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Changes in the electrical properties of pulsed laser crystallized silicon films with oxygen plasma treatment were investigated.
50-nm-thick silicon films doped with.Z x 10" cm~2 phosphorus atoms crystallized by a 308-nm-XeCl excimer laser at an
energy density of 400 mJ/émvere treated by 30-W-RF plasma of oxygen gas at 130 Pa aC25he electrical conductivity
markedly increased from® x 10-° S/cm (as crystallized) to 10 S/cm by heat treatment for 40 min. Theoretical analysis of the
electrical conductivity revealed that the potential barrier height at grain boundaries decreased from 0.32 eV (as crystallized) to
almost zero, and that carrier mobility increased from 15%i® (as crystallized) to 170 GiVs.
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1. Introduction . 400 m/em?2
Formation of polycrystalline silicon films by pulsed laser 05T X
annealing is attractive for low temperature fabrication pro- 100 | 349 mdiem
cesses because crystallization occurs rapidly and no thermal 101 240 malem?
damage is induced in the glass substrat@sThis is advan- 102

tageous for the fabrication of devices such as polycrystalline
silicon thin film transistors (poly-Si TFTs) at low tempera-
tures. However rapid and local heating using pulsed laser can
cause a large number of defect states in laser crystallized sil- 105
icon films. To overcome this problem, many investigations 10 . . .
using hydrogenation have been repofted) 0 10 20 30 20
In this paper, we report the passivation phenomena of
grain boundaries of laser crystallized silicon films by oxy-
gen plasma treatment. We present changes in the electrical
properties of laser crystallized lightly doped silicon films asEig-Ials-maEt';C;Liﬁe“nth?%‘c\i/nga; agégfg?;oz :flgscfrﬁljgti%r(‘)sthgﬁgen
sociated with the reduction of the del?SIty of de_feCt Stat_es byf’doped silicon films 50 nm thick crystallizéd at laser eneFr)gy d?—:‘nsities of
oxygen plasma treatment. Increases in the carrier density angao, 340 and 400 mJ/dmespectively. The electrical conductivity for
the carrier mobility are reported. Reduction of the potential as-crystallized films is also shown. Solid curves are guide for the eyes.
barrier height at grain boundaries is also discussed. Moreover,
thermal stability in the electrical conductivity is discussed.
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. the duration of oxygen plasma treatment for samples crys-

2. Experimental tallized at laser energy densities of 240 mFc8¢0 mJ/cra

Amorphous silicon films of 50 nm thickness were formedand 400 mJ/ct) respectively. As-crystallized films had very
by chemical vapor deposition (LPCVD) on quartz substratdew electrical conductivities of 1¢*~10-6 S/cm. This indi-
at 425C. 7.4 x 10 cm3-phosphorus atoms were im- cates that there was a low density of free carriers in the films
planted into the silicon films by ion implantation. Al elec-although it has been believed that all phosphorus atoms are
trodes with a gap of 40@m and a width of 200@km were placed in substitutional silicon lattice sites through pulsed
formed on the silicon surface. Samples were irradiated iaser rapid melt regrowth-12 On the other hand, the elec-
vacuum at 10%Pa at 250C by a 28-ns pulsed XeCl ex- trical conductivity markedly increased as the duration of oxy-
cimer laser through a quartz window. Multistep-laser irradiagen plasma treatment increased for every sample. For sam-
tion was carried out. The laser energy density was increasplis crystallized at 400 mJ/&ythe electrical conductivity in-
from 160 mJ/crA (crystallization threshold) to 400 mJ/éim  creased from ® x 10~° S/cm to 10 S/cm by oxygen plasma
20 mJ/cm steps. Five pulses were irradiated at each laser emeatment for 40 min. This clearly shows that the free carrier
ergy density step. Immediately after the crystallization, oxydensity increased through oxygen plasma treatment for the
gen gasses at 100 sccm was introduced under a pressurd.dfx 10" cm~3 phosphorus doping case.
130 Pa in the chamber and one of the electrodes was posiFigure 2 shows the electrical conductivity as a reciprocal
tioned in front of the samples, then oxygen plasma at 30 Winction of absolute temperature with different plasma du-
was generated by applying radio frequency voltages to tmations for the 400 mJ/ctrcrystallization case. Before oxy-

electrode. gen plasma treatment, the electrical conductivity rapidly in-
. ) creased with an activation energy of 0.4eV as the temper-
3. Results and Discussion ature increased. The temperature dependence indicates that

Figure 1 shows the electrical conductivity as a function othe Fermi level was located near the mid gap region for as-
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102 : produced from doped phosphorus atoms are trapped at grain
o ood boundaries, although the charge neutrality is always estab-
10t | : : . . . . )
-2 9.072 lished in the entire semiconductor region. This space charge
100 | _ 20min ™ . . . . .
10min effect in crystalline grains causes band bending and results in
101 | the potential barrier at grain boundaries, which is determined

Activation energy (eV) by the difference in potential at the conduction band edge be-

Electrical conductivity (S/cm)

102 initial tween the midpoint of crystalline grains and their boundaries.
103 | The potential energyp (x), atx, which is the distance from
104 |- © otos midpoint qf the .crystalline grain is calculated using the Pois-
105 . . - son equation with the density of space chardés-€ n) as

20 25 30 35 9°p(x) _ e(Ng—n)

= , ()
1000/T (K-1) ax2 €s€o

Fig. 2. Temperature dependence of the electrical conductivity fo\{\lheree is the elemental charge, is the vacuum dielectric

7.4 x 1017 cm~3-phosphorus doped silicon films 50-nm-thick crystallizedConstant and; is the dielectric permittivity of silicon. The

at 400 mJ/cr treated with different plasma durations and as crystallized=ermi energy level is determined using Boltzmann thermo-
(solid circles). Activation energy is presented for each fabrication condynamical statistics while maintaining the charge neutrality
g:non. $gl|d curves mdu;ateﬁglectrlcal conductlyltles calculated uqde&ondition over the entire region.

e conditions of Z x 10" cm~23 phosphorus doping, defect states with . i . . . .
an energy level of 0.12eV above the mid gap and a width of 0.3ev, 1he carrier densityi(x) at pointx in the lateral direction
an average grain size of 55nm and an oxygen diffusion coefficient §fom the midpoint of the crystalline grain is given as
1.1 x 10 cmP/s. The energy level and width of defect states, and the
oxygen diffusion coefficient were analytically determined by the fitting —e(Eg — Ef + ¢ (X))
process between experimental and calculated electrical conductivities. n(x) = Ncexp KT ’

)

where N, is the effective density of states at the conduction

crystallized silicon films. After oxygen plasni@atment, the Pand edgef, is the energy band gayk; is the height of -
electrical conductivity increased and the activation gpele- the Fermi level from the valence band edge at the midpoint
creased as shown in Fig. 2. of the crystalline grainsk is the Boltzmann constant arid

According to our recent study using ESfeasurement®) is the absolyte temperature. The effective carrier density .in
pulsed laser crystallized films had a high densitgafgling the lateral direction was calculated because the band bending
bond electrons of about 4¥cm=3, which werelocalized at Causes a distribution of the free carrier density in the lateral
grain boundarie&*1? The defects caused by tigangling direqtion. The c_:arrierd_ensityinthe I_ateral directiopieral, 1S _
bonds trapped most of the free electrons generaged ion- obtamed from mtegratl(_)n of the rec!procal number of carrier
ized phosphorus atoms so that silicon films had the depletifgnsity from the midpoint to the grain boundary as,
states with a low conductivity. From the results of Figs. 1 and L -1
2, oxygen plasma treatment made the defects electrically in- Niateral = (E / ‘ de> ) (3)
active and changed the localized electron states to extended L Jo n(x)
states. Defect states localized at grain boundaries for lasehere L is the average crystalline grain size. If there is a
crystallized silicon films would be oxidized by oxygen atomsigh potential barrier at grain boundaries, the carrier density is
incorporated into silicon films with the help of heating envery low at the boundaries, so that the effective carrier density
ergy. The dangling bonds of silicon atoms were eliminated the lateral direction becomes much lower than that of the
and Si—O bondings were formed. average free carrier density in crystalline grains.

In order to understand changes in the electrical conduc-Oxygen plasma treatment was included in the analysis pro-
tivity of polycrystalline films, we developed a statisticalgram by the assumption that oxygen atoms were incorporated
thermodynamical analysis prografh!”®We introduced a into the films with a diffusion constant. The oxygen flux dis-
Gaussian-type energy distribution of density of defect statéibutes according to the complementary error function. The
in the band gap whose energy level at the maximum densdgnsity of the defect states at a given film depth is assumed
and the width can be changed. Phosphorus dopant atoms werke reduced in proportion to the reaction probability and the

assumed to be distributed uniformly in silicon films. Elecdensity of oxygen atoms according to the following equation.
tron carriers are generated from the phosphorus dopant atoms

via their ionization, whose probability is determined with % = —pt, 4)
the Fermi-Dirac statistical distribution function. Free carri- dt

ers are trapped by the localized defect states and the defects F = Foerft , (5)
are charged negatively. The Fermi energy level and the free 2V Dt

carrier density at the midpoint of crystalline grains are detewhere ngy is the density of defect stateg is the reaction
mined by the statistical thermodynamical conditions keepingobability, Fy is the oxygen flux entering silicon films and
the charge neutrality among the densities of ionized dopabt is the diffusion coefficient of oxygen atoms into silicon
atomsNg, and the defect states charged negatively with elefilms. We also introduce scattering effects due to dopant ions,
tron carriers Kq) and free carriera) (Ng = n+Xg) inthe en- lattice vibration and disordered states at grain boundaries,
tire region including crystalline grains and grain boundariesvhich reduces the carrier mobility. We used the carrier scat-
However, the density of ionized donors is larger than thétring effect of dopant ions and lattice vibration reported by
of free electron in crystalline grains because some electromgin'®and Princ&® while the mobility reduction rate due to
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lattice disordered states was determined by a fitting proceb® duration of oxygen plasma treatment was also estimated
between experimental and calculated results. The effectif@ the 400 mJ/crircrystallization case, as shown in Fig. 5.
electrical conductivity was obtained with the calculation proThe mobility was low at 15 cAiVs because of a high car-
gram described above. Through the fitting process betwesgar scattering at grain boundaries for as-crystallized films. It
temperature dependences of calculated and experimental cimereased to 170 cfiVs as the oxygen plasma duration in-
ductivities for the initial as-crystallized case shown in Fig. 2¢creased to 40 min. This result indicates that the oxidation of
energy level and its width for defect states were determingptain boundaries may reduce the carrier scattering effect and
as 0.12 eV above the mid gap and 0.3 eV, respectively. Thesalize a good carrier transfer probability.

the oxygen fluxx the reaction probability and the oxygen dif- The density of defect states was also estimated to be
fusion coefficient were obtained by fitting the activation enert.1 x 10" and 6x 10" cm~2 for as-crystallized films at 240
gies of the calculated electrical conductivity to the experimerand 340 mJ/cr respectively, which were higher than that
tal values for every temperature and every duration of plasrfiar the 400 mJ/crh crystallization case. The experimental
treatment as shown in Fig. 2. Values of oxygen fluxe- results and theoretical analysis show that the oxygen atoms
action probability,p Fy, and the oxygen diffusion coefficient, effectively terminated defect states below*4€m=2 for 40-

D, shown in eq. (4) were determined to b6 & 10'°cm=3/s  min-plasma treatments. High conductivity after plasma treat-
and 11 x 10 **cné/s, respectively. Finally the mobility re- ments suggested that grain boundaries had high carrier trans-
duction rate due to scattering at grain boundaries (0—1) wkes characteristics and no substantial insulating,Si€yjion
determined by the agreement between experimental and caks formed, probably because the duration of plasma treat-
culated conductivities for every temperature and every durezent was too short to form the Si®egion through oxidiza-
tion of plasma treatment. The mobility reduction rate givegon of silicon with oxygen atoms throughout 50-nm-thick
the carrier mobility. films at 250C.

Figure 3 shows the average free carrier density existing inIln order to investigate the thermal stability of oxygen
crystalline grains and the effective carrier density in the lat-
eral direction at room temperature, which were obtained for
the case of crystallization at 400 mJ&mAlthough the as-
crystallized films had a rather high average free carrier density
~10Ycm2 in crystalline grains, the effective carrier den-
sity in the lateral direction was very low, 2 10'3cm~3, be-
cause the high potential barrier at grain boundaries blocked
carrier transfer. Oxygen plasma treatment increased both car-
rier densities. The effective carrier density in the lateral di-
rection became similar to the average carrier density in crys-
talline grains because the plasma treatment reduced the de-
fect density and the potential barrier height, as shown in 0 10 20 30 40
Fig. 3. For the as-crystallized case at 400 m3/dime poten- Duration of oxygen plasma
tial barrier was very high, 0.32 eV, caused by 4.0'7 cm3- treatment (min)
defect states trapping free electrons. The potential barrigg. 4. Potential barrier height at grain boundaries and density of defect
height was reduced to almost zero according to the reduc-states calculated with th_e conditions given in Fig. 2 as fgnctions of oxygen
. . 7 3 plasma treatment duration for the 400-m3ecrystallization case. The
tion of the densny of defect states lower thax 10 cm error bars indicate the region of the potential barrier height and the density
by oxygen plasma treatment longer than 20 min, as shown irof defect states giving the best fitting.

Fig. 4. The change in the carrier mobility as a function of
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Fig. 3. Average carrier density in crystalline grains and effective carrigfig. 5. Electron carrier mobility estimated using calculations with the con-
density in the lateral direction as functions of oxygen plasma treatment du-ditions given in Fig. 2 as a function of oxygen plasma treatment duration
ration for the 400-mJ/chcrystallization case. The carrier densities were for the 400-mJ/crcrystallization case. The mobility was determined by
obtained through a fitting process between experimental and calculatedjiving the mobility redution rate at grain boundaries, where calculated con-
electrical conductivities given in Fig. 2. The error bar presents the region ductivities agreed well with experimental ones. The error bar indicates the
of the carrier density giving the best fitting. region of the carrier mobility giving the best fitting.
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100 tial barrier height was reduced from 0.32 eV (initial) to almost
zero. These reductions markedly increased the effective car-
rier density in the lateral direction. The oxygen plasma treat-
10 ¢ ment oxidized the dangling bonds of silicon at grain bound-
N aries and made them electrically inactive. Oxygen plasma
treatment also resulted in an increase of the carrier mobility of
1r 170cnt/Vs. No serious decrease of the electrical conductiv-
ity was observed after post annealing up to®D0These ex-
perimental and theoretical results indicate that oxygen plasma

101 ' ' treatment is useful for improvement of the electrical proper-
300 400 500 ties of laser-crystallized silicon films.

Electrical conductivity (S/cm)

initial

Post annealing temperature (°C) Acknowledgements

Fig. 6. Electrical conductivity as a function of temperature of post anneal- We thank Professors. T.Saitoh and T.Mohri for their sup-
ing for 1h for samples crystallized at 400 mJfcteated with oxygen port.
plasma at 250C for 40 min at 30 W at oxygen gas pressure 130Pa. The
solid curve is a guide for the eyes.
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