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Abstract. Electrical-current-induced Joule heating was ap-growth of3.5 um is demonstrated. Electrical properties of the
plied to crystallization of60-nm-thick amorphous silicon crystalline grains and grain boundaries are analyzed and a low
films formed on glass substrat&ss-pulsed voltages were density of defect states is demonstrated. Photoconductivity of
applied to silicon films connected with a capacitance in parthe crystalline films is also reported.
allel. Coincident irradiation witt28-ns-pulsed excimer laser
melted films partially and reduced its resistance. Complete
melting for 12us and a low cooling rate at.1x 18K/s 1 Experimental
were achieved by Joule heating from electrical energy accu-
mulated in the capacitance @R2pF. For 7.4 x 10 cm™2  Undoped amorphous silicon film&0 nmthick were formed
phosphorus-doped films, analysis of temperature change by low-pressure CVD methods on quartz glass substrates.
the electrical conductivity gave that the density of defectSome silicon films were doped with phosphorus atoms at
states localized at grain boundaries wh8 x 1012cm=2. 7.4 x 101 cm~2 using the ion implantation method. Their un-
Formation of3.5-um-long crystalline grains was observed doped and lightly-doped silicon strips with a width&# m
by transmission electron micrograph. Preferential crystallingvere defined by lithography and etching metho#lselec-
orientation was (110). trodes with a gap d250um were formed on the silicon strips.
The samples were placed in a vacuum chamber and connected
PACS: 61.50.-f; 72.20.-1; 73.20.Hb; 61.16.Bg; 73.50.Gr by metal probes t@\l electrodes to apply electrical voltages
to the silicon films. A voltage source generating pulsed volt-
ages with a pulse width & s was used to heat the silicon
Polycrystalline silicon films have been applied to many defilms. The pulsed voltages were applied to the samples via
vices such as thin film transistors (TFTs) and solarsimple electrical circuits with a series resistance, resistance of
cells [1-6]. Formation of polycrystalline silicon films at low silicon and load resistance, as shown by the inset in Fig. 1. In
cost has been demanded in recent years for fabrication @bincidence with the voltage pulse, samples were irradiated
large-area devices. Many technologies have been reported farth 28-ns pulsedXeCl excimer laser to melt silicon films
formation of polycrystalline silicon films at low processing partially during the voltage application. Because of an ex-
temperatures [1-10]. Pulsed laser crystallization method hagerimental system delay, laser pulses were shined to samples
an advantage for formation high-quality polycrystalline sili- about2.1 us after the initiation of the pulsed voltage appli-
con films via rapid melting followed by solidification. That cation. Although silicon films have a high resistivity in solid
method has been therefore applied to fabrication of Bily- phase at room temperature because of a low carrier density,
TFTs and its electronic circuits. However, it is important tothe resistance of silicon markedly decreases when silicon is
fabricate large crystalline grains with a low density of defectmelted because liquid silicon has the metallic phase. Laser-
states especially for solar cell application. Although severaihduced melting during voltage application therefore causes
methods have been reported for formation of large crystallina high Joule heating per unit area induced by electrical cur-
grains using the pulsed laser crystallization method [11-13}ent, 1?Rsi/S, whereSis the area (width length) of silicon
it is not easy to control solidification properties of crystalliza-films. The electrical current was measured as a voltage at
tion velocity, cooling rate, solidification duration because thea load resistance connected between sample and ground using
laser pulse is too short to control the solidification temperaa high-speed digital oscilloscope. We used transmission elec-
ture during the crystallization process. tron micrographs (TEM) to observe distribution of crystalline
In this paper, we propose a crystallization method withgrains and their crystalline orientation. Stylus step measure-
pulsed electrical current-induced heating of silicon films inments were also used to investigate film thickness distribution
order to fabricate large crystalline grains. We report that sili-after crystallization.
con thin films are melted for a long time and its melt duration = The temperature change in the electrical conductivity was
is easily controlled by electrical current intensity. Large grainmeasured to analyze electrical properties of grain bound-




35 In order to melt silicon films for a longer time than the
Voltage source  Pylsed laser voltage pulse duration and control electrical current precisely,
30t Il Rs pulsed voltage at 110V a simple circuit was developed with a capacitance connected
o5 to silicon films in parallel, as shown by an equivalent circuit
a Rsi in Fig. 2a. The electrical current flowing in the silicon films
.0l is controlled by a value of the Capacjtan_(:e. If the resis’gances
g laser and the capacitance are constant with time in the equivalent
"t:’ 151 Rl Oscilloscope| irradiation circgit, the electrical current at silicon films at a timnis given
o by simple formula as
1.0 | laser at 400 mJ/cm?
t<T:
0.5
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\ (M) = —2 (1— > )
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Fig. 1. Changes in the electrical current flowing at silicon. The samplest ST

were heated only with laser irradiation 400 mJcn? as well as with laser )

irradiation at400 mJycn? during application of &3-us pulsed voltage at t—T

110 V. Equivalent circuit is shown bjnset Series resistancBs and load I=IMexp{ —=———7—) . (1)
resistanceRr; were 4.0 andt.8 2. 60-nm-thick silicon strips with a width of C(R + Rsj)

50um and a lengtt250um were formed on quartz glass substrates

aries for the phosphorus doping case. Photoconductivit | Votage source Pyjsed laser
was measured for undoped silicon films under the illu- Rg

mination of 1700 K black-body radiation a#0 mwW/cn?. | I LWA—

For the photoresponse measurements, surface passivati

was conducted by high-pressureO-vapor annealing [14, Rsi
15] in order to reduce the carrier recombination velocity -
at the sample surface after crystallizatic200-nm-thick C o
SiOx films were deposited at room temperature on the
silicon surface by thermal evaporation in vacuum unde
a base pressure of x 104Pa using a turbo-molecular
pump. The samplesS{Oy/Si/quartz) were placed into (@)
a pressure-proof stainless steel chamber using a metal se

Pure water was also put into the chamber. The charr 10
ber was then placed on a heater plate to heat samples
270°C for 3 h. The H,O evaporated during heating and the
gas pressure increased 103 x 10° Pa During treatment,
SiOy is oxidized by high-pressund,O vapor and changed
into SiO,. Through the treatment, the surface recombina
tion velocity is reduced t®0 cnys for crystalline silicon
substrate.

Oscilloscope

C=0.22uF

™7 TTTTr

solidification

l

Electrical current (A)

2 Results

Figure 1 shows changes in the electrical current flowing at sil 01 \ , ]
icon films with time. The samples were heated only with lase ’ 0 5 10 15 20
irradiation at400 mJcn? as well as with laser irradiation at
400 mJcn? during application of a pulsed voltage Ht0 V. . Time {us)
A small current peak was observed for a very short periot
~ 50 nsfor simple laser irradiation a400 mJcn? accord- (b)
gg trc]) |aSﬁl’-InhdUC§d rlapld an(lj .Short melémg Ofdsﬂltﬁ]on fII.IF]S'Fig. 2a,b. Equivalent circuit with a cpapacitand@ in parallel with silicon

nthe Ot, er hand, a long meiting was'o SQFVQ when ,Sl ICOfims (@) and electrical current obtained experimentally with a capacitance
was applied by a pulsed voltageldtO Vin coincidence with  of 0.22F as a function of time and calculated current using (1) with an
laser irradiation, as shown in Fig. 1. The high electrical curassumption that silicon films were completely melted and had a constant
rent at~ 3 A almost leveled off until the termination of the and minimum resistanceo). A voltage pulse afl25V was used to obtain

. o . almost the same maximum current for the no capacitance case as shown in

pulsed voltage. This mea.ns that the S-Ill(,jon films Were. C.Or.nf':ig. 1. Anarrow shows the point at which the experimental electrical cur-
pletely melted and the resistance was limited by the resistivityent started decreasing more rapidly compared with the calculated current.
of liquid silicon. The arrow means the solidification initiation points
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whereR;, Rsj, R are the series resistance, the resistance afbtained, as shown in Fig. 2b. The cooling rate at the so-
silicon films, and the load resistandg, is the capacitance, lidification point was estimated as abalifl x 10°K /s for
\/ is the output voltage at voltage source dndk the pulse crystallization with a capacitance 6f22.F. On the other
duration of voltage source. hand, the cooling rate wag5 x 108K /s for crystallization
Figure 2b shows the electrical current obtained experiwith no capacitance. The present current-induced Joule heat-
mentally with a capacitance 6f22.F as a function of time ing reduced the cooling rate accompanied by an increase of
and also shows calculated current using Eq. (1) with an aswnelt duration. A high capacitance reduced the cooling rate to
sumption that silicon films were completely melted and hadv 1 x 10° K /s at the solidification point in the present condi-
a constant and minimum resistance. The resistance of silicdion. In contrast, simple pulsed laser heating results in a very
was obtained by fitting calculated current to experimental curhigh cooling rate~ 109K /s because of the very short melt
rent at maximum. Laser irradiation initiated an increase of theluration< 100 ns[18].
electrical current. The electrical current reached maximum at Transmission electron micrographs (TEM) was used for
the termination of voltage pulses &fs. After that, the elec- observation of the distribution of crystalline grains. Figure 3a
trical current was still observed. Both of the experimental anghows a photograph of the bright-field image at the edge re-
calculated electrical currents decreased with time for a whilgion of silicon strips crystallized by the present method with
keeping their current same after termination of the voltage capacitance 00.22uF. Crystalline grains abous.5um
pulses. This means that the resistance of silicon films did ndong were formed from the edge. The width of the grains
change because the current-induced Joule heating kept silicaras rather narrow at abo0t5 pum. Crystalline grains were
in the melting state for a long time. However, the experi-closely formed next to each other and there is no substantial
mental electrical current started decreasing more rapidly atisordered region among them. Figure 3b shows a diffrac-
a point indicated by an arrow in Fig. 2b compared with thation pattern of a crystalline grain indicated by (A) in Fig. 3a.
given by Eqg. (1) with a constarRs;. This reduction of the The diffraction pattern shows that the crystalline grain had
electrical current means the increase of the resistance of s#- single-crystalline domain with a crystalline orientation of
icon films. It indicates the solidification initiation point. The (110) normal direction to the substrate. TEM observation
solidification initiated af7.8 us after termination of the volt- with carefully changing of the incident angle of the elec-
age pulses for the capacitance increase@di2## uF, as shown tron beam to the samples revealed that the preferential crys-
in Fig. 2. We also obtained the solidification duration detertalline orientation of (110) distributed within plus or minifs
mined as the time between the solidification initiation pointamong crystalline grains shown in Fig. 3a.
and the point at which the electrical current reduced to zero. Large grain growth at edge regions indicates that crystal-
It was 4.5us. This means that the present current-inducedization probably initiated at the edge of the silicon strips and
Joule heating makes it possible to control the melt duratiorit proceeded inside. The solidification velocity was roughly
the cooling rate of silicon film, and the solidification duration, estimated from the average crystallization duratidnisand
which are important parameters for crystallization of siliconthe average grain siZ&5um obtained by measurements of
films. transient electrical current and TEM observation as shown in
We estimated the cooling rate with numerical analysis ofigs. 2 and 3. It was abo0t8 m/s (= 3.5/4.5). Interesting is
heat diffusion into the glass substrate under the condition dhat the crystallization velocity for the present method is al-
time-dependent Joule heating. We assumed that there wamst the same as that for simple pulsed laser crystallization
no substantial super cooling and silicon was solidified at thef silicon thin films formed on glass substrate [19], although
melting point at1412°C for every heating case. A numerical the melt duration and the cooling rate were very different
analysis of temperature change was conducted using the hdmtween those methods. Figure 4 shows the film thickness

flow equation [16] as distribution around the edge regions of silicon strips meas-
ured by a stylus step equipment. Although the average film
3T/8t = Q(t)/co+8/82(DsT/82) , (2) thickness wa$0 nm increase of the thickness 8 nmwas

observed at the edge region for crystallization with a cap-
whereT, Q, z are temperature, heating energy intensity, andcitance 0f0.22F. This increase of the thickness occurred
depth, respectively, aral o, D are specific heat, density, heat associated with large crystalline grain growth from the edge.
diffusion coefficient for silicon and glass [16, 17]. BecauseThe silicon films undergo a change of shape into a globular
the electrical current flowing in silicon films is obtained by shape due to surface tension during melting. The change in
measuring voltage at the load resistance, the intensity of thiaickness was small compared with the length of the lateral
electrical current-induced Joule heating at silicon films pegrain growth,3.5um. Formation of thin and large crystalline

unit volume is simply described as grains was achieved with the present current-induced Joule
heating method.
Q) = Rsil(h)? Vi R | measuredt)? 3) Figure 5 shows the electrical conductivity as a recip-
TV Uneasuredt) v ’ rocal function of absolute temperature fé# x 10" cm3

phosphorus-doped silicon films crystallized by the electrical-
where IneasurediS the electrical current obtained experimen-current-induced Joule heating with a capacitance.22 .-
tally, as shown in Figs. 1 and /t) is the calculated volt- and no capacitance as well as for simple laser crystallization
age applied at the capacitansg,is the volume of the sili- at400 mJcn?. Al electrodes with a narrow gap 4fum were
con strips. The heating intensity given by Eq. (3) was usefiormed after crystallization at edge regions of silicon strips
for the calculation of cooling rate at silicon films until the as shown by the inset in Fig. 5. For simple laser crystalliza-
solidification initiation point under the assumption that sili- tion at400 mJcn?, the electrical conductivity was very low
con solidified at the melting point at the time experimentallyat room temperature and it rapidly increased with an activa-
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Fig. 4a,b. Film thickness distribution around the edge regions of silicon
strips measured by a stylus step equipment for crystallization with no cap-
acitance §) and a capacitance @22 pF (b)
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Fig.5. Electrical conductivity measureddgtted curves and calculated
(solid curve} as a reciprocal function of absolute temperature for
7.4x 10" cm—3 phosphorus-doped silicon films crystallized by the elec-
trical current-induced Joule heating with a capacitancé.22 uF and no
capacitance as well as for simple laser crystallizatiod0ftmJcn?. Inset
presents image oAl electrodes with a narrow gap dfum formed at the
edge region of silicon strips after crystallization

carriers are generated from the phosphorus dopant atoms
(b) via their ionization, whose probability is determined with
the Fermi-Dirac statistical distribution function. Free carri-
Fig. 3a,b. Photograph of the bright-field image at the edge region of silicon€rs are trapped by the .Iocallzed defecp states and the de-
strips crystallized by the electrical current-induced Joule heating methofeCts are charged negatively. The Fermi energy level is de-
with a capacitance d.22F and a pulsed voltage 425V (a), and diffrac-  termined by the statistical thermodynamical conditions keep-
tion pattern at a crystalline grain indicated by (A) in the photograph(tf) ing the charge neutrality among the densities of ionized
dopant atomsly), defect states charged negatively with elec-
tron carriers Kq) and free carriersn), Ng = n+ Xq4, in the
tion energy of0.54 eV as the temperature increased. On thewhole region including crystalline grains and grain bound-
other hand, high electrical conductivities were observed foaries. However, the density of ionized donors is larger than
the current-induced Joule heating cases and its activation etirat of free electrons in crystalline grains because some elec-
ergy decreased, as shown in Fig. 5. For crystallization in therons produced from doped phosphorus atoms are trapped
0.22-uF capacitance case, the electrical conductivity and that grain boundaries. This space-charge effect in crystalline
activation energy were obtained a$ S/cm and0.042¢eV,  grains causes the band bending and results in the poten-
respectively. tial barrier at grain boundaries. We also introduced scatter-
We analyzed changes in the electrical conductivity ofing effects due to dopant ions, lattice vibration, and dis-
polycrystalline films using a statistical thermodynamical an-ordered states at grain boundaries, which reduces the carrier
alysis program [20—22]. We introduced a Gaussian-type ermmobility [23, 24].
ergy distribution of density of defect states in the band Agreement between temperature dependencies of calcu-
gap at grain boundaries. Phosphorus dopant atoms were dated and experimental conductivities revealed that planes of
sumed to be distributed uniformly in silicon films. Electron grain boundaries had a high defect densit$.8tx 102 cm—2



for the case of simple laser crystallizatiord@0 mJcn?. In 10-2
this estimation, the average grain size Wasimdetermined
by TEM observation. For the crystallization of silicon films current induced joule heating

by electrical current-induced Joule heating, we did not de —~

termine distribution of crystalline grains and the number 015

grain boundaries id-pum-long electrodes, we hypothesized 5 10-3

that there was a single grain boundary between electrode v ]
We introduced a numerical factog (1) to obtain the effect- ;
ive width of the electrode for fitting the calculated electrical
conductivity to the experimental one because the electrice
current must flow along a path, which has a lowest hum
ber of grain boundaries or has grain boundaries with thi y :

lowest potential barrier. For crystallization with no capaci- 1 1.5 2 25

tance, best agreement between calculated and experimer Photon energy (eV)

temperature change of the electrical conductivity gave theig. 6. products of generation efficienay, carrier mobility, ¢, and average
density of defect states per unit area at grain boundaries asrier life time,, as a function of photon energy for undoped films crys-
1.5 x 1012 Cm—Z, which was much lower than that of silicon tallized by the_ electrical current-i_ndu_ced Joule heating with a capacitance at
films by laser crystallization. The potential barrier height af0-221F and simple laser crystallization 400 mfent”

grain boundaries wa8.11 eV at room temperature. On the

other hand, calculation of temperature change of the electri-

cal conductivity assumed with no defect states gave a googl Summary

agreement with the experimental result for crystallization

with 0.22uF, as shown in Fig. 5. The electrical conductiv- e jnvestigated electrical current-induced Joule heating for
ity gradually increased with an activation energy0di42 eV crystallization of silicon films. Pulsed voltages with a width
as temperature increased only because the ionization prohgg3 is and coincident irradiation witB8-ns-pulsed excimer
bility of dopant atoms and the density of thermionic carriefgser at400 mJcm? were applied ta50-nm-thick amorph-
increased. Single-domain crystalline regions were probably,s sjlicon films formed on glass substrates and capacitance
formed in thed-um-long electrodes via crystallization with connected in parallel. A large electrical current flowed in
a low cooling rate atv 1.1 x 10°K/sand long melt duration  the silicon films and its Joule heating melted silicon films
of 12us. . . . _completely for a long time. The Joule heating from electri-

_ Th.e photoconductivity was _mvestlgateq fqr undoped sil-o4 energy accumulated at the capacitand@22 uF caused
icon films to look for a possibility of application to photo- the guration of complete melting and the solidification du-
voltaic dewce;._ In the present experimental condition, thestion for7.8 ws and4.5 us, respectively. Heat flow analysis
photoconductivity wag.7 x 10-* S/cmand1.2 x 102 S/cm gave the cooling rate at.1 x 108K/s. Transmission elec-

for silicon films crystallized by laser irradiation at {ron micrographs revealed tHa6-pm-long crystalline grains
400 mycn? and electrical current-induced Joule heating withyyere formed at edge regions. The grains were formed closely
a capacitance di.22uF, respectively. When silicon films are a4 they were lined along the silicon strip. Preferential crys-

thin enough and photoresponse is proportional to the light|line orientation normal direction to substrate was (110).

only laser crystallization

104

intensity, the photoconductivityyh at a wavelengti is: The crystalline orientation distributed within plus or miriis
among the crystalline grains. A little thickness change from
oph = nutex(l—R)P, 60 nmto 80 nmwas caused at the grain growth3% jum. For

, , . _ _ crystallization of7.4 x 10t cm~3 phosphorus-doped silicon
wheren is the generation efficiency; is the carrier mo-  fimgs, the high electrical conductivity increased from 0.1 to
bility, 7 is the average carrier life time is the elemental 355/cm and it activation energy decreased from 0.17 to
charge_,a is the absorption coefﬁmegR |15 the reflectivity, (042eV as the capacitance increased 00t@2.F when
and P is the photon flux (photonsm™=s™7). Narrow wand- 4. ,m-long electrodes were used for current measurements.
path optical filters were used to measure photoresponse Witfhe statistical thermodynamical analysis of the electrical con-
different wavelengths. Light intensity was measured usingyctivity gave the density of the defect state at grain bound-
germanium and silicon photosensors. The absorption coeffé-ry plane as about5 x 102 cm~2 and the potential barrier
cient was assumed as that of smgle'—crystalllme SI|'ICOI’1. Thﬁeight at grain boundaries wak11 eV for crystallization
reflectivity spectra were calculated with consideration of theyith no capacitance. For crystallization with a capacitance at
interference effect for gjiSiO,/silicon film/quartz substrate. 22 ,F, the temperature change in the electrical conductivity
Figure 6 shows the..t product as a function of photon en- \yas characterized with no grain boundary. A photoconductiv-
ergy. Thenur product for crystallization with a capacitance jyy gt 1.2 x 10-2 S/cm was observed under the illumination
0.22pF was high at~ 10-° cn?/V compared with that for  of 1700 Kblack-body radiation a0 mJcrr?. The product of

simple laser crystallization a00 mJycn?. The large crys- e generation efficiency, the carrier mobility and the average
talline grain formation probably increased the carrier lifetimeg g rier life time was estimated 10-3 cé)/ V.

markedly because low grain boundary density resulted in low

carrier trapping probability especially for minority Carriers'AcknowledgementsThe authors thank Drs. T.Mohri, S. Higashi, T. Ya
The highyut product of thin silicon films will be interesting suda, S. Yamazaki, K. Kamiya, |. Shimizu, M. Kondo, A Matsuda :emd Prof.

in applications of .the. present crystallization method to solakaitoh for their support. This research was supported by the PVTEC foun-
cells as well as thin-film photosensors. dation.
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