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Abstract

We report 2.45-GHz-microwave-induced heating sys-
tem with carbon heating tubes (CHTs) which consists of
330-mm-long quartz tube filled with carbon powders and
Ar gas. A metal cavity was developed to effectively intro-
duce microwave to CHTs. Heating CHTs above 1000°C
was experimentally demonstrated. 1.0x10'5 cm phospho-
rus implanted surface regions in crystalline silicon were
activated and the sheet resistivity was decreased to 78
Q/sq with an activation ratio of 80%. The photo-induced
effective minority carrier lifetime increased to 120 us be-
cause of reduction of defect induced by ion implantation.

1. Introduction

Thermal annealing is important to fabricate semiconduc-
tor devices. Many heating technologies have been developed
and applied for fabrication processing [1,2]. We have pro-
posed a wireless lamp of carbon heating tube (CHT), in which
carbon powders were filled with inert gas in a quartz tube [3-
6]. Conductive carbon is effectively heated via free carrier
absorption of the microwave electromagnetic energy with ex-
cellent thermal properties of low specific heat and high heat
proof. In this paper, we report application of the present CHT
heating system to activation of ion-implanted dopant atoms.
Decrease in the sheet resistivity (Rs) and increase in the effec-
tive minority carrier lifetime (terr) are reported.

2. Experimental

Figure 1 shows a schematic image of the CHT heating
system. A box-type cavity with open box top was made of
stainless steel with a width, length, and height of 360, 360,
and 200 mm. Its base had two microwave waveguides to in-
troduce 2.45 GHz microwave up to an intensity of 6 kW.
Metal inner cylinder with a diameter of 330 mm was installed
in the cavity to concentrate the microwave intensity. The
CHT was fabricated with a quartz tube with 330-mm long and
6-mm diameter containing 50-pm-diameter-carbon powders
at a packing density of 0.45, which gave an average electrical
conductivity of 200 S/m. Ar inert gas was filled in the quartz
tube at 1400 Pa. The edges of the quartz tube were closed by
thermal welding. Two quartz rods were jointed at the edges
of a CHT by thermal welding to hold the CHT. 55 CHT rods

were closely placed in parallel on the top of the cavity to
cover the box top of the cavity. The box-type sample room
was made of stainless steel conformally with a height of 60
mm placed on the CHTs. A radiation thermometer was used
to monitor the temperature of the CHTs in real time from a
small hole of the top wall of the sample room. The tempera-
ture of CHTs is controlled by a PID feedback circuit which
sent a signal to the power source of the magnetron [7].
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Fig. 1 Schematic image of the CHT heating system.

To investigate thermal activation of ion-implanted dopant
atoms, 4-inch-diameter 17-Qcm p-type silicon substrate with
a thickness of 500 um was prepared. The ion implantation of
phosphorus and boron atoms with doses of 1.0x10" ¢m™
were conducted at 70 and 20 keV for the top and rear surfaces,
respectively. The sample was placed on the CHTs and heated
at 807°C for 5 min, which was the limit of the present equip-
ment given by the maximum microwave power, the heat ca-
pacity, and the radiation power loss of 55 CHTs. Heating with
15 CHTs was also investigated to look for the possibility of
rapid heating with high temperature by reducing the radiation
power loss and heat capacity. We also prepared 80-Qcm p-
type silicon substrates. The ion implantation of phosphorus
atoms was conducted with a dose of 1.0x10'5 cm? at 70 keV
for the top surface of the substrates. The samples were placed
on the closely placed 15 CHT rods and heated at 770, 880,
1010, and 1090°C for 5 min. To estimate R, and Ts, We meas-
ured the 9.35 GHz microwave transmittance of the samples
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in dark field and under 635-nm-light illumination [§].

3. Results and Discussion

Figure 2 shows the distribution of Ry in the 4-inch-diam-
eter CHT-heated silicon substrate. The R, of as-phosphorus
and boron implanted sample was high of 572 Q/sq, which was
determined by free carrier density of silicon bulk. The R; uni-
formly decreased ranging from 49 to 58 Q/sq. This result in-
dicates that the sample was uniformly heated and dopant at-
oms were effectively activated.
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Fig. 2 Distribution of Rs in the CHT-heated silicon substrate.

Figure 3 shows (a) R, of the ion-implanted regions and (b)
Tefr in the case of 635-nm light illumination to the phosphorus
implanted surfaces as a function of CHT heating temperature.
The R; of as-implanted sample was high of 1550 Q/sq because
of the low electron carrier density in the silicon bulk, as
shown by an arrow in Fig. 3(a). It decreased to 87, 77, 75, and
81 Q/sq, as the CHT heating temperature increased to 770,
880, 1010, and 1090°C. Those experimental data resulted in
that the implanted regions were activated with R, of 92, 80,
78, and 85 Q/sq, respectively. If the carrier mobility is as-
sumed as 100 cm?/Vs for doped silicon region, the activation
ratio was estimated as 67, 78, 80, and 74%, respectively. The
carrier generation were successfully achieved by the CHT
heating. Although ter was low of 9.6x1077 s in the cases of as-
phosphorus implanted surfaces, as shown by an arrow in Fig.
3(b), it increased to 1.2x10*, 1.2x10*, and 9.3x107 s as the
CHT heating temperature increased to 770, 880, and 1010°C.
These experimental t.fr indicate that defect states caused by
ion implantation were effectively reduced. However, t.fr was
markedly decreased to 2.5x10° s in the case of 1090°C heat-
ing. It has probably caused thermal stress in silicon and gen-
erated a high density of recombination defect states [9].

4. Conclusions

We demonstrated CHT heating equipment which con-
sisted of 2.45-GHz microwave irradiation at 6 kW, a metal
cavity with a 330-mm-diametered cylinder, 55 CHTs with a
6-mm-diameter and 330-mm-long quartz tube filled with con-
ductive carbon powders at an average electrical conductivity
of 200 S/m in Ar gas at 1400 Pa. The 55 CHTs were heated
to 807°C by microwave irradiation at 5.7 kW. The 15 CHTs
were heated above 1000°C because of lower heat capacity and
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Fig. 3 (a) Rs of the ion-implanted regions and (b) tefr in the case of
635-nm light illumination to the phosphorus implanted surfaces as a
function of CHT heating temperature. Arrows show the values of the
as-implanted samples.

lower irradiation power loss. The p-type silicon surface re-
gions with 1.0x10'> ¢m™ phosphorus ion implanted were
heated at 770, 880, 1010, and 1090°C by CHT heating. The
R, of implanted regions decreased to 92, 80, 78, and 85 Q/sq,
respectively. The Tefr increased to 1.2x10* s in the case of 635
nm light illumination to the phosphorus implanted surfaces
for the 880°C-CHT-heated sample. Increase in the Tesr indi-
cates that defect states caused by ion implantation were effec-
tively reduced.
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