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Passivation of Silicon Surface by Laser Rapid Heating
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We report rapid laser-induced passivation of the silicon surface. When the top surfaces of n-type
500-um-thick silicon substrates with surfaces coated with 100 nm thermally grown SiO, layers (ini-
tial samples) were irradiated with Ar plasma at 50 W for 120 s, the 635-nm-light induced minority
carrier effective lifetime 5 decreased from 1.7x1 07 (initial) to 1.7x10° s because Ar plasma caused
substantial carrier recombination defect states at the silicon surfaces. Teff Was markedly increased to
1.7x107° s by 940-nm-semiconductor laser irradiation at 3.57x10" W/em® for 4 ms. Laser heating ef-
fectively decreased the density of plasma induced carrier recombination defect. However, laser
heating of the initial sample at 4.0x1 0" Wem® decreased 5 from 2.2x1 07 (initial) to 1.7x107 s. Ad-
ditional laser heating at 3.70x10" W/em’ increased 75 to 3.9x1 0 s-and it partially cured laser in-

duced carrier recombination defects.
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1. Introduction

Laser heating is an attractive method for activating sili-
con semiconductor implanted with dopant atoms [1-6]. A
high activation ratio and no marked impurity diffusion are
achieved by laser-induced rapid heating. No substrate heat-
ing is necessary because laser heating energy effectively
concentrates in the surface region during short irradiation
time. It is important to reduce the thermal budget for fabri-
cating semiconductor devices at a low cost. A laser heating
is also attractive for annealing of semiconductor surface
region. Defects located at the surface region will be re-
duced and thermally stable state will be achieved by laser
heating with no substrate heating. However, we recently
found that laser heating decreased the minority carrier ef-
fective lifetime T of silicon substrate [7]. Decrease in Teg
will be a serious problem for application of laser heating to
fabrication of high efficiency solar cells and high sensitivi-
ty photo sensors because of low light sensitivity.

In this paper, we discuss laser-induced passivation of
silicon surface by 940-nm semiconductor laser heating. We
demonstrate that laser heating effectively increases Tt
which was beforehand decreased by Ar plasma irradiation.
The laser power condition for increase in T.g is limited. We
also demonstrate decrease in T by laser irradiation at a
high power intensity. We discuss physics of laser heating to
annihilate or create carrier recombination defects.

2. Experimental

12 Qcem n-type 500-pum-thick silicon substrates were
prepared. The top and rear surfaces were coated with 100-
nm-thick thermally grown SiO, layers formed in 1100°C
wet oxygen atmosphere. The silicon samples were irradiat-
ed with 940-nm infrared semiconductor laser. Figure 1
shows a schematic apparatus of laser heating. The laser
beam with a maximum power of 25 W was introduced us-
ing an optical fiber. The optical fiber and optics with a lens
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were mounted on an X-Y mobile stage. The laser beam was
focused by the lens to a spot with a Gaussian intensity dis-
tribution and a diameter of 200 um at full width and maxi-
mum half at the sample surface. Samples were placed on a
I-mm-thick quartz glass plate in a direction normal to the
laser beam. The laser beam was moved in the Y-direction at
5 cm/s at power intensities ranging from 2.67x10" to
4.46x10* W/cm® at sample surface. Irradiation duration was
4ms. The laser beam was stepwise moved in the X-
direction at a step of 100 um. The top surface of the sample
with an area of 4 x 5 cm” was completely heated by laser
irradiation with a overlapping ratio of 50% for 4ms. Heat
flow calculation using a numerical finite-element program
resulted in heating to 1060 K at the top surface for condi-
tions of a laser intensity of 4.46x10* W/cm® and a light
reflection loss of 17 % at 940 nm.
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Fig. 1. Schematic apparatus of infrared semiconductor
laser heating.
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The top surfaces of the samples were irradiated by
13.56 MHz radio-frequency (RF)-capacitance-coupled Ar
plasma at 50 W and 1.0 Pa for 120 s [8]. A sample was
placed on a metal plate electrically grounded in a chamber
facing a metal electrode applied at RF voltage. Ar gas was
introduced at 50sccm under evacuation using a turbo-
molecular pump.

Figure 2 shows a schematic of the 9.35 GHz microwave
transmittance measurement system with waveguide tubes,
which had a narrow gap for placing a sample wafer. Con-
tinuous wave (CW) 635 nm laser diode (LD) lights at 1.5
mW/cm’® were introduced in the waveguide tube, as shown
in Fig. 2. The microwave which transmitted samples was
rectified using a high-speed diode and analyzed to obtain
Ter [9,10]. We constructed a finite-element numerical cal-
culation program including theories of carrier generation
associated with optical absorption coefficients, carrier dif-
fusion, and annihilation to estimate the carrier recombina-
tion defect states from experimental Ty (top) and t.g (rear)
obtained by light illumination to the top and rear surfaces,
respectively [11,12].

After the microwave transmittance measurement, the
SiO, layers at the rear surface were removed by 5% hydro-
fluoric acid. Al metal electrodes were formed at the top and
rear surfaces by the vacuum evaporation. The capacitance
response at 1| MHz alternative voltage with an amplitude of
10 mV as a function of the bias voltage (C-V) was meas-
ured.
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Fig. 2. Schematic apparatus of the 9.35 GHz microwave
transmittance measurement system

3. Results and discussion

Figures 3 shows Ty (top) (open circles) and T (rear)
(solid circles) as a function of laser power intensity for
laser irradiation applied to the initial (a) and Ar plasma
irradiated samples (b). T (top) and T (rear) had a high
value of 1.5x107 s for the initial sample, as shown by the
arrow in Fig. 3(a). This means that the initial sample had a
high quality crystalline bulk and the surfaces well passivat-
ed with thermally grown SiO, layers. The samples were
irradiated with 940-nm-laser light with stepwise increasing
its power intensity. T.s (top) and t.g (rear) were decreased
by irradiation above 4.00x10" W/cm®. They decreased to
2.5x10° and 1.4x10™ s at 4.46x10" W/cm® as shown in Fig.
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Fig. 3. 1.4 (top) (open circles) and 1. (rear) (solid circles)
as a function of laser power intensity for laser irradiation
applied to the initial (a) and Ar plasma irradiated samples

(b).

3 (a). Those results mean that a high density of carrier re-
combination defect sites was generated at the surface re-
gion by infrared laser heating with a high power. The de-
fect sites caused by laser irradiation effectively annihilate
photo-induced carriers generated by 635-nm-light illumina-
tions to the top surface. t.4 (top) was therefore very low. In
contrast, photo-induced carriers generated by 635-nm-light
illumination to the rear surface traveled across the 500-pum-
thick substrate from the rear to the top surfaces and then
they were annihilated by the recombination defect sites.
Therefore, they were alive long during diffusion in the sub-
strate and T (rear) was high [7].

When Ar plasma was applied to the initial sample, T
(top) and T (rear) decreased from the initial value of
1.7x10% s to 1.7x10” and 1.4x10™* s, as shown by three
arrows in Fig. 3(b). The plasma irradiated sample was
heated by laser with stepwise increasing its power intensity.
T (top) and T (rear) increased to 1.7x107 s, almost the
same as that of the initial sample, as the laser power inten-
sity increased from 2.67x10* up to 3.57x10" W/cm®. Laser
heating cured the defect states caused by the Ar plasma
irradiation. However, T (top) and t.y (rear) were de-
creased again by laser irradiation above 4.0x10* W/em® for
the plasma irradiated sample similar to the case of the ini-
tial sample. The results of Fig. 3 show that laser heating
plays different roles of defect reduction and defect genera-
tion, which depended on the laser power intensity.

We then prepared the samples by two-step 940-nm-
laser irradiation. For the first time, the initial samples were
heated with 940-nm-laser light at 4.00x10* and 4.40x10*
W/em®. Then the samples were irradiated again by 940-nm-
laser light with stepwise increasing the power intensity.
Figure 4 shows 1.4 (top) (open circles and squares) and T.g
(rear) (solid circles and squares) as a function of laser pow-
er intensity at second irradiation. The first laser irradiation
at 4.00x10* W/em?® decreased Teg (top) and T (rear)
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Fig. 4. 1. (top) (open marks) and t. (rear) (solid marks)
as a function of laser power intensity at second irradiation.
Arrows A and B present T (top) and T (rear), for sam-
ple laser irradiated at 4.4x10* W/em®. Arrows C and D
present T (top) and T (rear), for sample laser irradiated
at 4.0x10* W/em®.

of 1.7x10™ and 2.9x10™ s, as shown by arrows C and D in
Fig. 4. They were increased to 3.9x10™ and 5.2x10™ s by
second laser irradiation up to 3.70x10* W/cm®. This indi-
cates that the density of carrier recombination defect states
was decreased by second laser irradiation. On the other
hand, when the samples were irradiated with laser at
4.40x10* W/em?, o (top) and 1. (rear) were decreased to
1.1x10° and 1.5x10™ s, as shown by arrows A and B, re-
spectively, as shown in Fig. 4. They were hardly changed
by second laser irradiation between 3.30x10* and 3.90x10*
W/en’. Defect states formed by high power laser irradia-
tion were not cured by second laser irradiation.

Figure 5 shows C-V characteristics for the initial sam-
ple, laser irradiated samples at 4.00x10*, and 4.40x10*
W/em?, and two step laser irradiated samples at 4.0x10*
followed by 3.70x10* W/cm?®, and at 4.40x10* W/cm® fol-
lowed by 3.70x10* W/cm® (a) and the plasma irradiated
sample and sample plasma irradiated followed by laser
irradiated at 3.57x10" W/cm® (b). Sharp change in capaci-
tance was observed for the initial sample. It means that the
sample had a low density of interface traps. Capacitance
change became gentle in the cases of laser irradiation at
4.0x10* and 4.4x10* W/cm® because of generation of inter-
face trap states. Capacitance change became sharp in the
case of two step laser irradiation at 4.0x10* followed by
3.7x10* W/cm?, while the change in capacitance kept gen-
tle in the case of laser irradiation at 4.4x10* followed by
3.7x10* W/ecm?, as shown in Fig. 5(a). Ar plasma treatment
made capacitance change very gentle. Ar plasma irradiation
caused substantial interface traps. Subsequent laser irradia-
tion at 3.57x10* W/cm® made capacitance change sharp
similar to that of the initial sample.

The density of surface carrier recombination defect
states D, and the density of interface traps D at the mid
gap were estimated from experimental T.; (top) and Ty
(rear), and C-V characteristics, as shown in Figs. 3-5 [13].
Figure 6 shows D, (a) and D; (b) for samples shown by
their C-V curves in Fig. 5. D, and D; were low of 7.6x10°
em™ and 5.9x10° cm™@eV™! for the initial sample. They in-
creased to 3.1x10'? cm™ and 3.8x10"! cm?eV™! for the
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Fig. 5. C-V characteristics for the initial sample, laser
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3.7x10* W/em?, and at 4.4x10" followed by 3.7x10*
W/em® (a) and the plasma irradiated sample and sample
plasma irradiated followed by laser irradiated at 3.57x10*
W/em? (b).
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Fig. 6. D, (a) and D; (b) for samples shown in Fig. 5.
Open marks present D, and D; for first laser or plasma
treatment. Solid marks present D, and D; for second laser
treatment. Power intensities at second laser irradiation
present in the figure.

4.40x10* W/cm’® laser irradiated sample. The high power
laser heating made D, much higher than D;. This indicates
that high power laser induced defects are very sensitive to
carrier recombination. In the case of laser irradiation
4.00x10* W/cm? D, and D; were 1.8x10"" cm™ and
8.4x10" cm?eV™!. Low D, and D, were obtained to be
6.9x10" cm™ and 1.8x10'"° cm®eV™"' by two step laser irra-
diation at 4.0x10* followed by 3.70x10* W/cm?, although
they were kept high as 2.9x10'> cm™ and 4.2x10" cm?eV™
by two step laser irradiation at 4.40x10* followed by
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3.70x10* W/em®. D, and D; were increased to 1.9x10'% cm™
> and 7.9x10" ecm?eV™" by the plasma irradiation. Plasma
induced defects were sensitive to carrier trap as well as
carrier recombination. D, and D;, decreased to 8.8x10° ¢cm™
and 8.1x10° cm®eV"' by additional laser irradiation at
3.57x10* W/cm®. Defect states caused by plasma irradiation
were easily eliminated by laser irradiation, in contrast to
the case of defect states caused by high power laser irradia-
tion 4.40x10* W/em®, which were hardly cured by addi-
tional laser heating.

Via those experimental results and analyses, we inter-
pret that the point defects such as lattice vacancies (point
defects) are mainly generated in the case of plasma irradia-
tion and laser rapid heating at a low power. The point de-
fects play roles in carrier recombination and carrier trap.
They are easily eliminated by subsequent laser heating be-
cause interstitial silicon atoms are moved back to the lattice
sites by laser heating. When samples were heated with
high power intensity at 4.40x10" W/cm®, large scale defects
such as dislocation loops or vacancy clusters were probably
formed [14]. Many silicon atoms moved and this mass ac-
tion probably forms the large scaled defects. Those defects
would not be removed by additional laser heating. Crystal-
lographic analysis is further necessary to make defect struc-
ture formed by high power laser irradiation clear.

4. Summary

We investigated laser-induced passivation silicon sur-
face using 940-nm semiconductor laser heating. 12 Qcm n-
type 500-um-thick silicon substrates coated with 100-nm-
thick thermally grown SiO, layers were prepared. T (top)
and Teq (rear) were decreased to 2.5x10° and 1.4x10™ s by
laser irradiation up to 4.46x10* W/em® for 4ms. They were
also decreased to 1.7x10” and 1.4x10” s by 13.56 MHz RF
Ar plasma at 50 W and 1.0 Pa for 120 s. The substantial
carrier recombination defect states were formed by high
power laser and Ar plasma irradiation.

Additional laser heating was carried out for investigat-
ing increase in T.g For the Ar plasma irradiated sample, T.g
(top) and t.g (rear) were increased to 1.7x107 s, which was
almost the same level of the initial sample by laser irradia-
tion at 3.57x10* W/em®. In the case of laser irradiation at
4.00x10* W/en?, tor (top) and 1. (rear) were decreased to
1.7x10™ and 2.9x10™ s. They were increased to 3.9x10™
and 5.2x10™ s by additional laser irradiation at 3.7x10*
W/em?. Change in 1.4 was similar to the case of Ar plasma
irradiation. However, when the initial sample was heated
by laser at 4.40x10* W/em?, Ty (top) and T.g (rear) de-
creased to 1.1x10° and 1.5x10* s. They were hardly
changed by additional laser irradiation at 3.70x10* W/cm’.
Analysis of C-V characteristics gave decrease in Dy to
8.1x10° cm™eV™" in the case of laser heating of Ar plasma
irradiated sample. Although D; was decreased to 1.8x10"
ecm?eV™! by second laser irradiation at 3.7x10" W/cm® of
the sample first heated by laser irradiation at 4.00x10*
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W/em?, it kept a high value of 4.2x10"" cm™eV™ in the case
of second laser heating at 4.00x10* W/cm® of the sample
first heated at 4.40x10" W/cm®. Experimental results shows
that laser heating is effective to decrease the densities of
carrier recombination states and carrier traps caused by Ar
plasma irradiation and laser heating at a low power of
4.00x10* W/cm®. We interpret that lattice vacancies were
generated by those processes, and that they are effectively
eliminated by additional laser heating. On the other hand,
additional laser heating did not decrease the density of de-
fects caused bg/ laser heating at a higher intensity of
4.40x10* W/cm®. Defects were probably too large for rapid
laser heating to eliminate them.
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