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A microwave heating system with a carbon heating tube (CHT) is reported. 2.45-GHz
microwave at 200 W was introduced to a 300-dimameter metal cavity, in which the CHT
made by 60-mm-long and 4-mm diameter quartz tube filled with 2-0m diameter carbon
particles and Ar gas at 1400 Pa was set at the central position. The numerical simulation with
a finite element moment method demonstrated the standing wave of the electric field caused
by three-dimensional Fresnel interference effect. The lowest average electric field intensity
of 5 kV/m in the cavity space was achieved in the case of the electrical conductivity of carbon
ranging from 10 to 55 S/m. Heating a CHT with 55 S/m was experimentally realized to
1200°C by microwave irradiation at 200 W. This heating method was applied to activate
1.0x10'3-cm™ boron and phosphorus implanted regions in n-type crystalline silicon substrate
to fabricate pn junction and solar cells. The CHT heating at 1200°C realized a solar cell
characteristic with a conversion efficiency of 14.8% under illumination of air mass 1.5 at 0.1
W/em?,

1. Introduction

Heat treatment has been widely applied for semiconductor device fabrication processing
such as activation of dopant atoms to form the pn junction and crystallization to realize high
quality crystalline state [1-6]. Many heating technologies have been developed such as laser
annealing, plasma jet annealing, and rapid thermal annealing [7-10]. We have recently
developed a lamp of carbon heating tube (CHT), in which 2-0Om-diameter-carbon powders
were filled with inert gas in a quartz tube whose edges were then closed by thermal welding
[11]. Conductive carbon is effectively heated via free carrier absorption of the
electromagnetic energy with excellent thermal properties of low specific heat and high heat
proof [12-14]. We have found that the low packing density of carbon powders about 0.09
allows effective absorption of microwave [12].

In this paper, we report characterization of the electric field distribution in the cavity in
the steady state during microwave irradiation in the CHT heating system analyzed by a
numerical simulator constructed with the three-dimensional finite element moment method
to determine the effective condition of microwave absorption by the CHT. Then we
demonstrate CHT heating with different temperatures controlled by a home-
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madeproportional-integral-differential feedback (PID) circuit which regulated the magnetron
power source with a signal of the thermometer. We demonstrate application of the present
heating system to activation of silicon surface region implanted with boron and phosphorus
atoms in n-type silicon substrates. Decrease in the sheet resistivity and increase in the

effective minority carrier lifetime (Oefr), and solar cell characteristics are reported.

2. Experimental
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Fig. 1. Schematic images of (a) CHT heating system and
(b) PID temperature control system.

Figure 1(a) shows a schematic image of the CHT heating system. For fabricating CHTSs,
quartz tubes with 60-mm long and 4-mm inter diameter and 6-mm outer diameter were
prepared. 2-Om-diameter-carbon powders with a 0.1-g weight were put in the quartz tubes,
in which the packing density was controlled as 0.09 with an electrical conductivity of 55 S/m,
which was determined by the previous work as the best value for heating [12]. Ar inert gas
was filled in the quartz tube at 1400 Pa. The edges of the quartz tubes were closed by thermal

EDITORIAL UNIVERSITAT POLITECNICA DEVALENGA (@IOISIO] 5 ¢

BY NC ND




17th International Conference on Microwave and
High Frequency Heating

Valencia, Spain, September 9-12, 2019

welding. Two quartz rods were jointed at the edges of the CHT by thermal welding to hold
the CHT. A CHT was placed in the heating system which consists of a magnetron for
generating 2.45-GHz microwave with an electrical power source, an isolator for blocking the
reflectance of microwave backward the magnetron, a power monitor, an impedance matching
box for reducing microwave reflectance, a wave-guide tube, and a microwave cavity made
by Al metals. The cavity had a structure with a cylindrically upper part with a diameter of
300 mm and a spherically lower part to promote interferingly multiple reflection of the
microwave in the cavity and to have the CHT effectively absorb the microwave. Those works
resulted in a reflected power less than 4 W in the case of an input power of 500 W. The CHT
effectively absorbed the microwave power. In contrast, the power monitor gave the same
value of the input and reflected power when the cavity had no CHT. The cavity completely
reflected the microwave power. The cavity also had a window port for observing light
emission from CHT heated by microwave. A thermometer detecting 900-nm wavelength
radiation light CHINO IR-FAS was used to monitor the temperature of the CHT in real time.
An infrared digital camera was also used to observe CHT heating behavior. A mechanically
moving stage was also installed in the cavity, as shown in Fig. 1(a) to move a sample just
below the CHT for demonstration of heating samples by the CHT. An electrical circuit was
developed to control the CHT temperature, as shown by a schematic image in Fig. 1(b). The
analog voltage signal of the thermometer is monitored in real time by a PID circuit controller
[15] which was installed with a plan of temperature increasing and decreasing ratios, a target
temperature and its duration in its memory in advance. The controller sent a signal to the
power source of the magnetron to increase or decrease the microwave power for coinciding
the CHT temperature with the initial temperature plan.

2-2. Numerical calculation

The electric field distribution in the cavity in the steady state during microwave irradiation
was numerically analyzed by a simulator constructed with the three-dimensional finite
element moment method combined with the Cholesky decomposition [16]. The grid system
of the cavity and waveguide was formed with the equilateral-triangle elements with the sides
ranging from 1 to 4 mm for the numerical calculation. They were assumed as perfect electric
conductor which reflects completely the microwave. The CHT grid was formed with 1-
mmside-equilateral-triangle elements. The electrical conductivity of carbon was widely
changed from 0.1 to 10000 S/m to find an effective condition of microwave absorption by
the CHT. The calculation of electric field distribution in the cavity was also conducted in the
case of no CHT.

2-3. Solar cell fabrication

4-inch-diameter 500-0Om-thick 17-{2c¢m n-type silicon substrates coated with 100-nmthick

thermally grown SiO; layers were prepared. The ion implantation of boron atoms was
conducted with a dose of 2.0x10'* cm™ at 25 keV to the top silicon surface of the substrates.
Phosphorus atoms with 2.0x10'> cm? at 75 keV was also implanted to the rear surface. The
boron and phosphorus atoms with a dose of 1.0x10'5 cm? were effectively incorporated in
the top and rear silicon surface regions. The samples were cut to 4 sectored pieces. They
were placed in the heating system just below the CHT and moved at 0.12 mm/s. The CHT
temperature was controlled by PID feedback method at 1000, 1100, and 1200°C. After
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heating, the thermally grown SiO, layer was removed using hydrofluoric acid. To estimate

the sheet resistivity and effective minority carrier lifetime Oes, we measured the 9.35 GHz
microwave transmittance of the samples in dark field and 635-nm-light illumination [17].
Comb-type Al electrodes were formed on the top surface and the rear surface was entirely
coated with Al electrodes by vacuum evaporation. 100-nm-thick AlOx layers was
subsequently deposited on the top surfaces as anti-reflection layer. The samples were heated
in H,O vaper at 0.8 MPa at 230°C for 3 h to decrease defect states in the doped regions [18].
The electrical current density as a function of applied voltage (J-V) was measured under
illumination of air mass (AM) 1.5 light at 0.1 W/cm?.

3. Results and discussion

Figure 2 shows calculated cross-sectional electric field distributions in the cavity with
different effective electrical conductivities of CHT of (a) 0 (no CHT), (b) 0.1, (¢) 10, (d) 55,
(e) 100, and (f) 1000 S/cm when the 200 W microwave was continuously introduced in the
cavity. The calculation resulted in the standing wave of the electric field in every case
because of the three-dimensional Fresnel interference effect in the cavity. The numerical
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Fig. 2. Calculated cross-sectional electric field distributions with different effective
electrical conductivities of CHT of (a) 0 (no CHT), (b) with 0.1, (¢) 10, (d) 55, (e) 100,
and (f) 1000 S/cm when 200 W microwave was continuously introduced.

calculation resulted in existence of a high electric field intensity ranging from 1000 to 6000
kV/m in the no CHT case, as shown in Fig. 2(a). In contrast, the electric field intensity
decreased to very low values in the case of the cavity with CHTs. In the most of region of
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the cavity, the electric field ranged from 25 to 125 kV/m for an electrical conductivity of 0.1
S/m, as shown in Fig. 2(b). This means that the microwave power was effectively absorbed
by the CHT. The pattern of distribution of the electric field was similar to that of the no CHT
case. Microwave was absorbed during three-dimensionally interfering in the cavity. The
electric field intensity was very low when the electrical conductivity ranged from 10 to 100
S/m, as shown in Figs. 2(c) to (f). Especially the electric field intensity distributed from 5 to
25 kV/m in the case of 10 and 55-S/m-CHT, as shown in Figs. 2 (c) and (d). It was reduced
to at least 0.1% of the initial intensity of the cavity space without CHT. This indicates that
the microwave power in the cavity was almost completely absorbed by the CHT. Absorption
of microwave power depends on the electrical conductivity. On the other hand, the electric
field intensity increased when the electrical conductivity increased to 1000 S/m, as shown in
Fig. 2(f). A CHT with a very high electrical conductivity (high packing density of carbon

particles) is not suitable probably because of high reflectivity caused by a high extinction
coefficient.
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Fig. 3. Average electric field intensity in the cavity
space as a function of the electrical conductivity of
the CHT.

Figure 3 shows the average electric field intensity in the cavity space as a function of the
electrical conductivity of the CHT. Although the average electric field intensity was very
high of 1173 KV/m in the case of no CHT, it decreased to 40 kV/m by installing 0.1 S/mCHT,
as shown in Fig. 3. The minimum average electric field intensity was 5 kV/m when the
electrical conductivity ranged between 10 and 55 S/m. This means that the effective
absorption of the microwave power by CHT reduced the electric field intensity in the cavity.
The average electric field intensity gradually increased as the electrical conductivity further

increased. The calculation supports experimental results of low microwave refection and
effective heating of the CHT [11,12].
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Fig. 4. Temperature changes with time of the
CHT for three setting temperatures of 1000, 1100,
and 1200°C during moving samples just below
the CHT at 0.12 mnv/s.

Figure 4 shows temperature changes with time of the CHT for three setting temperatures
of 1000, 1100, and 1200°C under moving the silicon samples at 0.12 mm/s just below the
CHT. The PID control system well kept the setting temperatures by real-time changing the
microwave power. Temperature fluctuation about 50 K was observed. This is probably
because the condition of PID control with best time constant has not established yet. Further
development of PID system is planned to precisely design temperature sequence for the CHT
heating system.
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Fig. 5. (a) Sheet resistivity of the ionimplanted
regions and (b) Oesr in the case of 635-nm light
illumination to the boron (solid circles) and
phosphorus (open circles) doped surfaces.

Figure 5 shows (a) the sheet resistivity of the ion-implanted regions and (b) et in the case
of 635-nm light illumination to the boron (solid circles) and phosphorus (open circles)
implanted surfaces as functions of CHT heating temperature. The sheet resistivity of
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asimplanted sample was high of 626 (/sq because of the low electron carrier density in the

silicon bulk, it decreased to 215, 148, and 146 ()/sq, as the CHT heating temperature
increased to 1000, 1100, and 1200°C. Those experimental data resulted in that the implanted
regions were activated with sheet resistivity of 327, 194, and 190 €/sq, as shown in Fig.

5(a). The carrier generation were successfully achieved by CHT heating. Oefr was also
increased by CHT heating. Although they were low of 6.8x10° and 9.1x10 s in the cases of

light illumination to the as-boron and as-phosphorus implanted surfaces, Oefr increased to
3.3x107, 4.9x10*, and 4.8x10* s in the cases of light illumination to the boron implanted
surfaces as the CHT heating temperature increased to 1000, 1100, and 1200°C. It also
increased to 5.5x107, 4.5x10*, and 4.4x10* s in the cases of light illumination to the
phosphorus implanted surfaces as the CHT heating temperature increased to 1000, 1100, and
1200°C. These experimental lifetime results indicate that defect states caused by ion
implantation were effectively reduced. Our numerical analysis resulted in that the
recombination defect densities were 3.2x10' and 3.5x10'® c¢cm? for boron (p*) and
phosphorus (n") implanted surfaces in the case of 1200°C CHT heating [17].

Figure 6 shows linear plotted J-V characteristics of solar cells fabricated with CHT heating
at temperatures of 1000, 1100, and 1200°C. Typical diode rectified characteristics were
observed in dark field measurement. The AM 1.5 light illumination realized photovoltaic
characteristics. The short circuit current density and open circuit voltage increased as the
CHT heating temperature increased, as shown in Fig. 6. The conversion efficiency increased
to 10.1, 13.9, and 14.8%, as the CHT heating temperature increased. The 1200°C heating
realized the best performance with the short circuit current density, open circuit voltage, fill
factor, and conversion efficiency of 39 mA/cm?, 0.55 'V, 0.69, and 14.8%, respectively. These
results indicate that the temperature-controlled CHT heating has a capability of activating
dopant-implanted regions, reducing the defect states, realizing high performance silicon solar
cells.
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Fig. 6. Linear plotted J-V characteristics of solar
cells.

4. Conclusions
We demonstrated CHT heating equipment which consisted of 2.45-GHz microwave
irradiation wave guide tube into 300-mm-diametered semispherical metal cavity to
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accumulate the microwave, which was effectively absorbed by CHT made by a 4-
mmdiameter and 60-mm-long quartz tube filled with conductive carbon particles at an
average electrical conductivity of 55 S/m in Ar gas at 1400 Pa. The numerical simulation
with a finite element moment method demonstrated the standing wave of the electric field
caused by three-dimensional Fresnel interference effect. The lowest average electrical field
intensity 5 kV/m in the cavity space was achieved in the case of the electrical conductivity
of carbon ranging from 10 to 55 S/m when the 200 W microwave was continuously
introduced. The PID feedback circuit regulated the microwave power by the signal of
thermometer detecting the intensity of blackbody irradiation emitted from CHT heated by
microwave to control the CHT heating temperature. The n-type silicon surface regions with
1.0x10'5 cm? boron and phosphorus ion implanted were heated at 1000, 1100, and 1200°C

by CHT heating. The sheet resistivity of implanted regions decreased to 190 Q/sq by 1200°C

heating and the density of defect states also decreased to 3.2x10'* and 3.5x10'° cm™ for boron
(p") and phosphorus (n*) implanted surfaces. Via formation of Al metal electrodes and AlOx-
antireflection layer resulted in solar cell characteristics with the short circuit current density,
open circuit voltage, fill factor, and conversion efficiency of 39 mA/cm?, 0.55 V, 0.69, and
14.8%, respectively, under illumination of air mass 1.5 at 0.1 W/cm?.
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