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We report decreases in the minority carrier effective lifetime τeff of 700-µm-thick silicon substrates coated with 43-nm-thick thermally grown SiO2

layers by Ge ion implantation with a dose of 1� 1013 cm%2 at 150 keV and rapid thermal annealing (RTA) at 1100 °C for 50 s. Ge ion implantation
decreased the crystalline volume ratio in the top 157nm region because of lattice damage. It also markedly decreased τeff to 1:6� 10�6 and
9:5� 10�6 s when 635 and 980nm lights were continuously illuminated to the implanted surface, respectively. Small τeff values resulted from
serious damage with a high surface recombination velocity S of 2:0� 104 cm/s and a short bulk lifetime of 5:0� 10�6 s in the 200µm deep surface
region. Although RTA successfully recrystallized the Ge-implanted surface region, it further decreased τeff to 1:1� 10�6 and 2:2� 10�6 s in the
cases of 635 and 980nm light illuminations to the top surfaces, respectively. RTA caused a high density of recombination sites with a high S value
of 3:0� 104 cm/s on the top and rear surfaces. There was a high density of interface traps of 9:1� 1011 eV%1 cm%2. 1:3� 106 Pa H2O vapor heat
treatment at 260 °C for 3 h markedly increased τeff to 6:5� 10�4 and 6:9� 10�4 s in the cases of 635 and 980nm light illuminations. The interface
trap density was decreased to 3:6� 1010 eV%1 cm%2. Low temperature post annealing is effective in curing the recombination defect states induced
by RTA. © 2014 The Japan Society of Applied Physics

1. Introduction

Ion implantation and rapid thermal annealing (RTA) are
important methods for the current fabrication technology
of silicon large-scale integrated circuits.1–4) RTA makes it
possible to heat samples at a high temperature of around
1100 °C for short times less than 1min. RTA induces
the activation of implanted dopant atoms by substantially
suppressing the diffusion of dopant atoms in silicon.
Moreover, it cures the crystalline state well, which was
once deteriorated by high-energy ion irradiation during
implantation. The pn junction is successfully formed by
ion implantation and subsequent RTA. It is the funda-
mental structure for fabricating metal–oxide–semiconductor
field-effect transistors, bipolar transistors, photosensors,5–9)

and solar cells.10–13) We have recently reported that the
minority carrier effective lifetime ¸eff markedly decreased
when silicon substrates were rapidly heated to a high tem-
perature by an infrared laser.14) A decrease in ¸eff indicates
that a substantial number of minority carrier recombination
defect states is generated during heating. It is a serious
problem to be solved in fabricating photosensors and solar
cell devices.

In this paper, we report an investigation of annihila-
tion properties of photo induced carriers in the cases of
germanium (Ge) ion implantation and RTA for silicon
substrates. Ge is a group IV element, which does not form
a carrier in silicon and a built-in potential. It is suitable
for investigating defects induced by ion implantation and
RTA. We used a highly sensitive measurement system for
¸eff using the microwave absorption caused by photo induced
free carriers under light illumination at two different wave-
lengths of 635 and 980 nm.15) We report that Ge ion
implantation generated carrier recombination defects in
deep regions as well as in surface regions. We also report
that RTA also generated carrier recombination defects
in surface regions. We suggest that a postannealing process
will be important in curing defective states induced by
RTA.

2. Experimental procedure

13³ cm p-type silicon substrates with a thickness of 700 µm,
a diameter of 8 in., and a crystalline orientation of (100)
were prepared. The substrates were coated with 43-nm-thick
thermally grown SiO2 layers by heating in dry oxygen
atmosphere at 1100 °C for surface passivation. The substrates
were cut to four pieces named A, B, C, and D, as shown in
Table I. Ge ion implantation was carried out at a dose of
1� 1013 cm¹2 at 150 keV in samples B and C. The analysis
with a numerical calculation program of stopping and range
of ions in matter (SRIM)16) revealed that the Ge concen-
tration had a peak concentration of 1:4� 1018 cm¹3 at 84 nm
from the top SiO2 surface (41 nm from the silicon surface).
In the silicon substrate, 99% of the Ge atoms concentrated
within 125 nm from the silicon surface. Samples C and D
were heated by RTA in N2 atmosphere at 1100 °C for 50 s.
Sample A was therefore a control sample.

Heat treatment with 1:3� 106 Pa H2O vapor at 260 °C
for 3 h was subsequently applied to samples B, C, and D as
low-temperature post annealing for defect reduction.17–20)

H2O-vapor-annealed samples were named Banneal, Canneal,
and Danneal, as shown in Table I.

To measure ¸eff precisely, we used a 9.35-GHz-microwave-
transmittance measurement system, as shown by a schematic
in Fig. 1.15,21,22) The system had waveguide tubes, which had

Table I. Sample description.

Sample Processes

A as is

B Ge implantation at dose of 1� 1013 cm¹2 at 150 keV

C Ge implantation + RTA at 1100 °C for 50 s

D RTA

Banneal
Ge implantation + 1:3� 106 Pa H2O vapor heat
treatment at 260 °C for 3 h

Canneal Ge implantation + RTA + H2O vapor heat treatment

Danneal RTA + H2O vapor heat treatment

Japanese Journal of Applied Physics 53, 061301 (2014)

http://dx.doi.org/10.7567/JJAP.53.061301

REGULAR PAPER

061301-1 © 2014 The Japan Society of Applied Physics

http://dx.doi.org/10.7567/JJAP.53.061301


a narrow gap where a sample was placed to measure ¸eff.
Continuous wave (CW) 635 and 980 nm laser diode (LD)
lights were introduced to the waveguide tubes. The light
intensities were set at 1.5 and 0.98mW/cm2 on the sample
surface for 635 and 980 nm lights, respectively, to realize the
same photon flux between the two different wavelength
lights. The microwave transmission was detected and
analyzed to obtain ¸eff in the case of light illumination to
the top surface (ion-implanted surface), ¸eff(top), and in the
case of light illumination to the rear surface, ¸eff(rear). The
measurement system had a high dynamic ¸eff range in the
time range from 10¹7 to 10¹2 s. The penetration depth for
635 nm light was about 3 µm, while that for 980 nm light
was 125 µm.23) We constructed a finite-element numerical
calculation program including theories of carrier generation
associated with optical absorption coefficients, carrier diffu-
sion, and annihilation for estimating the surface recombina-
tion velocity on the top surface Stop and rear surface Srear
and the distribution of the bulk lifetime ¸b(x) in the depth
direction x from the experimental results.15) The photo
induced minority carriers diffuse into the substrate, when CW
light is illuminated as24)

D
@2nðxÞ
@x2

� nðxÞ
�bðxÞ þ gðxÞ ¼ 0; ð1Þ

where n(x), g(x), and D are the carrier volume density,
the carrier generation rate at a depth of x, and the diffusion
constant of minority carriers, respectively. Carrier generation
occurs in the substrate bulk, which depends on the optical
absorption coefficient at a certain light wavelength. Carrier
annihilation occurs with ¸b(x). When the top surface was
illuminated with light, the boundary conditions of carrier
generation and carrier recombination ratios are given as

D
@nðxÞ
@x

����
x¼0

¼ Stopnð0Þ � gð0Þ�x; ð2aÞ

D
@nðxÞ
@x

����
x¼d

¼ �SrearnðdÞ � gðdÞ�x; ð2bÞ
where d is the thickness of the semiconductor substrate, and
¦x is the unit lattice length of the present calculation. In
the case of rear surface illumination, Stop and Srear exchanged
each other in Eqs. (2a) and (2b). Total carrier generation ratio
(G) per unit area determined by photon flux and light

reflection loss is given by integrating g(x) with respect to the
depth as

G ¼
Z d

0

gðxÞ dx: ð3Þ

The most possible Stop, Srear, and ¸b(x) were determined by
the best coincidence between the experimental and calculated
¸eff values. We also measured the ¸eff(top) and ¸eff(rear) of
control sample A using another method of microwave
absorption by carriers generated by multiply periodic pulsed
illumination for lifetime calibration.25) This method deter-
mines ¸eff independently of light intensity, although the
measurement accuracy of ¸eff is 20 µs.

Optical reflectivity spectra were measured between 250
and 800 nm using a conventional spectrometer to investigate
the crystalline volume ratio X in the ion-implanted surface
region. Thy were analyzed using a numerical calculation
program, which was constructed with the optical interference
effect for an air/SiO2/multiple-Si layers/Si-substrate struc-
ture.26,27) The optical reflectivity on the silicon surface
depends on the complex refractive indexes of Si. Using the
effective dielectric model, the complex refractive index ~nf
with the crystalline volume ratio X is determined by combing
the crystalline refractive index ~nc

28) with the amorphous
refractive index ~na

29) as

~nf ¼ X ~nc þ ð1� XÞ~na: ð4Þ
The thickness and crystalline volume ratio were changed for
each layer to calculate the reflectivity. The most possible
in-depth distribution of the crystalline volume ratio was
obtained by fitting the calculated reflectivity spectra to the
experimental reflectivity spectra.

Part of the SiO2 layer on the rear surface was then removed
by hydrofluoric acid for samples A, B, C, and Canneal. Al metal
electrodes were formed on the top and bear rear surfaces by
vacuum evaporation to form the metal oxide semiconductor
structure. The capacitance response at an alternative voltage
of 1MHz with an amplitude of 10mV as a function of the
bias voltage (C–V) was measured in the dark field to estimate
the densities of fixed charges and charge traps at the SiO2/Si
interfaces.30)

3. Results and discussion

Figure 2 shows the experimental and calculated optical
reflectivity spectra of the initial sample A (a), Ge-ion-
implanted sample B (b), and subsequent-RTA-annealed
sample C (c). Two large peaks of E1 and E2 caused by the
large joint density of states at the X point in the Brillouin
zone of crystalline silicon appeared at 340 and 275 nm for the
initial sample A. Decreases in the heights of peaks indicate
the partial amorphization of the surface region for the Ge-
implanted sample, as shown in Fig. 2(b). On the other hand,
RTA heat treatment made the optical reflectivity spectrum
almost the same as that of the initial sample, as shown in
Fig. 2(c). The best fitting analysis of the calculated optical
reflectivity spectra to the experimental ones revealed that the
Ge ion implantation slightly dreduces X in the top 157 nm
surface region, as shown in Fig. 3. Although the dose was
low at 1� 1013 cm¹2, heavy Ge ions damaged the silicon
crystalline lattice. In particular, X decreased to 0.76 in the top
15 nm region from the silicon surface. In the deep region

Fig. 1. Schematic photoinduced carrier microwave absorption
measurement system.
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from 15 to 157 nm, X ranged from 0.95 to 0.99. On the other
hand, RTA markedly restored X to almost 1 in that surface
region. This indicates that RTA recrystallized the region
disordered well by Ge ion implantation. The present RTA
condition was sufficient for the activation of the implanted
species.

Figure 4 shows ¸eff(top) and ¸eff(rear) measured by light
illumination at (a) 635 nm and (b) 980 nm for samples A, B,
C, and D. Open and solid circles present ¸eff(top) and
¸eff(rear) in the case of 635 nm light illumination, and open
and solid triangles present ¸eff(top) and ¸eff(rear) in the case of
980 nm light illumination. ¸eff(top) was high at 2:6� 10�4 s
and the same as ¸eff(rear) for the initial control sample A,
as shown in Fig. 4(a). The silicon surfaces were well
passivated by the thermally grown SiO2 layers. Ge ion

implantation decreased ¸eff(top) and ¸eff(rear). In particular,
¸eff(top) markedly decreased to 1:6� 10�6 s because Ge
ion implantation caused serious damage, increasing the
carrier recombination probability on the surface, as shown
by sample B in Fig. 4(a). ¸eff(rear) was 4:9� 10�5 s, which
was higher than ¸eff(top). This indicates that photoinduced
carriers generated on the rear surfaces survived during
diffusion in the silicon substrate and then annihilated on
the top surface. The subsequent RTA shows small ¸eff(top)
and ¸eff(rear) values of 1:1� 10�6 and 1:6� 10�6 s for
sample C, as shown in Fig. 4(a), in spite of the complete
recrystallization in the implanted surface region by RTA, as
shown in Fig. 4(a). Such small ¸eff(top) and ¸eff(rear) values
suggest that RTA generated a number of substantial minority
carrier recombination defects in silicon. To demonstrate
the effect of RTA on ¸eff, the initial sample was treated only
with RTA. ¸eff(top) and ¸eff(rear) were markedly reduced
to 2:2� 10�6 s by RTA, as shown by sample D in Fig. 4(a).
This explicitly shows that RTA generated a substantial
number of carrier recombination defects in silicon substrate.

Large ¸eff(top) and ¸eff(rear) values of 2:8� 10�4 s were
also observed for the control sample A in the case of 980 nm
light illumination, as shown in Fig. 4(b). They were slightly
higher than those in the case of 635 nm light illumination.
This indicates that the density of carrier recombination sites
was low and concentrated at the SiO2/Si interfaces. Ge ion
implantation decreased ¸eff(top) and ¸eff(rear) to 9:5� 10�6

and 4:4� 10�5 s, respectively, in the case of 980 nm light
illumination. These ¸eff(top) and ¸eff(rear) values were larger
and smaller than those, respectively. The small ¸eff(rear) value
in the case of 980 nm light illumination suggests that carrier
recombination sites were formed in a very deep region from
the top surface. The carriers generated up to a 125-µm-deep
rear surface region rapidly reached the carrier recombination
sites in the top surface region reducing ¸eff(rear) in the case
of 980 nm light illumination. The subsequent RTA resulted
in small ¸eff(top) and ¸eff(rear) values of 5:6� 10�6 and
8:0� 10�6 s, as shown in Fig. 4(b). They were higher than
those in the case of 635 nm light illumination. Such results
indicates that carrier annihilation sites localized in both

Fig. 2. Experimental and calculated optical reflectivity spectra of the
initial sample A (a), Ge-ion-implanted sample B (b), and subsequent-RTA-
annealed sample C (c).

Fig. 3. In-depth profile of the crystalline volume ratio obtained from
Fig. 2.

Fig. 4. ¸eff(top) and ¸eff(rear) measured by light illumination at (a) 635 nm
and (b) 980 nm for samples A, B, C, and D.
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surface regions. The sole RTA treatment decreased ¸eff(top)
and ¸eff(rear) to about 1:1� 10�5 s in the case of 980 nm light
illumination, as shown by sample D in Fig. 4(b).

The ¸eff(top) and ¸eff(rear) values shown in Fig. 4 were
analyzed using our finite element program to estimate Stop,
Srear, and ¸b(x). Fitting the calculated ¸eff(top) and ¸eff(rear)
values to experimental ones was conducted with different sets
of Stop, Srear, and ¸b(x). Their best coincidence gave the most
possible Stop, Srear, and ¸b(x). ¸b for the control sample A was
assumed to be sufficiently high at 2:0� 10�2 s. Srear in the
case of the as-Ge-implanted sample B was assumed to be the
same as that of sample A. Figure 5 shows the results of the
fitting process, namely, the numerical calculated ¸eff(top) and
¸eff(rear) values in the cases of 635 and 980 nm light illumi-
nations as a function of Stop assumed (a) with a ¸b of 2:0�
10�2 s in the entire thickness range and a Srear of 132 cm/s,
(b) with a high ¸b of 2:0� 10�2 s in the entire thickness range
and Srear = Stop, and (c) with a ¸b of 5:0� 10�6 s from the top
200 µm region and a ¸b of 2:0� 10�2 s from the depth of
200 µm to the bottom surface, and Srear of 132 cm/s. The
experimental ¸eff values shown in Fig. 4 were obtained under
the best coincident conditions. The experimental ¸eff values
for samples A, C and D, and B are given in Figs. 5(a)–5(c).
All ¸eff values decreased when Stop increased in three different

defect distribution cases. Figure 5(a) shows that ¸eff(top) and
¸eff(rear) in the case of 980 nm light illumination are higher
than those in the case of 635 nm light illumination for the
high Stop conditions because the carriers generated in deep
regions by 980 nm light show a large ¸eff value owing to the
duration diffusion to the top surface. ¸eff(top) equals ¸eff(rear)
in the cases of 635 and 980 nm light illuminations because
of the symmetrical defect distribution Stop = Srear, as shown
in Fig. 5(b). On the other hand, the introduction of the small
¸b value of 5:0� 10�6 s in the top 200 µm surface region
markedly decreased ¸eff(top) in the cases of 635 and 980 nm
light illuminations, as shown in Fig. 5(c). ¸eff(top) for 980 nm
light illumination and ¸eff(rear) for 635 and 980 nm light
illuminations had no marked dependence on Stop. Such results
are due to the carriers generated in the region with high
¸b (from 200µm deep region to the bottom surface) being
mainly annihilated by diffusion to the low ¸b region.
Although the Ge-implanted region was limited only in the
157 nm surface region, the analysis revealed thon the top
200 µm deep surface region had a small ¸b value of 5:0�
10�6 s probably because of heavy Ge ion damage, as shown
in Fig. 5(c). The same high surface carrier recombination
velocities (Stop = Srear) of 3:0� 104 and 2:0� 104 cm/s were
obtained for the two RTA-treated samples C (Ge implanted)
and D, respectively, as shown in Fig. 5(b). RTA generated a
high density of carrier recombination sites on the top and
rear surfaces. A substantial number of recombination defect
states were probably generated in the silicon surface region
during and after RTA. The decreased SiO2 passivation effect
could also increase the surface recombination velocity. The
stable bonding configuration established at the thermally
grown SiO2/Si interface would have been changed by a high
thermal stress owing to the difference in thermal expansion
coefficient between SiO2 and Si.

Figure 6 shows ¸eff(top) and ¸eff(rear) measured by light
illumination at 635 and 980 nm for samples Banneal, Canneal,
and Danneal annealed by 1:3� 106 Pa H2O vapor heat
treatment at 260 °C for 3 h. Open and solid circles indicate
¸eff(top) and ¸eff(rear) in the case of 635 nm light illumination,
and open and solid triangles indicate ¸eff(top) and ¸eff(rear) in
the case of 980 nm light illumination. ¸eff(top) and ¸eff(rear)
for the initial sample A are also plotted for comparison. The

Fig. 5. Numerically calculated ¸eff(top) and ¸eff(rear) in the cases of 635
and 980 nm light illuminations as a function of Stop assumed (a) with a
sufficiently high ¸b of 2:0� 10�2 s in the entire thickness range and a
constant Srear of 132 cm/s, (b) with a high ¸b of 2:0� 10�2 s in the entire
thickness range and Srear = Stop, and (c) with ¸b of 5:0� 10�6 s from the top
200µm region and of 2:0� 10�2 s from the depth of 200µm to the bottom
surface, and Srear of 132 cm/s. Experimental data were also obtained under
the best agreement conditions.

Fig. 6. ¸eff(top) and ¸eff(rear) measured by light illumination at 635 and
980 nm for samples Banneal, Canneal, and Danneal annealed by 1:3� 106 Pa H2O
vapor heat treatment at 260 °C for 3 h.
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H2O vapor heat treatment hardly changed the ¸eff(top) and
¸eff(rear) of the as-Ge-implanted sample in the cases of 635
and 980 nm light illuminations, as shown by sample Banneal.
This indicates that the Ge-implanted surface region had a
residually high density of carrier recombination defect states
after H2O vapor heat treatment. The crystalline volume ratio
was not improved by the H2O vapor heat treatment. On the
other hand, the H2O vapor heat treatment markedly increased
the ¸eff(top) and ¸eff(rear) of the as-Ge-implanted followed by
RTA treated sample between 6:5� 10�4 and 6:9� 10�4 s in
the cases of 635 and 980 nm light illuminations, as shown by
sample Canneal. Such a treatment also increased the ¸eff(top)
and ¸eff(rear) of the sole-RTA-treated sample between 2:6�
10�4 and 2:9� 10�4 s in the cases of 635 and 980 nm light
illuminations, as shown by sample Danneal. Such results
clearly show that H2O vapor postannealing at 260 °C cured
the carrier recombination defect states on the silicon surfaces
generated by RTA or made the SiO2/Si interface stable. The
carrier recombination velocity was decreased from 132 to
60 cm/s. Thus post-low-temperature annealing is important
for high-temperature RTA thermal treatment.

Figure 7 shows C–V characteristics of the initial sample A,
as-Ge implanted sample B, Ge-implanted followed by RTA
treated sample C, and sample Canneal annealed by subsequent
1:3� 106 Pa H2O vapor heat treatment. A sharp change in
capacitance was observed for the initial sample A. It indicates
that the sample had a low density of interface traps. The
analysis with the high-frequency capacitance response
resulted in densities of interface traps at the mid-gap and
fixed charges of 8:5� 1010 eV¹1 cm¹2 and 4:3� 1011 cm¹2,
respectively. On the other hand, no capacitance change was
observed in the case of the as-Ge-implanted sample B. The
high densities of interface traps and fixed charges generated
by Ge implantation did not allow a change in the surface
potential in the measurement range. The subsequent RTA
treatment succeeded in changing the capacitance, as shown
by sample C in Fig. 7. However, the slope of the capacitance
change was gentle compared with that of sample A. More-
over, the substantially shifted C–V curve in the negative
voltage direction. The analysis with the high-frequency
capacitance response resulted in densities of interface traps

at the mid-gap and fixed charges of 9:1� 1011 eV¹1 cm¹2

and 1:1� 1012 cm¹2, respectively. The high density of
interface traps probably resulted in the small ¸eff and high S
values, as shown in Figs. 4 and 5. On the other hand, the
1:3� 106 Pa H2O vapor heat treatment induced a sharp
change in capacitance, although C–V curve still shifted in the
negative voltage direction. The analysis with the high-fre-
quency capacitance response resulted in densities of inter-
face traps at the mid-gap and fixed charges of 3:6� 1010

eV¹1 cm¹2 and 7:5� 1011 cm¹2, respectively. The marked
decrease in the density of interface traps probably succeeded
in increasing ¸eff and decreasing S. Moreover, the high
density of residual fixed charge would have induced the
inversion mode with a high density of electron carriers on the
surface under the free potential condition. Although photo-
induced minority electron carriers must be promoted to move
the surface by the potential slope formed by the fixed
charges,24) the high density of electrons accumulating in the
surface region probably suppressed the carrier recombination.

The investigation of photoinduced minority carrier life-
time, carrier recombination velocity, and C–V characteristics
revealed that RTA was not a sufficient heat treatment. Rapid
heating to a high temperature leaves defective states with
a high carrier recombination defect density generated at
SiO2/Si interfaces. Thus low-temperature postannealing at is
important in improving minority carrier properties.

4. Conclusions

We measured changes in the ¸eff of p-type 700-µm-thick
silicon substrates coated with 43-nm-thick thermally grown
SiO2 layers by Ge ion implantation at a dose of 1� 1013

cm¹2 at 150 keV and RTA at 1100 °C for 50 s. We used a
highly sensitive measurement system for ¸eff under CW
light illumination at 635 and 980 nm. Ge ion implantation
decreased the crystalline volume ratio to 0.76 in the surface
region. The crystalline volume ratio was lower than 1.0 in the
top 157 nm region. Ge ion implantation markedly decreased
¸eff(top) to 1:6� 10�6 s in the case of 635 nm light illumi-
nation. ¸eff(top) was also small at 9:5� 10�6 s in the case of
980 nm light illumination. The analysis of the experimental
results revealed that Ge implantation caused a high Stop value
of 2:0� 104 cm/s and a small ¸b value of 5:0� 10�6 s in
the top 200 µm surface region. Although RTA successfully
induced the recrystallization of the surface region damaged
by ion implantation, it markedly decreased ¸eff(top) and
¸eff(rear) to 1:1� 10�6 and 1:6� 10�6 s, respectively, in the
case of 635 nm light illumination. The small ¸eff(top) and
¸eff(rear) values indicate that RTA caused a substantial
thermal stress associated with a high surface recombination
velocity of 3:0� 104 cm/s. ¸eff(top) and ¸eff(rear) were also
decreased to 2:2� 10�6 s by RTA alone. The measurement
of C–V characteristics revealed that RTA resulted in a high
density of interface traps of 9:1� 1011 eV¹1 cm¹2. The sub-
sequent 1:3� 106 Pa H2O vapor heat treatment at 260 °C
for 3 h markedly increased ¸eff(top) and ¸eff(rear) between
6:5� 10�4 and 6:9� 10�4 s. Thus, post-low-temperature
annealing is effective in curing the recombination defect
states generated by RTA. The interface trap density was
decreased to 3:6� 1010 eV¹1 cm¹2, indicating that post an-
nealing is very important in reducing the density of minority
carrier sensitive defects in the RTA process.

Fig. 7. Capacitance response as a function of bias voltage with 1MHz
alternative voltage for the initial sample A, as-Ge implanted sample B,
Ge-implanted and then RTA-treated sample C, and sample Canneal

subsequently heat treated with H2O vapor at 1:3� 106 Pa.
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