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Abstract A combination of the carbon-powder absorber

with microwave irradiation is proposed as a rapid heat

method. 2-lm-diameter carbon powders with a packing

density of 0.08 effectively absorbed 2.45 GHz 1000-W-

microwave and heated themselves to 1163 �C for 26 s. The

present heat treatment recrystallized n-type crystalline sili-

con surfaces implanted with 1:0� 1015-cm�2-boron and

phosphorus atoms with crystalline volume ratios of 0.99 and

0.93, respectively, by microwave irradiation at 1000 W for

20 s. Activation and carrier generation were simultaneously

achieved with a sheet resistivity of 62X=sq. A high photo-

induced-carrier effective lifetime of 1:0� 10�4 s was also

achieved. Typical electrical current-rectified characteristic

and solar cell characteristic with an efficiency of 12.1 %

under 100-mW/cm2-air-mass-1:5 illumination were

obtained. Moreover, heat treatment with microwave irradi-

ation at 1000 W for 22 s successfully crystallized silicon thin

films with thicknesses ranging from 2.4 to 50 nm formed on

quartz substrates. Nano-crystalline cluster structure with a

high volume ratio of 50 % was formed in the 1.8-nm (initial

2.4-nm)-thick silicon films. Photoluminescence around 1.77

eV was observed for the 1.8-nm-thick silicon films annealed

at 260 �C in 1:3� 106-Pa-H2O-vapor for 3 h after the

microwave heating.

1 Introduction

We have recently proposed a simple thermal annealing

method by 2.45 GHz microwave [1–5]. Incoherent micro-

wave is effectively generated by the cavity magnetron, in

which thermal electrons are accelerated under a magnetic

field in the cavity resonators. The electromagnetic energy

of the microwave is changed to heating energy by free

carrier absorption of conductive carbon, that has low

specific heat and high heat proof properties [6, 7]. To

demonstrate this simple idea described above, we used a

commercial 2.45 GHz microwave oven to generate

microwave and used 2-lm-diameter carbon powders to

cover a sample in the sample room of the oven. We

observed heating of carbon powders to about 1000 �C by

microwave irradiation for 120 s. We also achieved acti-

vation of silicon implanted with boron and phosphorus

atoms [1, 3–5] and crystallization of 50-nm-thick silicon

films formed on glass substrate [2]. Activation of silicon

implanted with impurity atoms is inevitable for fabrication

of devices such as metal–oxide–semiconductor field-effect

transistors (MOS FETs), pn junction diodes, and solar cells

[8–11]. Especially, rapid heating is important to solve the

problem of the thermal budget in fabricating semiconduc-

tor devices at a low cost. A high activation ratio and no

marked impurity diffusion are also attractive for fabricating

an extremely shallow junction as many studies have proved

[11–17]. Crystallization of amorphous silicon thin films is

also important for fabricating the thin film transistors

(TFTs) with a high carrier mobility and low threshold

voltage, which can be applied to switching and driving

circuits in flat panel displays [18–20]. It is also attractive

for fabricating the thin film solar cells [21, 22]. We now

focus development in the microwave heating method for

fabrication processes of crystalline silicon solar cells and
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thin film silicon solar cells. To achieve low thermal budget,

rapid annealing for short heating duration is required

compared with conventional hot-wall heating. Crystalliza-

tion of silicon thin films with nano-meter sized crystalline

grains will be important to look for quantum-well and

quantum-dot types thin film solar cells. Because crystal-

lization of silicon thin films has been not easy, heating

silicon films at high temperature for a long time have been

necessary [23, 24].

In this paper, we first report heating properties of carbon

powders by 2.45 GHz microwave irradiation. Observation

of radiation emitted from the surface of carbon powders

allows real-time measurement of temperature increase. We

demonstrate rapid heating with a high temperature by

additional condensation optics. Next, we demonstrate

activation of silicon implanted with boron and phosphorus

atoms. We report the recrystallization properties of the

disordered amorphous regions formed by the phosphorus

and boron implantation. We also show a low sheet resis-

tivity characteristic via activation. We then demonstrate the

diode-rectified characteristics and solar cell characteristics

with an efficiency of 12.1 %. Finally, we demonstrate rapid

crystallization of thin silicon films by the 2.45 GHz

microwave heating. Especially, we discuss crystallization

behavior with Raman scattering spectra for 2.4-nm-thick

silicon films.

2 Experimental procedure

A commercial microwave oven with 2.45 GHz at a

microwave power of 1000 W, TOSHIBA ER-LD330, was

prepared. Microwave generated by the magnetron was

introduced by waveguide tubes to a dome-shaped antenna

located just below the sample room. The antenna rotated

with a period of 3 s to irradiate microwave uniformly to the

sample room. A real-time temperature-measurement sys-

tem was established with a radiation thermometer, which

sensitively detected the intensity of 900-nm light radiated

from hot material above 540 �C. A small hole with a

diameter of 1 cm was opened at the front door of the oven

to measure a temperature of samples placed in the sample

room, as shown in Fig. 1a. A quartz vessel with a diameter

of 3 cm was placed 2 cm above from the bottom surface of

the sample room. Carbon powders with an average diam-

eter of 2 lm and a weight of 1 g were put in the vessel. A

sample to be heated was also placed in the vessel, in which

the sample was covered with carbon powders, as shown in

Fig. 1b. A dome-shaped metal mesh was placed above the

vessel including the carbon powders and sample to reflect

microwave coming from the dome antenna locating below

the bottom surface and concentrate it toward the vessel, as

shown in Fig. 1a. A small hole was also opened on the

metal mesh to measure temperature by the thermometer.

In advance of heat treatment, microwave absorption was

estimated with different packing densities of carbon pow-

ders using the 9.35-GHz microwave transmittance mea-

surement system [25, 26]. Quartz sheaths with a width,

length, and internal gap of 3.0, 3.0, and 0.1 cm, respec-

tively, were prepared. The sheaths were charged with

carbon powders with different packing densities of 0.06,

0.08, 0.11, 0.13, 0.15, 0.18, and 0.19 determined by weight

measurement. The sheath was placed in the narrow gap of

waveguide tubes in the 9.35-GHz microwave-transmittance

measurement system, as shown by inset in Fig. 2a. The

experimental transmissivity was analyzed by a finite ele-

ment numerical calculation program with a Fresnel-type

microwave interference effect with refractive indexes of

quartz [27] and carbon [7] and the free carrier absorption.

Effective dielectric media approximation gave the refrac-

tive index of internal region of the sheath depending on the

packing density of carbon powders. Best coincidence

between experimental and calculated transmissivity gave

the resistivity of carbon particles. The numerical calcula-

tion was also conducted with the analyzed resistivity of

carbon particles in the case of a frequency of 2.45 GHz to

obtain transmissivity, reflectivity, and absorbency as a

function of packing density of carbon. The highest absor-

bency determined the packing density of carbon for the

present heat treatment.

Ion-implanted silicon and thin silicon film samples were

prepared. (1) 17-Xcm n-type silicon substrates with a

Fig. 1 a Schematic apparatus for a 2.45 GHz microwave heating and

thermometry system. b Schematic image of a sample in a quartz

vessel. The sample was covered with carbon powders
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thickness of 500 lm and a crystalline orientation of (100)

were prepared. The silicon substrates were coated with

100-nm-thick thermally grown SiO2 layers by heating in a

wet atmosphere at 1100 �C. The ion implantation of boron

atoms was conducted for the top surface of the silicon

substrates. The acceleration energy was set at 25 keV to

obtain the peak concentration at the interface of the ther-

mally grown SiO2 and silicon. The total dose was

2:0� 1015 cm�2. Boron atoms at a concentration of 1:0�
1015 cm�2 were effectively implanted in the silicon sub-

strates. The ion implantation of phosphorus atoms at 75

keV was also conducted for the rear surface of the silicon

substrates. Phosphorus atoms at a concentration of 1:0�
1015 cm�2 were effectively implanted in the silicon sub-

strates. Most of boron and phosphorus atoms were located

within 60 nm from the silicon surfaces. The sample was cut

to 1:4� 2:4 cm2 pieces. The pieces with the SiO2 layers

coated on the surfaces were subsequently heated by

microwave irradiation. The SiO2 layers prevented the

incorporation of other materials such as carbon into silicon

[14]. Optical reflectivity spectra were measured between

250 and 1000 nm using a conventional spectrometer to

investigate the crystalline volume ratio in the ion-im-

planted surface regions. The spectra were analyzed using a

numerical calculation program, which was constructed on

the basis of the optical interference effect for an air/mul-

tiple Si layers/Si substrate structure [28]. The most prob-

able in-depth distribution of the crystalline volume ratio

was obtained by fitting the calculated reflectivity spectra to

the experimental reflectivity spectra. The SiO2 layers were

then removed by dipping the samples in 5 % dilute

hydrofluoric acid for 5 min. The microwave transmittances

in a dark field were detected and analyzed by the finite

element numerical calculation program described above to

obtain the sheet resistivity. Continuous-wave (CW)

635-nm laser diode (LD) light illuminations with a light

intensity of 0:74mW/cm2 on the sample surface were

introduced. The photo-induced minority carrier effective

lifetime in the cases of light illumination of the boron-

implanted pþ surface, seffðpþÞ and of the phosphorus-im-

planted nþ surface, seffðnþÞ was obtained by the numerical

analysis of experimental transmittances [4]. Interdigital Al

electrodes were subsequently formed at the top and rear

surfaces to measure electrical current as a function of bias

voltage in the dark and light illuminated with Air Mass

(AM) 1.5 at 100mW/cm2, as shown by inset in Fig. 7.

AlOx-anti-reflection coating was then conducted by the

thermally evaporation method. A sample and Al metal wire

were placed in a vacuum chamber. The chamber was

evacuated to 1� 10�4 Pa. Oxygen gas was then introduced

at a gas pressure of 0.1 Pa. The Al metal wire was evap-

orated by current joule heating. 75-nm-thick AlOx films

with a refractive index of 1.65 were deposited on the

sample surfaces via reaction of Al clusters with oxygen

molecules. The samples were finally heated with 1:3� 106

Pa water vapor for 3 h to decrease the defect density at the

surfaces and implanted regions [29].

(2) amorphous silicon (a-Si) films with thicknesses of

2.4, 5.5, 10, 19, and 50 nm were formed on quartz sub-

strates using plasma sputtering method. 100-nm-thick SiOx

films were subsequently formed on the surfaces of 2.4-nm-

thick silicon films for preventing from evaporation of sil-

icon during heating. The samples were then cut into 18�
18mm2 pieces. The samples were heated by microwave

irradiation. Raman scattering spectra were measured from

400 to 600 cm�1 using a 514.15 nm probe laser beam and

analyzed with a convolution model of crystalline, nano-

crystalline, and amorphous Gaussian components to esti-

mate the crystalline, nano-crystalline, and amorphous vol-

ume ratio. 1:3� 106-Pa-H2O vapor heat treatment at

260 �C was subsequently applied to the 2.4-nm-thick sili-

con film to reduce recombination defect states at surfaces

and crystalline grain boundaries of silicon [29, 30]. Pho-

toluminescence spectrum of the sample was measured at

room temperature by 514.15-nm laser excitation with a

photon energy of 2.41 eV.

Fig. 2 a 9.35 GHz microwave transmissivity as a function of carbon

packing density (solid circles). Solid curves show the numerically

calculated transmissivity, reflectivity, and absorbency with a conduc-

tivity of carbon powders of 0.55 S/cm as a function of carbon packing

density. b Calculated 2.45 GHz microwave transmissivity, reflectiv-

ity, and absorbency with a conductivity of carbon powders of

0.55 S/cm as a function of carbon packing density

Crystallization and activation of silicon by microwave rapid annealing Page 3 of 9  695 

123



3 Results and discussion

3.1 Microwave absorption by carbon powders

Figure 2a shows experimental-9.35 GHz microwave

transmissivity (solid circles) of carbon powders charged in

the sheaths with different packing densities, as shown in

the inset. The calculated transmissivity, reflectivity, and

absorbency as a function of carbon packing density were

also shown by solid curves in Fig. 2a. A transmissivity of

48 % was obtained at the low carbon packing density of

0.06. The transmissivity monotonically decreased as the

carbon package density increased. The best fitting calcu-

lated transmissivity to experimental ones resulted in a

conductivity of carbon powders of 0.55 S/cm. The

numerical calculation with 0.55 S/cm also gave reflectivity

and absorbency as a function of the packing density of

carbon powders. The reflectivity increased as the packing

density increased because of increase in the effective

extinction coefficient caused by conductivity of carbon.

The peak absorbency therefore appeared at a packing

density of 0.09. The numerical calculation was also con-

ducted with the conductivity of carbon powders of 0.55

S/cm in the case of microwave frequency of 2.45 GHz, as

shown in Fig. 2b. The calculated-2.45-GHz microwave

transmissivity, reflectivity, and absorbency had similar

characteristics to those at 9.35 GHz. The 2.45 GHz

microwave absorbency had the maximum value of 50.0 %

at a packing density of 0.08. For the present heat treatment,

we therefore determined the packing density as 0.08, which

is realized by mechanical pressing carbon powder region in

the quartz vessel shown in Fig. 1b.

Figure 3 shows the change in temperature of carbon

powders with time during 1000 W microwave irradiation

measured by radiation thermometer. The picture in the

inset of Fig. 3 shows a photo of black body bright radiation

of heated carbon powders at 20 s. Carbon powders

effectively absorbed 2.45-GHz microwave and were

rapidly heated above 1000 �C at 15 s. The temperature

reached to 1163 �C at maximum at 26 s. The change in

temperature showed an oscillating behavior because of the

rotation with a period of 3 s and probably because the metal

mesh dome did not uniformly concentrate microwave to

the vessel region. The vessel was therefore irradiated with

microwave periodically with high and low intensities.

3.2 Activation of implanted atoms

The optical reflectivity spectra for boron- and phosphorus-

implanted n-type silicon coated with 100-nm-thick ther-

mally grown SiO2 layers were measured to investigate the

recrystallization of impurity implanted regions by the 2.45

GHz microwave heating. Figure 4 shows optical reflectiv-

ity spectra of sample surfaces for (a) initial, as-implanted

with boron and phosphorus, and (b) microwave heated for

20 s. The calculated spectra are also presented with dashed

curves. The spectra included optical interference effects

caused by 100-nm-thick thermally grown SiO2 layers

coated with silicon surfaces. 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. On the other hand, the peak

heights of E1 and E2 became small for the reflectivity

spectrum of boron as-implanted surface. Decreases in the

heights of the peaks indicate the partial amorphization of

Fig. 3 Change in the temperature of carbon powders with a packing

density of 0.08 during the 2.45 GHz microwave irradiation at 1000 W.

The inset shows a photo of radiation of heated carbon powders at 20 s

Fig. 4 Optical reflectivity spectra of sample surfaces a initial, as-

implanted with boron and phosphorus and b microwave heated for

20 s. The calculated spectra are also presented with dashed curves
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the surface region for the boron-implanted surface. More-

over, no E1 and E2 peaks were observed in the case of

phosphorus implantation, as shown in Fig. 4a. This result

indicates that the surface region was completely amor-

phized by the phosphorus implantation. The microwave

heating for 20 s changed the optical reflectivity spectra of

the boron- and phosphorus-implanted sample surfaces

similar to the optical reflectivity spectrum of the initial

sample having the E1 and E2 peaks, as shown in Fig. 4a, b.

The amorphized surface regions were recrystallized by the

microwave heating. Figure 4a, b also shows the numeri-

cally calculated reflectivity spectra by dashed curves,

which almost coincided with the experimental ones. The

best fitting process resulted in the in-depth distribution of

the crystalline volume ratio for (a) boron- and (b) phos-

phorus-implanted surfaces, as shown in Fig. 5.

The analysis of the reflectivity spectra indicated that the

boron ion implantation decreased crystalline volume ratio

to 0.07 in the top 4 nm region and 0.90 from a depth of

4–50 nm because of boron implantation with a high peak

concentration of 3� 1020 cm�3. The crystalline volume

ratio of surface region was increased to 0.99 by microwave

heating at 1000 W for 20 s. On the other hand, the phos-

phorus ion implantation decreased crystalline volume ratio

to 0.0 in the top 36 nm region and 0.66 from a depth of

36–39 nm as shown in Fig. 5b. The depth of amorphized

region was roughly agreement with in-depth distribution of

implanted boron and phosphorus atoms. The microwave

heating at 1000 W for 20 s also increased crystalline

volume ratio to 0.93 in the phosphorus-implanted surface

regions. These results clearly indicated that the microwave

heating at 1000 W for 20 s effectively recrystallized both

boron- and phosphorus-implanted surface regions.

Figure 6a shows the sheet resistivity of microwave-

heated samples as a function of heating duration obtained

by the analysis of the 9.35 GHz microwave transmittance

measurement in a dark field. The sheet resistivity of as-

implanted sample was 340X=sq, which was governed by

majority carriers in the silicon substrate. It decreased to 62,

78, 64, and 64X=sq by microwave heating at 1000 W for

20, 22, 24, and 26 s, respectively, because of the increase in

carrier density in the boron- and phosphorus-implanted

surface regions. The silicon substrates were sufficiently

heated via the heat conduction from the hot carbon pow-

ders to move the boron and phosphorus atoms from the

interstitial to the lattice sites. We achieved impurity acti-

vation by a short heating duration compared with our

previous report [1]. Rapid heating was achieved by a high

intensity of microwave irradiation caused by the dome-

shaped metal mesh concentrating microwave toward the

vessel including the sample. Figure 6b shows the seffðpþÞ
and seffðnþÞ as a function of heating duration. The seff for
the initial and as-implanted samples were also presented by

arrows. The initial n-type silicon substrate coated with 100-

nm-thick thermally grown SiO2 layers had a high seff of

1:5� 10�3 s. Both the top and rear surfaces of silicon

substrate were well passivated by the thermally grown

SiO2 layers. The seff for boron and phosphorus as-

Fig. 5 In-depth distribution of crystalline volume ratio for a boron

and b phosphorus-implanted surfaces in the as-implanted and

microwave-heated cases analyzed from the results in Fig. 4a, b

Fig. 6 Sheet resistivity (a) and photo-induced minority carrier

effective lifetime (b) as a function of microwave heating duration
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implanted surfaces markedly decreased to 1:2� 10�5 and

8:3� 10�6 s, respectively, as shown in Fig. 6b. A high

density of recombination defect states were generated in

the silicon surface regions by ion implantation associated

with amorphization. On the other hand, the seffðpþÞ and

seffðnþÞ markedly increased to 1:0� 10�4 and 1:3� 10�4

s, respectively, in the case of microwave heat treatment for

20 s. Those increases in seffðpþÞ and seffðnþÞ were resulted
from recrystallization of the ion-implanted surface regions

as well as decrease in the internal potential barrier height

caused by accumulation of photo-induced carriers at the pþ

and nþ surfaces under the condition of open circuit [4].

However, microwave heating longer than 22 s markedly

decreased the seffðpþÞ and seffðnþÞ. They were 8:5� 10�6

and 4:3� 10�6 s in the case of microwave heating for 26 s.

A similar result of decrease in seff in the case of rapid

thermal annealing for the crystalline silicon coated with

thermally grown SiO2 layers in our previous report [31]

suggests that stress-induced-carrier-recombination defects

were seriously generated at the silicon sample surfaces in

the case of microwave overheating.

Figure 7 shows logarithmic plots of absolute electrical

current density as a function of applied voltage for the

sample with microwave heated for 20 s under the condi-

tions of a dark eld and AM 1.5 light illumination at

100mW/cm2 to the boron-implanted surface. A typical

diode-rectified characteristic was observed in the dark field.

The built-in potential was successfully formed by boron-

ion implantation followed by microwave heating. The

electrical current was increased exponentially by reducing

the built-in potential height by forward bias voltage

application. Photo-induced current and the photovoltaic

effect were observed under the AM 1.5 light illumination

case. The built-in potential made electron and hole currents

flow in the opposite direction each other. Photo-induced

current gave a typical solar cell characteristic, as shown in

Fig. 8. The short circuit current density Jsc, open circuit

voltage Voc, fill factor FF, and conversion efficiency of

35:8mA/cm2, 0.54 V, 0.63, and 12.1 %, respectively.

These results show that the pþ and nþ regions play roles of

photovoltaic and back-surface-field effects [32], respec-

tively. Figure 9 shows the conversion efficiency as a

function of microwave-heating duration. The conversion

efficiency was gradually decreased from 12.1 to 8.9 % as

increasing the heating duration from 20 to 26 s. The

decrease in the conversion efficiency was probably caused

by decrease in the seffðpþÞ and seffðnþÞ, as shown in

Fig. 6b. The experimental results shown in Figs. 4, 5, 6, 7,

8 and 9 demonstrated the activation of silicon implanted

with boron and phosphorus atoms by 2.45 GHz microwave

heating at 1000 W for 20 s with carbon powders. Carbon

powders effectively absorbed the microwave and the sili-

con samples were heated by the heat conduction. The high

photo-induced carrier effective lifetime and low density of

recombination defect states at the implanted regions were

also achieved for 20 s microwave heating.

3.3 Crystallization of silicon thin films

The a-Si films were covered with carbon powders in the

quartz vessel and heated with 2.45 GHz microwave irra-

diation at 1000 W for 22 s, as shown in Fig. 1a. Analyses

of optical transmissivity and reflectivity revealed decrease

in the film thickness by microwave heating from initial 2.4,

5.5, 10, 19, and 50 nm to 1.8, 4.2, 6.0, 18, and 49 nm,

respectively, because of increase in film density via

transform from amorphous to crystalline state. Figure 10

shows the Raman spectra of the initial 50-nm-thick amor-

phous silicon film and microwave-heated silicon films with

thicknesses of 1.8, 4.2, 6.0, 18, and 49 nm measured at the

central point of the samples. The initial 50-nm-thick a-Si

film had a broad peak around 470 cm�1 associated with the

Fig. 7 Logarithmic plot of absolute-current density as a function of

applied voltage for the sample with microwave heated for 20 s under

the conditions of a dark eld and AM 1.5 light illumination at 100

mW/cm2 to the boron-implanted surface

Fig. 8 Solar cell characteristics of the sample obtained from the I–V

characteristics shown in Fig. 7
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amorphous phonon mode. The other initial a-Si films with

different film thicknesses showed almost the same broad

spectra. On the other hand, sharp peak associated with the

phonon mode of crystalline silicon appeared ranging from

515 to 518 cm�1 for the microwave-heated samples. Broad

tail spectra associated with the phonon mode of nano-

crystalline structure were also observed at around

500 cm�1 in the case of 1.8-nm-thick silicon film. Analysis

of the spectra with three Gaussian components resulted in

the volume ratios of amorphous, nano-crystalline, and

crystalline regions each film thickness as shown in Fig. 11.

The crystalline volume ratio increased from 0.18 to 0.85 as

film thickness increased from 1.8 to 49 nm. A high crys-

talline volume ratio was obtained for thicknesses above 20

nm. On the other hand, it is interesting that the nano-

crystalline volume ratio dominated to be 0.49 at the film

thickness of 1.8 nm. This analysis suggests that localized

crystalline clusters with the highly-damping-type phonon

mode were formed by microwave heating at 1000 W for 22

s. Large crystalline grain growth was limited by a thin film

thickness. Raman spectra were measured at 36 points by a

3-mm step over the 18� 18mm2 for the 1.8-nm-thick-

microwave-heated sample, as shown in Fig. 12. A broad

Raman spectrum for the initial-2.4-nm-thick silicon film

sample was also presented for comparison. Similar spectra

including crystalline, nano, and amorphous phonon modes

were observed all of the points. Nano-crystalline structural

formation was well achieved over a whole area the 1.8-nm-

thick silicon film by the microwave heat treatment for 22 s.

Figure 13 shows the 514.15-nm-laser-excited photolu-

minescence spectrum of 1.8-nm (initial 2.4-nm)-thick sili-

con film microwave heated at 1000 W for 22 s and then

annealed in 1:3� 106-Pa-H2O vapor at 260 �C for 3 h. An

Fig. 9 Conversion efficiency as a function of microwave heating

duration

Fig. 10 Raman spectra of initial 50-nm-thick amorphous silicon film

and microwave-heated a-Si films with thicknesses of 1.8, 4.2, 6.0, 18,

and 49 nm

Fig. 11 Volume ratios of amorphous, nano-crystalline, and crys-

talline components as a function of film thickness

Fig. 12 Raman spectra at 36 points by a 3-mm step over the 18�
18mm2 for the 1.8-nm-thick-microwave-heated sample. Raman

spectrum for the initial-as-deposited-2.4-nm-thick amorphous silicon

film is also presented
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important luminescence broad peak was observed in

wavelength around 700 nm (photon energy of 1.77 eV)

associated with nano-crystalline silicon grains [33], which

changed the indirect band structure with a band gap of 1.12

eV and allowed photo emission by the direct transition

between higher energy levels.

4 Conclusions

We reported heating properties of carbon powders by 2.45-

GHz microwave irradiation and its application to activation

of silicon implanted with impurity atoms and to crystal-

lization of amorphous silicon thin films. Observation of

blackbody radiation revealed that 2-lm-diameter carbon

powders with a packing density of 0.08 were heated to

1163 �C by 1000-W-microwave irradiation for 26 s. The

present heat treatment of a combination of the carbon-

powder absorber with microwave irradiation at 1000 W for

20 s successfully achieved four important results for n-type

crystalline silicon with implanted surfaces with

1:0� 1015-cm�2-boron at 25 keV and 1:0� 1015-cm�2-

phosphorus at 75 keV. (1) The crystalline volume ratio

increased to 0.99 and 0.93 at boron- and phosphorus-im-

planted surfaces, respectively. (2) The sheet resistivity

decreased from 340 (initial) to 62X=sq, in which activation
and carrier generation in the boron- and phosphorus-im-

planted regions contributed. (3) The photo-induced carrier

effective lifetime markedly increased to 1:0� 10�4 s

because of recrystallization and carrier generation in the

implanted regions. (4) Typical electrical-current-rectified

characteristic and solar cell characteristic with an effi-

ciency of 12.1 % under 100mW/cm2 AM 1.5 illumination

were obtained. Moreover, the present heat treatment with

microwave at 1000 W for 22 s successfully crystallized

silicon thin films with thicknesses ranging from 2.4 to 50

nm formed on quartz substrates. Nano-crystalline-cluster

structures with a high volume ratio of 50 % were also

formed in the 1.8-nm (initial 2.4-nm)-thick silicon films.

Photo luminescence was observed in wavelength around

700 nm by 515.14-nm laser excitation for the 1.8-nm-thick

silicon film annealed at 260 �C in 1:3� 106-Pa-H2O vapor

for 3 h after the microwave heating. It was probably

attributable to the direct energy transition in nano-silicon-

cluster. Those results indicate that the present heat treat-

ment has a possibility of application of silicon bulk and

quantum-dot-type solar cells.
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