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Electrical properties of phosphorus-doped laser-crystallized silicon films were investigated. The analysis of free carrier
optical absorption revealed that crystalline grains formed at laser energies of 360—375 teldchigh carrier mobilities of
40-50 cm/Vs, which were close to that of doped single crystalline silicon. The mobility did not depend on the number of
laser pulses. On the other hand, Hall effect measurements showed a marked increase in the carrier mobility of electrical current
traversing grain boundaries from 3 to 28%Ns as the laser energy density increased from 160 to 375 riJ/dime Hall
mobility also increased as the number of laser pulses increased, although a single pulse irradiation resulted in a maximum
carrier mobility of 15 crd/Vs. These results suggest that a high laser energy density as well as numbers of multiple pulses are
necessary to reduce disordered amorphous states and improve grain boundary properties.
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i silicon films by measurements of the peak which appears

1. Introduction in ultraviolet reflectivity spectra.

Polycrystalline silicon films are important for a variety of )
applications in many devices such as thin film transistors EXPerimental
(TFTs) and thin film solar cell§!? The electrical proper-  Doped polycrystalline silicon films 50 nm thick were fabri-
ties of polycrystalline silicon films have been analyzed uszated by XeCl excimer laser heating of low-pressure chem-
ing Hall effect measurements and transistor characteristidgsal vapor deposited (LPCVD) amorphous silicon films on
These measurements give the carrier mobility and the degquartz glass substrates. Prior to laser crystallization, phos-
sity of the carriers which propagate across many grain bounphorus atoms were uniformly doped into the films through
aries in polycrystalline silicon (poly-Si) films. The averageSiO, films coated on the silicon films by ion implantation at
energy barrier height at grain boundaries has also been invagdensity of 25 x 10*>cm=2 and an energy of 80 keV. About
tigated by these methods. We recently reported the possibil&p% phosphorus atoms were doped into the silicon films. Af-
of investigating electrical properties of polycrystalline silicorter removing the top Sigfilms, the samples were placed in a
films using free carrier optical absorption analysi$? Be- vacuum chamber, which was evacuated by a turbo-molecular
cause free carrier optical absorption occurs via excitation ipump to a level of 1x 10~* Pa for laser irradiation. Varia-
duced by the electrical field of incident photons followed byion of laser energy density in the beam was reduced to less
energy relaxation in the crystalline grains, the analysis givekan 3% of the average laser energy density by beam homog-
the carrier mobility and the carrier density in the crystallinenizing optics. Laser light was effectively absorbed 10 nm
grains. On the other hand, the Hall effect measurement prdeep in the silicon surface because of the large optical ab-
vides the effective carrier mobility of the electrical currentsorption coefficient of Si>-10° cm2, at 308 nm, and the sili-
which traverses many grain boundaries, so it strongly dependsn surface was heated to high temperatures. Above a thresh-
on grain boundary properties. old energy for crystallization of 160 mJ/émcrystallization

In this paper we discuss electrical properties by analysescurs by solidification of molten silicon induced by laser
of the free carrier optical absorption and Hall effect meaifradiation. The solidification (crystallization) velocity was
surements of pulsed laser crystallized doped silicon filmabout 1 m/s, which was experimentally determined from the
The pulsed laser crystallization method is convenient to forchanges in the electrical conductivity of silicon films during
polycrystalline silicon films at a low processing temperaturand after laser irradiation using transient conductance mea-
because of local and rapid heat treatmérit) The method is  surements because liquid silicon has a high electrical conduc-
suitable for fabrication of TFTs and solar cells at a low temtivity of ~10* S/cm1%-17)|t has been known that dopant atoms
perature. Optimization of crystallization, however, has nao not segregate from solid to liquid silicon (the segregation
been achieved. Through the analyses of samples fabricataakfficient~1) under rapid solidification conditions induced
under different laser-irradiation conditions, we report the relasy pulsed laser irradiatiot’We hypothesized that phospho-
tionships between irradiation conditions (laser energy densitys atoms were distributed uniformly in crystalline grains and
and pulse number) and electrical properties (carrier mobilitgt grain boundaries.
and the carrier density). The free carrier optical absorption Three kinds of laser irradiation were conducted for sam-
analysis shows that the doped crystalline grains can haveplke fabrication. 1) Multiple-step-laser energy irradiation
high average carrier mobility, which is close to that of singlevas carried out. Laser energy density was increased from
crystalline silicon under the same carrier density. The puls50 mJ/cr to 400 mJ/crA in 20-40 mJ/crh steps. A single
number is important for reduction of the average energy bapulse or five pulses were irradiated at each laser energy den-
rier height at grain boundaries and to increase the Hall mobgity step. 2) To investigate the dependence of electrical prop-
ity. We also discuss the crystalline state of the polycrystallinerties on the number of laser pulses, samples were irradiated
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by a laser with pulse numbers from one to twenty at the fivhereRy is the Hall constanty is the electrical conductivity,
nal laser energy density step. Prior to the final laser energy is the Hall scattering factor and, is the drift mobility.
density step, the laser energy density was increased stepwis®ptical reflectivity was measured in the wave number
with five laser pulse irradiations at each laser energy densitgnge between 400 and 4000chby conventional Fourier
step. 3) Samples were also fabricated by laser irradiation wittansform infrared spectrometry (FTIR) to analyze optical ab-
a single pulse at different energies. sorption of free carriers in the doped silicon films. The sam-

The Hall effect measurements by the van der Pauw methpte was irradiated by infrared light with an incidence angle
were carried out at room temperature for silicon films with aof 10°, and reflection was detected at a resolution of 4tm
area of 5mmx 5 mm with Al electrodes formed at each cor-Reflectivity spectra were analyzed by the optical interference
ner to obtain the carrier mobility and the carrier density. Theffect at air/Si/substrate. ReflectivitiR) at the surface of the
Hall mobility,uy, is deduced from the relation air/Si/substrate is given B9

uH = Ryo =ryup 1)

2
R = |(ro + r1exp(i4rirdK)) (1 + rory exp(i 4 fird K))_l‘
fo=(L—fin L+t ra= (fr — fisiod (A + Asion) (2)
fit = ng + ik, Nsio2 = Nsio2 + iKsio2
whered is the film thicknessK is the wave number; andfisjo, are the complex refractive index of Si films and $iO
substrate, respectively, which consist of the real refractive indexes(insjo2) and the extinction coefficient&(andksioy).
Undoped crystalline silicon is transparekt & 0) in the infrared region. On the other hand, Si@s substantial absorption
for wave numbers lower than 2000 ciso that the reflectivity includes the optical absorption effect of the quartz substrate. A

small reflection at the rear surface (air/substrate) was also considered in the calculation of the reflectivity of the samples.
The free carrier optical absorption causes changes in the refractive index as well as in the extinction coefficient, as shown by

the fOIIOWing equationé,z'zo)
05705
1 2 5 ; A22
A \/é |:nSi {(nSi —A) 747[2 m2c2 2K 2

0.510.5 (3)
1 ‘ 2 2 2 ! ‘Ze
kf = 72 A— Ns; + {(nSi - A) + 747.’:2 m2c2,2K 2

A = Nmulegt (1 + dn’m?p2c?e 2K %)t

whereng; is the refractive index of undoped crystalline sil-air (= 1). Prior to the determination af R/R at the bottom
icon, c is the velocity of light in vacuume is the electri- interface, the reflectivity spectra were, therefore, corrected by
cal chargem is the effective mass of the carrier, whose demultiplying a correction factor 0.73, which was obtained by
pendence on the carrier density was determined by M@tao calculations of reflectivity for SigISi interfaces with differ-
al..?V K is the wave numbemy is the carrier mobility, and ent refractive indexes and extinction coefficients from amor-
N is the carrier density. The experimental spectra were comhous to single crystalline silicon to reduce the effect of sub-
pared to the spectra obtained by the interference calculatistrate on the reflectivity.
given by eq. (1) with the refractive index and the extinction ) _
coefficient of silicon given by eq. (2) by changing the values: Results and Discussion
of the parameters of carrier mobility and carrier density until Figure 1 shows experimental spectra for samples implanted
best coincidence of those spectra was obtained. with phosphorus atoms at a density d§ 2 10'°cm~2, which
Optical reflectivity spectra in the ultraviolet region werewere fabricated by multiple-step laser energy irradiation with
also measured at the top silicon surface and the bottom dibur final laser energies and five laser pulses at each laser en-
icon/quartz glass interface of the samples. Crystalline silergy density step. Although no crystallization of the silicon
con has a broad peak around 276 riga peak) in optical re- films and no activation of the phosphorus dopant atoms were
flectivity which is caused by a large transition rate at ¥ne observed in the lowest energy irradiation case, the crystalliza-
point in the Brillouin zon&? while amorphous silicon has tion and the reduction of electrical resistivity associated with
no peak around 276 nm. Because the optical absorption aiepant activation occurred in the other three cases of higher
efficient is large at~10° cm™ in the ultraviolet region, the laser energy density. The reflectivity was reduced in the wave
crystalline state at the surface and Si/SiGterface regions number range from 2000 to 4000 chas the laser energy
can be investigated with 10 nm depth resolution. The heiglkensity increased, as shown in Fig. 1. On the other hand, it
of the E, peak normalized by the peak reflectivitk R/R)  increased in the wave number range from 500 to 800'cm
was obtained to estimate crystalline states at both surfacesTdfese reflectivity changes resulted from changes in refractive
the polycrystalline silicon films. The reflectivity spectra aindex and extinction coefficient caused by free carrier optical
the bottom interface are different from those at the top suabsorption due to activation of the dopant atoms.
face because the refractive index of $i®larger than that of ~ Figure 2 shows the calculated reflectivity spectra of 50-
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Fig. 1. Experimental reflectivity spectra for 50-nm-thick silicon films im- & =0 free carrier absorption : 5pulses
planted with phosphorus atoms at a density.656210'° cm~2, which were 2 40 7= free carrier absorption s
fabricated by the multiple-step laser energy density irradiation method E lpuise
with four final laser energies and five laser pulses at each laser energy den- = 80 b
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o 50-nm-thick silicon films crystallized by laser irradiation, by increasing
the laser energy density stepwise with one pulse and five pulses at each
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Figure 3 shows (a) the carrier density and (b) the carrier
ol mobility obtained by analyses of free carrier optical absorp-
1000 2000 3000 4000 tion with best coincident fitting of calculated reflectivity spec-
Wave number(cm1) tra to experimental spectra for samples crystallized by laser ir-
(b) radiation by increasing the laser energy density stepwise one

_ . o and five pulses at each laser energy density step. Figure 3
Fig. 2. Calculated reflectivity spectra of 50-nm-thick silicon/quartz sub-

strates (a) with a carrier mobility of 40 &ivs and different carrier den- also _ShOWS (a) the carrier denSIty and (b) the carrier mOb"Ity
sities from zero to 3x 10%%cm 3, and (b) with a carrier density of Obtained by Hall effect measurements when the Hall scatter-

2x10%°cm~2 and different carrier mobilities from 1 dfvsto 60cn?/Vs.  ing factor was assumed to be equal to unity. Both analyses
of free carrier optical absorption and Hall effect gave approx-
imately the same carrier density, as shown in Fig. 3(a). The
nm-thick silicon/quartz substrates using egs. (2) and (3) wittarrier density was slightly increased t&2 10°°cm=2 as the
a carrier mobility of 40 crfYVs and different carrier densi- laser energy density increased from 160 to 280 m3/amd it
ties from zero to 3x 10°°cm~3 [Fig. 2(a)], and with a car- leveled off at laser energy densities higher than 280 m&l/cm
rier density of 2x 10°°cm~2 and different carrier mobilities Dopant atoms were effectively activated and a high density
from 1 to 60 cm/Vs [Fig. 2(b)]. The low carrier density and of carriers was generated. An increase in carrier density with
the low carrier mobility resulted in a monotonous increasicreasing laser energy density probably means that the ac-
in the reflectivity with increasing wave number from 1300 tdivation was not completed over the entire film thickness in
4000cnt? and a low reflectivity at wave numbers betweenhe low laser energy density region. The analysis of free
500 and 800 cm'. Reduction in the reflectivity was observedcarrier optical absorption gave a large carrier mobility about
for wave numbers between 1300 and 4000¢tras the car- 20cn?t/Vs at laser energy densities immediately above the
rier density and carrier mobility increased because the subrystallization threshold. The carrier mobility increased to
stantial free carrier optical absorption reduced the refractiv0 cn?/Vs as the laser energy density increased. Irradiation
index of silicon films ). On the other hand, the reflectivity with a single pulse and five pulses at each laser energy den-
increased for wave numbers between 500 and 80G @sithe  sity step resulted in approximately the same carrier mobilities.
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These results indicate that laser irradiation let to the form@rove electrical properties at grain boundaries; the reforma-
tion of crystalline grains with good electrical characteristiction of grain boundaries through melting followed by solid-
even for lower laser energy densities near the crystallizatigication might effectively reduce the density of carrier trap
threshold, although transmission electron microscopy (TEM}ates and energy barrier heights. The maximum carrier mo-
revealed that very fine crystalline grains with an average sibdity, ~50cn?/Vs, obtained by analysis of free carrier optical
of about 10 nm were formed by laser irradiation at the lasabsorption was close to that of single crystalline doped silicon
energy density of the crystallization thresh8f®IA gradual given by Irvin?*) The crystalline grains have approximately
increase in the carrier mobility with increasing laser energihe same electrical properties as doped single crystalline sili-
density probably resulted from the improvement of the cryson.
talline properties; such as an increase in the average grain siz& he crystalline state was investigated by measuring heights
or a reduction in the density of defect states. On the othef the normalizede, peaks AR/R) at the top surface and
hand, no change in the carrier mobility with number of lasehe bottom interface for samples crystallized by laser irradia-
pulses means that the number of laser pulses did not play t&om by increasing the laser energy density stepwise with five
important role in the improvement of crystalline grain proppulses at each laser energy density step; the carrier density
erties. The Hall effect measurements resulted in lower caand carrier mobility are presented in Fig. 3. A srialpeak
rier mobilities than those obtained by the free carrier opticalas observed at both surfaces of silicon films for energies
absorption analysis especially for samples treated with loligher than the threshold energy. Low normalizégdpeak
laser energy densities. The carrier mobility obtained by theeight for irradiation at low laser energy density means that
Hall effect measurements markedly increased as the laser #érere are serious disordered amorphous states among the crys-
ergy density increased from 3 to 28%ivis. The degree of talline grains. The normalize#, peak heights AR/R) at
increase in carrier mobility obtained by Hall effect measureioth surfaces increased as the laser energy density increased.
ments was much larger than that obtained by the free carriEne crystallization occurred throughout the film thickness for
optical absorption analysis. This large increase is interpretedergies immediately above the threshold energy density, and
as improvement in the grain boundary properties by laser irrthiie crystalline volume fraction increased as the laser energy
diation with a high energy density, because the Hall mobilitdensity increased. The normalized heights of Eyepeak
strongly depends on carrier trap states and a high potentilthe top surface were almost the same as the normalized
energy barrier height at grain boundaries. Disordered statesight of theE, peak of single crystalline silicon for laser en-
with a high density of dangling bonds at grain boundariesrgy densities higher than 320 mJfcnThe crystalline state
are reduced by high-energy irradiation because of the loigdominant at the top surface region for those conditions of
melt duration and the low quenching rate. Moreover, the canigh energy density.
rier mobility obtained by Hall effect measurements for sam- Changes in the heights of thie, peaks with the laser
ples crystallized with five pulses at each laser energy densipergy density correlated well with changes in the carrier
step was higher than that for samples crystallized with singfaobility obtained by the analysis of free carrier optical ab-
pulses at each laser energy density step for high final lasarption with the laser energy density, as shown in Figs. 3
energy densities of 300-375 mJkm and 5. The improvement in crystalline state results in high
Figure 4 gives the carrier mobility as a function of the numearrier mobility. However, the normalized heights of thg
ber of laser pulses from one to twenty at a final laser energgeaks did not change substantially for laser energy densi-
density of 360mJ/c/ Prior to the final laser energy den-ties above 320 mJ/ctnwhile there was a marked increase
sity, five laser pulses were irradiated at each laser energy dém-the Hall mobility with increasing laser energy densities
sity step. Although the carrier mobility obtained by free carabove 320 mJ/cfn Irradiation with high laser energy densi-
rier optical absorption analysis was 504k, which did not ties increased crystalline grain size and induced the formation
depend on the number of laser pulses, the carrier mobilibf grain boundaries with almost zero thickness among crys-
obtained by Hall effect measurements increased from 15 talline grains with different orientation angles, as TEM ob-
25mJ/cm as the laser pulse number increased. This meassrvations suggestéd? 25 Moreover, irradiation with high
that irradiation with multiple laser pulses is important to im4{aser energy densities and multiple pulses reduces the densi-
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Fig. 4. Carrier mobilities obtained by analyses of free carrier absorption top surface and the bottom interface for phosphorus-doped 50-nm-thick
and by Hall effect measurements assuming a Hall scattering factor of unitysilicon films crystallized by laser irradiation by increasing the laser energy
as a function of number of pulses at a final energy density of 360 dJ/cm density stepwise with five pulses at each energy density step. The normal-
in the method of multiple-step laser energy density irradiation. ized E, peak height of single crystalline silicon, 0.172, is also shown.
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ties of dangling bonds and weak bonds and reduces the av- 5x1020 r . . r n

erage energy barrier heights via the formation of stable grain & ax1020 | i

boundaries such as the coincident boundaries of the lattice 5 free carrier absorption

sites that are electrically inactive, as suggested by various ob- ‘z 31020 ]

servations and theoretical calculatidis?® Defect states and S 51020 |- L

potential energy barrier heights at grain boundaries can cause g

scattering of carriers and reduce the Hall scattering factor to 8 X100 el efee i
1 1 | 1 1

be lower than unity. Although the Hall scattering factor was
not determined in this study, Shirai and Serikawa reported
a Hall scattering factor of 0.87 for laser crystallized silicon
films, which was estimated experimentally from the Hall mo-
bility and the field effect mobility of poly-Si TFT$? Because
similar field effect mobilities to that of Shirai and Serikawa’s
TFTs was obtained for TFTs fabricated in poly-Si films by
pulsed XeCl excimer laser irradiation with high laser energy
densities near the amorphization threshidldie deduce that
the drift mobility was about 10% higher than the Hall mobility
shown in Figs. 3 and 4 for cases of irradiation with high laser
energy densities{ 300 mJ/cri). Because Le Bihaat al. re-
ported a Hall scattering factor of 0.65 for solid phase crystal- 0 . ! ' ' '
lized silicon films with a higher density of trap states at grain 100 150200 250 300 350 400
boundaries than that of Shirai and Serikawa’s laser crystal-
lized silicon films3? the Hall scattering factor might be lower ()

than 0.87 f(?l‘ m_’adlatlon with lower Ia;er ener_gy @nsmgs ne%llrg. 6. (a) Carrier density and (b) carrier mobility obtained by analyses of
the crystallization threshold. According to this discussion, the ree carrier optical absorption and by Hall effect measurements assuming
average energy barrier height at grain boundaridS)canbe  a Hall scattering factor of unity for phosphorus-doped 50-nm-thick silicon
roughly estimated by assuming a simple relation between thdilms crystallized by laser irradiation with only one pulse.

drift mobility and the carrier mobility in crystalline grains,

o = gt x un = pua exp(—AE/KT), whereua, k and T
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erage energy barrier height was 11 meV under these laser irra- Ué < 010 ¢
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0.87, respectively.
Figure 6 shows (a) the carrier density and (b) the carrier

mobility for samples crystallized by laser irradiation WIthFig. 7. Ep peak heights normalized by the peak reflectivisgR/R) at the

only one pulse. Both the analyses of free carner optical ab-yo; surface and the bottom interface for phosphorus-doped 50-nm-thick
sorption and Hall effect measurements assuming a Hall scatsilicon films crystallized by laser irradiation with only one pulse.

tering factor of unity gave approximately the same carrier

density, 17-25 x 10°°cm™3, for each laser energy density.

The phosphorus atoms were effectively activated by a single The E, peak heights normalized by the peak reflectivity
laser pulse for laser energy densities from 165 to 400 nf)/cn{A R/ R) at the top surface and the bottom interface were also
The carrier mobility obtained by free carrier optical absorpmeasured for the single pulse crystallization case, and the re-
tion analysis was larger than that obtained by Hall effect meaults are shown in Fig. 7. The normalizég peak heights
surements. It had a maximum value of 38¢¥s at laser en- at the both silicon surfaces increased as the laser energy den-
ergy densities of 260-80 mJ/émwhich was approximately sity increased above the crystallization threshold, and reached
the same as the maximum mobility resulting from multiplea maximum at laser energy densities of 260-280 nmé/cm
laser-pulse crystallization, as shown in Fig. 3. The highwhich were coincident energy densities that gave a maximum
quality crystalline grains are formed by annealing with a sinvalue for carrier mobility, as shown in Fig. 6. The maxi-
gle laser pulse. On the other hand, the maximum Hall manum value of the normalized peak heightsK/R) at both

bility was 15 cn?/Vs, which was lower than the maximum silicon surfaces was close to that of single crystalline sili-
carrier mobility for multiple-pulse irradiation. Single lasercon. The 50-nm-thick amorphous silicon films were crys-
irradiation might not be sufficient to form a grain boundarytallized entirely by a single laser pulse at laser energy den-
with a low energy barrier. Carrier mobility decreased as thsities of 260-280 mJ/cfn The normalized heights o,

laser energy density increased from 280 to 400 m3d/am peak at both silicon surfaces decreased as the laser energy
contrast to the monotonous increase in the carrier mobilityensity increased above 300 mJfcrBisordered amorphous

in the multiple-laser-pulse crystallization case, as shown istates are formed substantially above 300 m3/cihe nor-

Figs. 3 and 6. malized heights oE; peak at the bottom interface decreased

400
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to smaller values than that at the top surface. The decreas&rocrystallization were observed for laser energy densities
in the carrier mobility and the normalized height€gfpeak from 300—-400 mJ/ci) which were realized under cooling be-
with increasing laser energy density above 280 m3&mown cause of the low melting point of initial amorphous silicon.

in Figs. 6 and 7 was probably caused by microcrystalliza-
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