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Heat Treatment with High-Pressure H,O Vapor of Pulsed Laser Crystallized Silicon Films
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Improvement of electrical properties fod7x 107 cm~3 phosphorus-doped pulsed laser crystallized silicon films of 50 nm
thickness formed on quartz glass substrates was achieved by heat treatment with high-prég@sumpd The electrical
conductivity was increased from3lx 10~% S/cm (as-crystallized) to 2 S/cm by annealing at°Z76r 3 h with 13 x 10° Pa
H,O vapor. The spin density of undoped laser crystallized silicon films was reduced fBom1D'® cm~3 (as-crystallized) to
1.2 x 10 cm~2 by annealing at 31 for 3 h with 13 x 10° Pa HO vapor. Theoretical analysis revealed that the potential
barrier height at grain boundaries decreased from 0.3 eV (as-crystallized) to 0.002 eV. High-pre€suapdt annealing offer
the possibility of reducing the density of defects states through oxidation of the defects at low temperature.
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. trical conductivity under heat treatment conditions in the pres-
1. Introduction ence of HO vapor. The spin density was also measured by the

Redction of defects in silicon films at low temperature®lectron spin resonance (ESR) microwave absorption method
is very important for fabrication of electronic devices, suclior undoped polycrystalline films formed by laser irradiation
as, thin film transistors (TFTs) and solar céffd. We have before and after heat treatment.
proposed a simple heat treatment with high-pressw® H
vapor for this purpos®. Reduction of the threshold voltage
and increase of the effective mobility of polycrystalline sili- Figure 1 shows the electrical conductivity as a function of
con thin film transistors (poly-Si TFTs) have been observetthe heating temperature with3lx 10° Pa HO vapor for 1 h
by heat treatment with high-pressure®vapor® We have and 3h for samples crystallized at a laser energy density of
also demonstrated the improvement of electrical properti@®0 mJ/cm, in vacuum at room temperature. Although in
of SiO, films, SiG,/Si interfaces and poly-Si films by the general most of the phosphorus atoms are incorporated in
reduction of the density of trapped states and fixed oxideystalline silicon lattice sites by pulsed laser induced melt-
charge$™®) ing followed by solidification, the samples just after crystal-

In this paper, we discuss the carrier generation and rézation had a low electrical conductivity of3x 107> S/cm.
duction of defects for lightly phosphorus-doped pulsed laséthis indicates that the pulsed laser crystallized silicon films
crystallized silicon films by heat treatment with high-pressurbad a high density of defect states at deep energy levels
H,O vapor. Change in the electrical conductivity caused bgear the mid gap region. The defect states localized at grain
reduction of the density of localized defect states is presentdzbundaries and they trapped most of the electrons generated
Reduction of the spin density is also reported for undopefiom ionized phosphorus atoms in crystalline gr&nig) The
films. We also discuss the electrical conductivity of the polyelectrical conductivity was markedly increased by heat treat-
crystalline films using a statistical thermodynamical calculament with high-pressure #0 vapor from 190 to 31, as
tion program. shown in Fig. 1. The electrical conductivity reached a max-

3. Results and Discussion

2. Experimental

Undoped and phosphorus-doped 50-nm-thick amorphous 10
silicon films with a density of Zx 10'" cm~3 were formed on g L
glass substrates using low-pressure chemical vapor deposition a i
(LPCVD) and ion implantation methods. The samples were > 101t 1h
placed in a vacuum chamber, which was evacuated by a turbo- 2 2 1.25x108 Pa H,y0 vapor
molecular pump to a level of £ 10~* Pa for laser irradiation. é 10°r
Polycrystalline silicon films were fabricated through rapid § 103}
melt-regrowth induced by 28 ns pulsed XeCl excimer laser =
heating. Multiple-step-laser energy irradiation was carried g 10-4r initial in dry air, 3h
out. Laser energy density was increased from 160 nfl/cm 3 105(¢ D/n/ﬂ’"':'/[
(crystallization threshold) to 400 mJ/érim 20 mJ/cm steps. w 106 , , ,
Five pulses were irradiated at each laser energy density step. 150 200 250 300 350

Samples were then placed in a pressure-proof stainless-steel
chamber with a metal seal. Purified water was also put into
the chamber before sealing. The chamber was then placeg. 1. Electrical conductivity as a function of temperature of heat treat-
on a hot plate to heat the samples at 1902@10The water ~ ment with 13 x 10° Pa KO vapor for 1h and 3h for.2 x 10" cm
evaporated during heating and the gas pressure increased. AP_hosphorgg—doped silicon fllms_of 50 nm thickness crystglhzed at laser en-

ergy densities of 400 mJ/éh{solid marks) and as a function of tempera-
ter heat treatment,_ Al glectrodes were formed on phOSphorusture of heat treatment in dry air (open marks). Electrical conductivity for
doped polycrystalline films to measure the change in the elec-as-crystallized films is also shown.

Heating temperature (°C)
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imum of 2 S/cm for heat treatment at 2t for 3h. Fig- carrier density at the center point of crystalline grains are de-
ure 1 also shows the change in electrical conductivity astermined by the statistical thermodynamical conditions which
function of heating temperature for 3h in dry air (humiditymaintain the charge neutrality among the densities of ionized
20%). No marked increase in the electrical conductivity wadopant atomsNy), negatively charged defect states with elec-
observed under these conditions for the entire heating tetron carriers Kq) and free carriersn) (Ng = n + Xq) in the
perature range. These results clearly show that the electrieatire region including crystalline grains and grain bound-
properties of the laser crystallized silicon films were markedlgries. However, the density of ionized donors is larger that
changed by heat treatment with high-pressus@® Wapor in  that of free electrons in crystalline grains because some elec-
the temperature range from 190 to 3CQ although the sim- trons produced from doped phosphorus atoms are trapped at
ple heating in dry atmosphere yielded no appreciable changiain boundaries, although charge neutrality is always main-
for the entire temperature range considered. Figure 2 shotamed in the entire semiconductor region. This space charge
changes in the electrical conductivity as a reciprocal funeffect in crystalline grains causes band bending and results in
tion of temperature for initial laser crystallized silicon filmsthe potential barrier at grain boundaries, which is determined
and films annealed with #D vapor at 190 and 27CQ for by the difference in potential at the conduction band edge
1h and 3h, respectively. The low electrical conductivity obetween the center point of the crystalline grains and their
the initial crystallized films increased with an activation enboundaries. The potential energy(x), at x, which is the

ergy of 0.55eV as the temperature increased. On the otltgstance from the center point of the crystalline grain, is cal-
hand, the electrical conductivity increased and the activati@nlated using the Poisson equation with the density of space
energy decreased after heat treatment with high-pressi®e Hthages (Ng — n) as

vapor. This result indicates that the free carrier density in- 32p(x)  e(Ng—n)

creased after heat treatment. ESR measurements were con- = , (1)
ducted to measure the spin density for undoped silicon films . X ] ]
laser crystallized at 400 mJ/@nbefore and after heat treat-Wheree is the elemental charge, is the vacuum dielectric
ment with high-pressure 40 vapor. Figure 3 shows the spinconstant ands; is the dielectric permittivity of silicon. The
density as a function of heating temperature for heat tre&@rrier densityn(x) of the crystalline grain is given as
ment at 13 x 10° Pa for 3h. The initial films crystallized at —e(Eg — Ef + ¢(x))

400 mJ/cri and had a high spin density ofglx 10 cm3 N(x) = N exp( KT ) ’
caused by dangling bonds localized at grain bounda?iés.
The spin density was reduced t@% 10'" cm~2 by heat treat-
ment as the heating temperature was increased ttC3Ihe

X2 eseo

)

where N, is the effective density of states at the conduction
band,Ey is the energy band gaf; is the height of the Fermi
dangling bond was effectively passivated by heat treatmelﬁf/el flrlt_)m the_valepcehbandl edge to the centerﬂggmthof the
with high-pressure D vapor crystalline grainsk is the Bo tzmann constant and is the

] absolute temperature. The effective carrier density in the lat-

Figures 1-3 reveal that the heat treatment witOH/a- . . .

. . . eral direction was calculated because the band bending causes

por caused the defects to be electrically inactive and changed. . ., . . e L9
istribution of the free carrier density in the lateral direction.

localized electron states to extended states. Defect state R effective carrier densitv in the lateral directi .
calized at grain boundaries for laser crystallized silicon films, . ; =nsity In the 1ateral directiOiyera, 1S
A . : " . Obtained from integration of the reciprocal number of carrier

reacted with HO molecules incorporated into silicon fllms.Olensity from the center point to the grain boundary as
H,O molecules at defect sites would be chemically dissoci- !
ated with the help of heating energy. The dangling bonds of 2 r5 1 -
silicon atoms were probably eliminated through the formation Niateral = <f / ) ,
of Si-O, Si—OH or Si—H bonds. 0

In order to understand the change in the electrical propserel is the average crystalline grain size. If there is a
erties, we developed a statistical thermodynamical programgh potential barrier at grain boundaries, the carrier density is
for analysis of the electrical conductivity of polycrystallinevery low at the boundaries, so that the effective carrier density
films.2>-1)We introduced a Gaussian-type energy distributioim the lateral direction becomes much lower than the average
of the density of defect states in the band gap, whose eneffgse carrier density in crystalline grains.
level at the maximum density and the width can be changed.Heat treatment with high-pressure®l vapor was intro-
We hypothesized that defect states localized at grain bourdiiced in the calculation program. The density ofCH
aries and grain boundary planes had a certain defect densitglecules is assumed to distribute as the complementary er-
per unit area. We also used the average volume densityrof function in the depth direction. The density of the defect
the defect states in crystalline grains in order to compare thtates is assumed to be reduced in proportion to the reaction
dopant ion and free electron carrier volume densities. Tipeobability and the density of #D molecules incorporated in
average volume density of the defect states was calculatee films as shown by the following equation.
from the defect density per unit area divided by the aver-

®3)

n(x)

dnd .

age grain size. Phosphorus dopant atoms were assumed to rTE —pF, (4)
be distributed uniformly in silicon films. Electron carriers are X

generated from the phosphorus dopant atoms via their ioniza- F = Foerft , (5)
tion The electron generation probability is determined with 2Dt

the Fermi-Dirac statistical distribution function. Free carriwhereng is the density of defect stategjs the reaction prob-
ers are trapped by the localized defect states and the defeahility, Fo is the HO flux entiring into silicon films and is
are negatively charged. The Fermi energy level and the frelee diffusion coefficient of KO molecules into silicon films.
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1000/T (K'l) Fig. 3. The spin density of undoped 50-nm-thick silicon films laser crystal-
lized at 400 mJ/cihas a function of heating temperature. Heat treatment
Fig. 2. Temperature dependence of the electrical conductivity of was carried out with.B x 10f Pa HO vapor for 3h.

7.4 x 10*” cm2 phosphorus-doped 50-nm-thick silicon films laser crys-
tallized at 400 mJ/cfas a reciprocal function of temperature. Heat treat-
ments were carried out withd x 10° Pa HO vapor. Solid curves show
the temperature dependence of the electrical conductivity calculated using 1018
our program including the space charge effect caused by defect states trap-
ping electrons at grain boundaries. Defect states with an energy level of
0.2 eV above the mid gap region and a width of 0.4 eV, an average grain
size of 45nm and an #O diffusion coefficient of 3x 1015 cm?/s were
used. Activation energy is presented for each fabrication condition.
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We also introduce scattering effects due to dopant ions, lattice
vibration and disordered states at grain boundaries, which re-
duce the carrier mobility. We used the carrier scattering ef-
fect of dopant ions and lattice vibration, reported by Irvin and
Princel® 19 while the mobility reduction rate due to lattice
disordered states was determined by the fitting between &stg. 4. Density of defect states and potential barrier height at grain bound-
perimental and calculated conductivity. Through the fitting aries and calculated with conditions a#%< 10'" cm-2 phosphorus dop- -
between temperature dependences of calculated and exper[9; defect states with an energy level of 0.2 eV above the mid gap region
o o . and a width of 0.4 eV, an average grain size of 45 nm andz i diffusion
mental conductivities for the initial as-crystallized case Shown cefficient of 3x 1015 cr?/s as functions of heating temperature for heat
in Fig. 2, the energy level and width of defect states were de-treatment with 13 x 10° Pa HO vapor for 3 h.
termined as 0.2 eV above the mid gap and 0.4 eV, respectively.
Then the HO flux, the reaction probability and the,8 dif-
fusion coefficient were obtained by fitting activation energieby analysis of the electrical conductivity may be lower than
of change in the calculated electrical conductivity to experithe spin density because the electrical current flows along the
mental ones for every temperature. The value g®Hlux x  most conductive path. A high density of defects trap free elec-
reaction probability pFy in egs. (4) and (5)] increased from trons and cause the band bending resulting in the potential
5.3 x 10" to 8.3 x 103cm~%/s as the heating temperaturebarrier height at grain boundaries, which blocks the electri-
increased from 190 to 31Q. The HO diffusion coefficient cal current. For the as-crystallized case, the potential barrier
also increased from 8 10-%°to 6 x 10-°cn/s, as the heat- height was estimated as 0.3 eV because of the high density of
ing temperature increased from 190 to 3COFinally the mo- defects, which trapped a number of free electrons. The po-
bility reduction rate due to scattering at grain boundaries (Gential barrier height decreased to 0.002 eV according to the
1) was determined by agreement between experimental aradluction of the density of defect states as the heating tem-
calculated conductivities for every temperature and every dperature increased to 3XD, as shown in Fig. 4. The poten-
ration of heat treatment with high-pressurgQHvapor to give tial barrier height, 0.002 eV, was low enough for most of the
the carrier mobility of the poly-Si films shown in Fig. 2. electrons to travel across the barrier at room temperatures.
Our analysis gave an initial density of defect states ofherefore the effective free carrier density increased. Fig-
8.4 x 10 cm3 for as-crystallized films. The density of de-ure 5 shows the average density of free carriers existing in
fect states decreased to410' cm2 as the heating temper- crystalline grains and the effective carrier density in the lat-
ature increased to 310 for 1.3 x 10° Pa high-pressure4® eral directionniqera. Although the average carrier density in
vapor annealing for 3 h, as shown in Fig. 4. Although the dererystalline grains was ¥ 10 cm2 for as-crystallized films,
sity of defect states given by our analysis before and after hetae effective carrier density in the lateral direction was only
treatment was of the same order of magnitude as the spin dé@x 102cm=3. The low Niyera resulted from a high poten-
sities obtained by ESR measurements as shown Figs. 3 andidl, barrier height of 0.3 eV at grain boundaries caused by the
the calculated defect density was one half or one third of trepace charge effect in electron depletion regions. The Fermi
experimental spin density. Experimental accuracy and simplevel gives the free carrier density at the center point of crys-
assumptions for calculation probably resulted in a part of thalline grains, which is close to the average carrier desnity.
difference. Moreover, we guess the defect density obtain€h the other handnera Suffers from the potential barrier
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1018 duced after HO vapor annealing as shown in Figs. 1 and 2.
According to our previous study on the density of Si—-H bond-
& 10t [as-crystallize ing, the increment of the Si-H density was less thd¥ at.%
g 1016 (—2x107°cm~3) after heat treatment with high-pressurgH
> vapor'® We however believe that the present heat treatment
% 1015t _average carrier density supplies a sufficient amount of hydrogen as well as oxygen
T .1 i crystalline grains to terminate—10'8 cm~3 silicon dangling bonds. The carrier
2 107 .. cffective carrier density mobility was estimated as 40 éiv's after heat treatment with
S 1013 in the lateral direction high-pressure kD vapor by considering the scattering effect
, at grain boundaries for.Z x 10" cm~3 phosphorus-doped
1012 9 av-civetalized silicon films.

200 250 300 350

initial

Heating temperature (°C) 4. Summary

Fi . - . . . . High-pressure b vapor annealing was used for reduc-
ig. 5. Average carrier density in crystalline grains and effective carrier, . .
density in the lateral direction as functions of temperature of heat treddON Of the density of defect states of 50-nm-thick pulsed
ment with 13 x 10° Pa HO vapor for 3 h for the 400 mJ/cherystalliza-  laser crystallized silicon films. The electrical conductivity
tion case. The carrier densities were obtaine(_j _through a fitting betwegyf 7.4 x 10 cn3 phosphorus-doped silicon films crystal-
zﬁﬁjennsn;\gﬁliﬁr::c:gcilculated electrical conductivities under the same Cqied by XeCl excimer laser irradiation at 400 mJfcmias
o increased from B x 10°° (as-crystallized) to 2 S/cm by heat
treatment with 13 x 10° Pa HO vapor for 3h at 270C. The
height. When the potential barrier height is high and the eleactivation energy of the temperature dependence of electri-
tron depletion region is thickera IS Very low, as shown cal conductivity was reduced from 0.55eV (as-crystallized)
in egs. (2) and (3). The electrical conductivity obtained byo 0.04 eV. The spin density of undoped laser crystallized sil-
the electrical current measurements is governedryeraie.  icon films was reduced from@x 108 cm~3 (as-crystallized)
Its activation energy was high at 0.55eV for as crystallizetb 1.2 x 10*” cm~3 when HO vapor annealing was carried out
films, as shown in Fig. 2. The Fermi level is positioned afit 310C with 1.3 x 10'®Pa HO vapor for 3h. A statistical
0.15eV below the conduction band edge at the middle poititermodynamical analysis of electrical properties was con-
of crystalline grains. On the other hand, the conduction barticted using experimental results. The high density of defect
edge was 0.45eV above the Fermi level at grain boundaristates resulted in localization of free electrons generated from
because of the existence of there was a potential barrier heigitosphorus atoms at grain boundaries and caused a high po-
of 0.3 eV. The activation energy, 0.55 eV, was higher than thential barrier height of 0.3 eV for as-crystallized films. This
Fermi level at grain boundaries, 0.45eV. The high activatioresulted in a low effective carrier density in the lateral di-
energy resulted from the fact that the thickness of the depleection and low electrical conductivity. Heat treatment with
tion regions formed around grain boundaries decreased as High-pressure kD vapor yielded defect states electrically in-
temperature increased. Because the ionization probability aftive so that most of the electrons became conductive and
dopant atoms increased as the temperature increased, the dleapotential barrier heights at grain boundaries decreased to
sity of electrons generated from dopant atoms increased 8®02 eV. The electrical conductivity consequently markedly
that the thickness of the electron depletion region decreasdacreased to 2 S/cm through the heat treatment. The present
The reduction of the depletion region thickness magdgra results show that heat treatment with high-pressuy® Ma-
increase with the activation energy of 0.55 eV, which is highegsor effectively reduces the density of defect states at grain
than the energy gap between the Fermi level and the conddimundaries of laser-crystallized silicon films.
tion band at grain boundaries. The activation energy of the
electrical conductivity for doped polycrystalline silicon de-Acknowledgements
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