
of single crystalline for Ar+ dose lower than or equal to
2.0 × 1014 cm−2, as shown in Fig. 2(c). Disordered region
was reduced at the silicon surface region by the post heating.
However, there were still no E1 and E2 peaks appeared for
the Ar+ dose of 5.0 × 1014 cm−2. Heating at 400oC was
not sufficient to recrystallize the amorphous region formed
by Ar+ implantation at 5.0 × 1014 cm−2. The amplitude of
the spectral fringe for the Ar+ dose of 6.0× 1013 cm−2 was
markedly decreased by the heating at 400oC. This indicates
that disordered states were reduced and the recrystallization
was proceeded by the post heating. On the other hand, Large
spectral fringes were still observed for Ar+ doses between
1.0 × 1014 and 5.0 × 1014 cm−2. Internal disordered states
still remained.

Figure 3 shows the in-depth profiles of X obtained by
analyzing the optical reflectivity spectra of the samples
(a) as-implanted with Ar+ with the dose ranging from
0 to 5.0 × 1014 cm−2 at 70 keV at RT followed by B+ with
the dose of 1.0 × 1015 cm−2 at 20 keV at RT, (b) heated at
300oC for 90 min, and (c) subsequently heated at 400oC for
30 min. X slightly decreased to 0.72 in the surface 10 nm
deep region as Ar+ dose increased to 5.0×1013 cm−2. On the
other hand, X markedly decreased in the wide depth region as
the dose of Ar+ increased from 6.0 × 1013 cm−2, as shown
in Fig. 3(a). The minimum X decreased from 0.3 to 0 as the
dose of Ar+ increased from 6.0 × 1013 to 5.0 × 1014 cm−2.
Substantial defects were formed in Ar+ implantation region
with high doses. Heating at 300oC for 90 min increased X in

FIGURE 3. In-depth profiles of X , (a) as-implanted with Ar+ with the dose
ranging from 0 to 5.0× 1014 cm−2 at 70 keV at RT followed by B+ with
the dose of 1.0× 1015 cm−2 at 20 keV at RT, (b) heated at 300oC for
90 min, and (c) subsequently heated at 400oC for 30 min. Rp(Ar) and
Rp(B) of 80 nm are indicated by arrows on the depth axis.

the cases of low Ar+ doses, as shown in Fig. 3(b). Especially
X markedly increased from 0.3 to 0.45 for the depth between
40 and 80 nm in the case of Ar+ dose of 6.0 × 1013 cm−2.
The disordered state was well recrystallized by heating at
300oC for 90 min. On the other hand, the low X hardly
changed for the Ar+ doses higher than 1.0 × 1014 cm−2.
High disordered region was not recrystallized well by heating
at 300oC for 90 min. For the subsequent heating at 400oC
for 30 min further increased X to 0.75 for the depth between
40 and 75 nm in the case of Ar+ dose of 6.0 × 1013 cm−2.
On the other hand, the low X hardly changed for the Ar+

doses higher than 1.0× 1014 cm−2.

FIGURE 4. Aeff obtained by eq. 3 with X shown in Fig. 3 as a function of
the Ar+ dose for the samples as-two-step implanted (solid triangles),
heated at 300oC for 90 min (solid circles), and subsequently heated at
400oC for 30 min (open circles). The arrow a presents Aeff of 1.8 nm for
the case of single B+ implantation at 1.0× 1015 cm−2 and 20 keV.

Figure 4 shows Aeff defined by eq. 3 with X shown in
Fig. 3 as a function of the Ar+ dose for the samples as-
two-step implanted (solid triangles), heated at 300oC for
90 min (solid circles), and subsequently heated at 400oC for
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30 min (open circles). Aeff for the sample with the single B+

as implantation was also presented by an arrow a in Fig. 4.
For the Ar+ dose lower than or equal to 5.0×1013 cm−2, Aeff
had a low value about 2.5 nm, which was similar to 1.8 nm
in the case of the single B+ implantation for as-implanted
samples. Aeff markedly increased from 55 to 116 nm as the
Ar+ dose increased from 6.0 × 1013 to 5.0 × 1014 cm−2.
This analysis indicates that the threshold dose of Ar+ was
5.0 × 1013 cm−2 to form substantial disordered amorphous
region. The results of Fig. 3 also show that the dose of Ar+ of
1.0× 1014 cm−2 or above resulted in a complete amorphous
layer. The condition of Ar+ dose of 6.0× 1013 cm−2 formed
the surface 100 nm deep region with the coexistence of
disordered states and crystalline states. The heating at 300oC
for 90 min decreased Aeff. For the Ar+ dose lower than or
equal to 5.0× 1013 cm−2, Aeff had a low value about 1.3 nm,
which was similar to 1.1 nm in the case of the single B+

implantation. Aeff markedly decreased from 55 to 29 nm in
the case of Ar+ dose of 6.0× 1013 cm−2. On the other hand,
Aeff had kept high value under the heating at 300oC for 90min
for Ar+ dose ranging from 1.0 × 1014 to 5.0 × 1014 cm−2.
The subsequent heating at 400oC for 30min further decreased
Aeff. Especially, Aeff markedly decreased from 13 nm in the
case of Ar+ dose of 6.0×1013 cm−2. On the other hand, Aeff
had kept high value under the heating at 400oC for 30 min for
Ar+ dose ranging from 1.0× 1014 to 5.0× 1014 cm−2.

FIGURE 5. Sheet resistivity as a function of the Ar+ dose for the
two-step-implanted samples heated at 300oC for 90 min (solid circles),
and subsequently heated at 400oC for 30 min (open circles). The arrows
of b and c present the sheet resistivity for the cases of single B+

implantation at 1.0× 1015 cm−2 and 20 keV followed by post heating
300oC for 90 min and 400oC for 30 min, respectively.

Figure 5 shows the sheet resistivity as a function of the
Ar+ dose for the two-step-implanted samples heated at 300oC
for 90 min (solid circles), and subsequently heated at 400oC
for 30 min (open circles). Although the sheet resistivity was
higher than the measurement limit of 80000 �/sq for all
as-implanted samples, the post heating at 300oC for 90 min
decreased the sheet resistivity which strongly depended on
the Ar+ dose, as shown in Fig. 5. While the sheet resistiv-
ity was high of about 6600 �/sq for the Ar+ doses up to
3.0 × 1013 cm−2, which was similar value to 5500 �/sq
for single B+ implantation sample, as shown by an arrow
b in Fig. 5, it markedly decreased to 444 �/sq as the Ar+

dose increased to 6.0 × 1013 cm−2. On the other hand,
the sheet resistivity increased to very high value above the

measurement limit of 80000 �/sq as the Ar+ dose further
increased to 5.0 × 1014 cm−2. A resonant phenomenon of
decrease in the resistivity as a function of Ar+ dose was
observed. The post heating at 400oC for 30 min further
decreased the sheet resistivity, as shown by open circles
in Fig. 5. In similar manner to the case of 300oC heating
case, the sheet resistivity was high of about 2500�/sq for the
Ar+ doses up to 3.0 × 1013 cm−2, which was similar value
to 2400 �/sq for single B+ implantation sample, as shown
by an arrow c. It markedly decreased to 302 �/sq as the Ar+

dose increased to 6.0× 1013 cm−2. Then the sheet resistivity
increased to 10000 �/sq as the Ar+ dose further increased to
5.0× 1014 cm−2.
The results of Fig. 5 revealed that there was a resonant

value of Ar+ dose of 6.0 × 1013 cm−2 for activating boron
doped region implanted with 1.0 × 1015 cm−2 B+ in the
case of the same value of RP(Ar) and Rp(B) of 80 nm. The
analyses of the crystalline properties shown in Figs. 3 and
4 also suggest that the substantial crystalline disordered state
was formed by the Ar+ precursor implantation at 6.0× 1013

cm−2 and 70 keV with Rp(Ar) of 80 nm followed by B+

implantation at 1.0 × 1015 cm−2 and 20 keV with Rp(B)
of 80 nm, and that effective recrystallization was achieved
by the post heating at the low temperature of 400oC. The
recrystallization probably promoted the resonant decrease in
the sheet resistivity as shown in Fig. 5.
Next, the best Rp(B) was researched to the RP(Ar) of 80 nm

for activation of boron implanted region. The two-step
implantation was carried out with the conditions of Ar+ at
6.0 × 1013 cm−2 and 70 keV (RP(Ar) = 80 nm) and B+ at
1.0 × 1015 cm−2 and the acceleration energy ranging from
5 to 50 keV, which gave Rp(B) ranged from 23 to 175 nm.
The post heating of 300oC for 90 min followed by 400oC for
30 min was subsequently treated. Figure 6 shows the optical
reflectivity spectra of the samples (a) as-implanted with Ar+

with the dose of 6.0× 1013 cm−2 at 70 keV and RT followed
by B+ with the dose of 1.0 × 1015 cm−2 at the acceleration
energies ranging from 5 to 50 keV at RT, (b) heated at 300oC
for 90 min, and (c) subsequently heated at 400oC for 30 min.
The optical reflectivity spectra of the single crystalline silicon
sample (before implantation) and single Ar+ implantation
with the dose of 6.0×1013 cm−2 at 70 keV were also plotted.
For as-implanted samples, the optical reflectivity spectrum of
single Ar+ implantation with the dose of 6.0 × 1013 cm−2

at 70 keV was almost same as that of single crystalline sili-
con. This means that single Ar+ implantation with the dose
6.0×1013 cm−2 caused small disordered states. On the other
hand, subsequent B+ implantation changed optical reflectiv-
ity spectra. In the cases of low acceleration energies of 5
and 10 keV for B+ implantation, E1 and E2 peaks in the
ultraviolet region decreased. This indicates that the surface
shallow region was disordered. Optical reflectivity spectra
showed small spectral fringes in visible and infrared wave-
length regions. This suggests that slightly disordered regions
were formed in deep regions. In the cases of B+ acceleration
energies from 15 to 35 keV whose projected ranges were
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FIGURE 6. Optical reflectivity spectra of the samples (a) as-implanted
with Ar+ with the dose of 6.0× 1013 cm−2 at 70 keV and RT followed by
B+ with the dose of 1.0× 1015 cm−2 at the acceleration energies ranging
from 5 to 50 keV at RT, (b) heated at 300oC for 90 min, and
(c) subsequently heated at 400oC for 30 min.

close to that of Ar implantation, optical reflectivity spectra
had large spectral fringes in visible and infrared wavelength
regions. This means that serious disordered regions were
formed in deep regions. The post heating at 300oC for 90 min
markedly increased E1 and E2 peaks. The disordered states
in the surface region was cured by the heat treatment for
B+ implantation. Moreover, the optical interferential fringe
was markedly reduced in the case of 5 and 10 keV. The
disordered region was effectively reduced. On the other hand,
spectral fringes still appeared in visible and infrared ranges
in the case of B+ acceleration energies higher than 15 keV.
The disordered region still existed. The subsequent heating
at 400oC for 30 min further increased E1 and E2 peaks and
decreased the amplitudes of the spectral fringes in the visible
and infrared region. the crystalline quality was improved
by the heat treatment. Especially, the spectral fringes were
markedly reduced by the post heating at 400oC in the case
of 15 keV. The disordered region was effectively reduced.

Figure 7 shows the in-depth profiles of X obtained by
analyzing the optical reflectivity spectra of the samples
(a) as-implanted with Ar+ with the dose of 6.0× 1013 cm−2

at 70 keV and RT followed by B+ with the dose of 1.0×1015

cm−2 at the acceleration energies ranging from 5 to 50 keV
at RT, (b) heated at 300oC for 90 min, and (c) subsequently
heated at 400oC for 30 min. The X in the case of single Ar+

implantation with the dose of 6.0×1013 cm−2 at 70 keVwere
also plotted. X decreased to 0.55 in the surface 5 nm deep
region for the single Ar+ implantation. X slightly decreased
in the wide depth ranging 50∼60 nm in the cases of low
acceleration energies of 5 and 10 keV for B+ implantation.

FIGURE 7. In-depth profiles of X of the samples (a) as-implanted with
Ar+ with the dose of 6.0× 1013 cm−2 at 70 keV at RT followed by B+

with the dose of 1.0× 1015 cm−2 at the acceleration energies ranging
from 5 to 50 keV at RT, (b) heated at 300oC for 90 min, and
(c) subsequently heated at 400oC for 30 min. Rp(Ar) of 80 nm is indicated
by an arrow on the depth axis.

X decreased between 0.2 and 0.6 in the depth ranging from
40 to 110 nm in the case of B+ acceleration energies higher
than 10 keV, as shown in Fig. 7(a). Heating at 300oC for
90 min increased X . Especially, in the cases of the accelera-
tion energies of 5 and 10 keV for B+ implantation, the region
with X lower than 1 was limited at the surface region. X also
increased from 0.48 to 0.72 in the deep region, in the case
of B+ implantation at 15 keV, as shown Fig. 7(b). The depth
width low X was decreased by the heating for every implan-
tation condition. Subsequent heating at 400oC for 30 min
further increased X. The region with X lower than 1 was
limited at the surface region in the case of B+ implantation
at 15 keV. The region with low X was limited close to Rp(Ar)
(=80 nm) for the acceleration energy higher than 20 keV
for B+ implantation. It suggested that the disordered defect
region cooperatively formed by implantation of Ar+ and B+

atoms with high acceleration energies remained.
Figure 8 shows (a) Aeff obtained by eq. 3 with X shown

in Fig. 7 as a function of Rp(B) for the samples as-two-step
implanted (solid triangles), heated at 300oC for 90 min (solid
circles), and subsequently heated at 400oC for 30 min (open
circles) and (b) the ratio of Aeff for the samples heated at
300oC for 90 min (solid circles), and subsequently heated at
400oC for 30 min (open circles) to Aeff as-two-step implanted
as a function of Rp(B). The single 6.0 × 1013 cm−2 Ar
implantation at 70 keV caused small disordered state with
Aeff of 1.2 nm, as shown by an arrow d in Fig. 8(a). Aeff were
also low values for Rp(B) of 23 (B+ acceleration energy of
5 keV) and 42 nm (10 keV). On the other hand, Aeff increased
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FIGURE 8. (a) Aeff obtained by eq. 3 with X shown in Fig. 7 as a function
of Rp(B) for the sample as-two-step implanted (solid triangles), heated at
300oC for 90 min (solid circles), and subsequently heated at 400oC for
30 min (open circles) and (b) the ratio of Aeff for the samples heated at
300oC for 90 min (solid circles), and subsequently heated at 400oC for
30 min (open circles) to Aeff as-two-step implanted as a function of
Rp(B). The arrow d presents an Aeff of 1.2 nm caused by single
6.0× 1013 cm−2 Ar+ implantation at 70 keV.

from 32 to 61 nm, as Rp(B) increased from 61 (15 keV) to
113 nm (30 keV). When Rp(B) further increased to 175 nm
(50 keV), Aeff decreased to 38 nm, as shown in Fig. 8(a).
This means the implantation of Ar+ and B+ cooperatively
caused serious disordered states. The post heating at 300oC
for 90 min decreased Aeff. Especially, in the case of Rp(B)
of 61 nm, Aeff was decreased from 32 to 12.5 nm by the
post heating at 300oC for 90 min. On the other hand, high
initial Aeff caused by high Rp(B) conditions did not decreased
so much. The post heating at 400oC for 30 min further
decreased Aeff. Especially, in the case of Rp(B) of 61 nm,
Aeff was marked decreased from 32 to 1.8 nm by the post
heating at 400oC for 30 min. On the other hand, high Aeff
value about 20 nm remained for Rp(B) higher than 96 nm
(25 keV), which was higher than Rp(Ar). This indicates that
serious defect states, which especially remained after heating,
were formed when B atoms traversed the Ar peak concentra-
tion region with the high acceleration energies. Figure 8(b)
clearly shows that Aeffwas resonantly decreased to 6% of the
initial Aeff for the sample as implanted at Rp(B) of 61 nm by
post heating at 400oC. Figure 7 suggests that decrease in X
in the boron doped region to about 0.5 is important to cause
recrystallization by the post heating at the low temperature
probably because many crystalline sites remained have a role
of promotion of recrystallization. The result of Fig. 8 con-
cludes that the disordered states cooperatively formed with
Ar+ and B+ implantations is effectively recrystallized by post
heating at the low temperature under the condition of Rp(B)
slight shallower than Rp(Ar).
Figure 9 shows the sheet resistivity as a function of Rp(B)

for the 6.0×1013 cm−2 Ar+ at 70 keV followed by 1.0×1015

cm−2 B+ two-step-implanted samples heated at 300oC for

FIGURE 9. Sheet resistivity as a function of Rp(B) for the 6.0× 1013 cm−2

Ar+ followed by 1.0× 1015 cm−2 B+ two-step-implanted samples heated
at 300oC for 90 min (solid circles), and subsequently heated at 400oC for
30 min (open circles).

90 min (solid circles), and subsequently heated at 400oC
for 30 min (open circles). Although the sheet resistivity was
still high of 1260 �/sq when Rp(B) was shallow of 23 nm,
it decreased to 392 �/sq as Rp(B) increased to 42 nm for
sample heating at 300oC for 90 min. This means that the
activation of boron atoms is governed by the in-depth dis-
tributions of argon and boron atoms. On the other hand, the
sheet resistivity increased to a very high value of 2742 �/sq
as the Rp(B) increased to 175 nm. This indicates that the
activation ratio of boron atoms can be low in the case of far
deep distribution of the boron atoms from that of argon atoms.
The subsequent post heating at 400oC for 30 min further
decreased the sheet resistivity. The sheet resistivity decreased
to 189 �/sq as Rp(B) increased to 61 nm. High activation
of boron atoms was achieved when Rp(B) was slightly lower
than Rp(Ar) of 80 nm. The sheet resistivity increased to a high
value of 1767 �/sq as Rp(B) increased to 175 nm as similar
behavior of heating at 300oC for 90 min.

The activation ratio P was estimated by assuming a hole
mobilityµ of 50 cm2/Vs in the heavily doped condition [19].
P is given as,

P =
(
ρ × µ× e× 2.0× 1015

)−1
, (4)

where ρ is the sheet resistivity, e is the elemental charge
of 1.6 × 10−19 C, and 2.0 × 1015 cm−2 is the total boron
dose. Figure 10 shows P as a function of Rp(B) with the
6.0× 1013 cm−2 Ar+ followed by 1.0× 1015 cm−2 B+ two-
step-implanted samples heated at 300oC for 90 min (solid
circles), and subsequently heated at 400oC for 30 min (open
circles). P increased as Rp(B) increased as shown in Fig. 10.
The maximum P was 0.16 at Rp(B) of 42 nm in the case of
heating at 300oC for 90 min. It was 0.33 at Rp(B) of 61 nm in
the case of subsequent heating at 400oC for 30 min. The high
activation ratio was achieved by two-step ion implantation
method in which boron atoms distributed shallower than
argon atoms.

The analysis of experimental results shown from
Figs. 2 to 10 clearly shows that Ar precursor implantation
is effective to activate boron implanted region. Partially
disordered defect states with keeping crystalline states about
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FIGURE 10. Activation ratio as a function of Rp(B) for the 6.0× 1013

cm−2 Ar+ followed by 1.0× 1015 cm−2 B+ two-step-implanted samples
heated at 300oC for 90 min (solid circles), and subsequently heated at
400oC for 30 min (open circles).

50% collaboratively formed by the Ar+ and B+ implantations
is essentially important. Moreover, activation is achieved via
reduction of disordered defect states by post heating at low
temperature. In the present experimental condition of Ar+

implantation at 6.0 × 1013 cm−2 at 70 keV had a peak
concentration about 9.0 × 1018 cm−3 at 80 nm from the
surface. The lowest sheet resistivity was given as 392 �/sq
with Rp(B) of 42 nm in the case of heating at 300oC for
90 min and as 189 �/sq with Rp(B) of 61 nm in the case of
heating at 400oC for 30 min. The atomic concentrations of Ar
in the depth of 42 and 61 nm were 3.2× 1018 and 7.0× 1018

cm−3, respectively. These Ar atomic concentrations ranging
3 × 1018 to 7 × 1018 cm−3 will be a good condition for
collaboratively forming the partial disordered region in the
boron doped region, which probably causes reduction of
the average bonding energy in the silicon lattice system.
Moreover, crystalline sites remaining in the doped region will
promote effective recrystallization of the disordered states by
the post heating. The two-step implantation followed by the
post heating has an advantage of activation of boron doped
region at low temperature.

FIGURE 11. τeff as a function of Rp(B) for the two-step-implanted
samples heated at 300oC for 90 min (solid circles), and subsequently
heated at 400oC for 30 min (open circles).

On the other hand, there is still a problem for minority
carrier. Figure 11 shows τeff as a function of Rp(B) for
the two-step-implanted samples heated at 300oC for 90 min
(solid circles), and subsequently heated at 400oC for 30 min
(open circles). τeff was low ranging from 1.3 to 5.9 µs for
Rp(B) ranging from 23 to 175 nm in the case of heating at
300oC for 90 min. This indicates that the silicon surfaces

had high density of minority carrier recombination defect
sites ranging from 2.9 × 1012 to 1.3 × 1013 cm−2 [20].
τeff was also low values ranging from 0.8 to 3.4 µs for Rp(B)
ranging from 23 to 145 nm in the case of heating at 400oC
for 30 min. On the other hand, it increased slightly to 13 µs
for Rp(B) of 175 nm. The deep boron implantation gave a
density of minority carrier recombination defect states of
1.3 × 1012 cm−2. These results indicate that Ar+ implanta-
tion caused a high density of minority carrier recombination
states. Post heating at 300 and 400oC did not completely
reduced the defect states. Passivation technology must be
further investigated for formation of doped region with a high
activation ratio and a low density of defect states. Moreover,
microscopic investigation such as high-resolution secondary
ion microscopy will be necessary to make the physics of
defect-assisted activation of dopant atoms and criteria of
reduction of recombination defect formation [21].

IV. CONCLUSIONS
The two-step ion implantation of Ar+ and B+ followed
by post annealing was investigated for activating boron
implanted region by post heating at low temperatures of
300 and 400oC. The two-step implantation of Ar+ precursor
at 70 keV with the dose ranging from 1.0 × 1013 to 5.0 ×
1014 cm−2 followed by B+ dopant implantation at 20 keV
with a dose of 1.0 × 1015 cm−2 was first investigated. Their
projected range was 80 nm. Disordered states were collab-
oratively formed by Ar+ precursor followed by B+ dopant
implantation, which decreased X as the Ar dose increased.
In the case of an Ar dose of 6.0 × 1013 cm−2, X decreased
to 0.45 in the boron implanted region and the effective dis-
ordered amorphous depth Aeff increased to 55 nm. The post
heating at 300oC for 90 min followed by 400oC for 30 min
effectively recrystallized the boron doped silicon region and
decreased Aeff to 13 nm. The sheet resistivity also success-
fully decreased to 302�/sq, whereas it was high of 2400�/sq
for the case of the single B+ implantation at 1.0×1015 cm−2

and 20 keV followed by the post heating. Next, the crys-
talline state and sheet resistivity were investigated with dif-
ferent projected range of 1.0 × 1015-cm−2-B+ implantation
ranging from 23 to 175 nm given by different acceleration
energies ranging from 5 to 50 keV under the condition
of 6.0× 1013-cm−2-Ar+ precursor implantation at 70 keV
(RP(Ar) = 80 nm). The post heating of 300oC for 90 min
followed by 400oC for 30 min was subsequently treated. Aeff
increased to 61 nm as Rp(B) increased to 100 nm. It grad-
ually decreased as the Rp(B) increased. Although Aeff did
not decreased to low value by the post heating of 300oC for
90 min followed by 400oC for 30 min when Rp(B) was above
100 nm, it was effectively decreased from 32 (as-implanted)
to 1.8 nm by the post heating in the case of Rp(B) of 61 nm.
X was decreased to 0.48 in the boron doped region by the
two-step implantation in the condition above. Crystalline sites
remained as-implanted state would promote recrystallization
of the boron doped region by the post heating. The sheet
resistivity resonantly decreased to 189 �/sq. The activation
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ratio was estimated as 0.33 under the assumption of the carrier
mobility of 50 cm2/Vs. We interpret that the high activa-
tion ratio was realized via reduction of the average bonding
energy in the silicon lattice system by partially introducing
disordered states by the two-step implantation and effective
recrystallization by the post heating with help of crystalline
nucleation sites remained.

However, there is still the problem of the low minority
carrier lifetime in the Ar+ and B+ two-step implantation
system. Although the majority carriers were effectively gen-
erated via activation of the present two-step implantation
method, we estimated that the density of recombination
defect states still remained in the doped region. Defect passi-
vation should be further investigation for example additional
hydrogenation.
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