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The electrical properties of excimer-laser-crystallized lightly phosphorus-doped polycrystalline silicon films were inves-
tigated. The electrical conductivity of the films increased frof % 10~7 to 2.3 x 10°*S/cm as the laser energy density
increased from 235 to 436 eh? because the carrier concentration varied frof10' to 1.8 x 10 cm3. In contrast, the
carrier mobility was 37.3 and 8.7 &tV -s at low- and high-laser-energy regimes, respectively, and showed a minimum value of
0.24 cni/V-s at the intermediate laser energy density of 315md. These results can be well explained by a model featuring
the localization of trap states at the grain boundary.
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i fabricated to perform electrical measurements. Prior to the

1. Introduction electrical measurements, the samples were annealed?t 300

There is considerable interest in low-temperature-processair. The Van der Pauw method was applied for the Hall
polycrystalline silicon thin-film transistors (poly-Si TFTs) be-effect measurement.
cause they have the possibility of realizing high-performance
electronic devices on any insulating substrate. One of the kéy
technologies in poly-Si TFT fabrication is the laser crystal- Figure 1 shows the electrical conductivity of as-crystallized
lization of silicon thin films. Since laser crystallization ispoly-Si films with respect to the irradiated laser energy den-
a rapid melt and growth process, it allows us to use lowsity. Excimer laser irradiation was started with low energy
deformation-point glasses or plastics for the substrates. density near the crystallization threshold (16Q/on¥), then
addition, there have been several reports indicating that las#gre energy density was increased stepwise with increments of
crystallized poly-Si films can realize TFTs with very highabout 20 mJcn? (step-up irradiation). At each step, the laser
electron mobilities of 400 to 600 GV -s23 was irradiated five times. The data points are plotted with re-

Although many studies have been done on evaluating tepect to the average laser energy density at the final step. The
electrical characteristics of laser-crystallized poly-Si films bglectrical conductivity is ®x 10~7 S/cm at a low laser energy
fabricating TFTs, the characteristics of as-laser-crystallizetensity of 235 mdcn?, and it increases more than five orders
poly-Si films have not been clarified yet. In this paper, wef magnitude to B x 10~ S/cm as the laser energy density
report on the investigation of the electrical properties of ags increased to 436 nidn?. Once microcrystallization occurs
laser-crystallized poly-Si films. It is shown, for the first time at the laser energy density higher than 450en#, the elec-
that light doping of impurities enables us to examine the eletrical conductivity falls about five orders of magnitude. Based
trical characteristics of films with very high sensitivity. Also,on this result, the optimum laser irradiation condition can be
the crystalline properties of the films are discussed based datermined with very high sensitivity. Through careful exam-

Experimental Results

a localized-trap-states model. ination, the laser energy density of 430 to 445 om¥, but no
. higher than 450 mytn?, was found to give the best-quality
2. Experiment poly-Si films using our equipment.

Amorphous silicon (a-Si) films 50 nm thick were formed on  The same samples were then examined by the Hall effect
quartz substrates by the dissociation gtgigas at 425C us- measurement and the result is shown in Fig. 2. When the
ing low-pressure chemical vapor deposition (LPCVD). Phodaser energy density is 235 feih?, the carrier concentration
phorus atoms were implanted directly into the a-Si films witlis 1.0 x 10 cm~23, which is close to the intrinsic carrier con-
the acceleration voltage of 20 kV, and the average doping cocentration, then it increases rapidly with increasing laser en-
centration was expected to be abol & 10'8cm=3. After ergy density. As the laser energy density increases beyond
removing the native oxide on the a-Si film surface using HB50 mJcn?, the carrier concentration becomes saturated. At
solution, films were crystallized by irradiating them with athe optimum laser irradiation condition of 436 fad?, the
XeCl excimer laser in a vacuum chamber at room temperaarrier concentration is.& x 10" cm3. When a laser en-
ture. The wavelength of the laser light was 308 nm and thergy greater than 450 mdh? is irradiated, the carrier concen-
pulse duration was 25ns. The laser beam was transformidtion decreases again. This result confirms that the abrupt
to a 10 mmx 10 mm square by using fly-eye-type homogechange in electrical conductivity of as-crystallized poly-Si
nizer optics with the uniformity of 3%oc(/mean). To deter- films is mainly caused by the change in carrier concentra-
mine the laser energy density at the film surface, about 2% tdn. On the other hand, the carrier mobility shows a very
the incident laser beam was split and its focusing beam primtteresting behavior. The as-crystallized poly-Si film shows a
file and intensity were diagnosed using a CCD beam profiléiigh carrier mobility of 37.3cryV-s at a low laser energy
and a joule meter, respectively. The laser-crystallized polylensity of 235mdcn?. It decreases with increasing laser
Si films were then patterned and aluminum electrodes weemergy density, shows a minimum value of 0.24¢¥hs at

L857



L858 Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 2, No. 8A SGHSHI et al.

10° grrrr e L B B B B B
10t
107
10°

10"

Electrical Conductivity (S/cm)
Electrical Conductivity (S/cm)

10°

10°

v b b b B 1

10'7 RN EEEEE FEEEE NS N NN 0 2 4 6 8 10
200 250 300 350 400 450 500 Number of Shots

Laser Energy Density (mJ/cmZ)

LEREELLL B L B R0 N LR M 0 B R ELLL

Fig. 3. Variation of electrical conductivity, with respect to the number of
Fig. 1. Variation of electrical conductivity, with respect to the irradiated laser shots (320 midn?).
laser energy density (step-up irradiation).
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Fig. 4. Carrier concentration and carrier mobility obtained by the Hall ef-

Fig. 2. Carrier concentration and carrier mobility obtained by the Hall fect measurement, with respect to the number of laser shots (320r)J
effect measurement, with respect to the irradiated laser energy density
(step-up irradiation).

4. Discussion

315mJcn?, and then increases with the laser energy den- To understand the results presented above, we introduce
sity until the microcrystallization threshold. Under the condiseveral assumptions. First, we assume that the donor atoms
tion of 436 mJcn? laser irradiation, the carrier mobility was are totally ionized by laser crystallization. Since many works
8.7cnt/V-s. on laser doping have verified the high efficiency of impurity
Figure 3 shows the electrical conductivity of poly-Si filmsactivation? this is an acceptable assumption. Second, we as-
with respect to the number of laser shots. The step-up irradiume that crystallites of the poly-Si films have very low trap
ation was applied to the laser energy density of 32fomd  state density inside the grain, and that most trap states are
and the number of shots at each step was varied from oloealized at the grain boundary. As we recently reported con-
to ten. The electrical conductivity increases with increasingerning the examination of laser-crystallized poly-Si films by
laser energy density, except for a drop at five shots. free-carrier optical absorption analy8lsye believe that car-
These samples were also examined by the Hall effect me#er transfer in the laser-crystallized poly-Si films is governed
surement, and the result is shown in Fig. 4. The carrier coby the grain boundary. Third, those trap states at the grain
centration increases fromd4rx 10*3to 3.3 x 10'*cm~3asthe boundary are assumed to be initially neutral and to become
number of laser shots is increased. The carrier mobility showebarged by trapping carriers.
a behavior similar to the result in Fig. 2. It decreases as the By the localized-trap-states model described above, the re-
number of laser shots is increased from one to five, showssalts shown in Fig. 2 are well explained. Figures 5(a) to 5(c)
minimum value at five shots, then increases with increasirgghematically show the variation of the trap state density and
number of laser shots. The number of laser shots is also irhe resulting band diagram with respect to increasing laser en-
portant in the electrical characteristics of the poly-Si films. ergy density. HereN; is the trap state density per unit area,
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Fig. 5. Schematic diagram of localized-trap-states model and corresponding band structure. Along with increasing laser energy density,
the band structure varies from (a) to (c).

L is the average grain siz&|p is the donor concentration, decrease abruptly.

is the carrier concentratiom, is the carrier mobility, andey, According to the model discussed above, the results in
is the potential barrier height at the grain boundary. When tli8g. 4 can be understood that the trap state density also
laser energy density is low because of the small grainlsizechanges depending on the number of laser shots. As the num-
and the poor grain boundary, the trap state density per ubier of laser shots is increased from one to five, the carrier
volume N;/L is much larger than the donor concentratiomobility is decreased along with decreasing trap state density
Np. Under this condition, as shown in Fig. 5(a), almost albecause the potential barrier height is increased. Since further
carriers are trapped by the trap states at the grain boundangreases in the number of laser shots from five to ten contin-
and complete depletion occurs inside the grain, resulting inumusly decreases the trap state density, the carrier mobility is
carrier concentration close to that of intrinsic silicon. It is increased along with this. From these results, it is confirmed
possible to attribute the low carrier concentration in the lowthat not only the laser energy density but also the number of
laser-energy regime to insufficient activation of the impurilaser shots changes the trap state density. This is consistent
ties. Based on a calculation of the impurity profile, this effeawith our previous analysi?.

may reduce the efficiency of impurity activation to 3%. Since
this result cannot explain the carrier concentration df 16
10*?cm~3 in the low-laser-energy regime, the major origin of The electrical properties of excimer-laser-crystallized
low carrier concentration is carrier trapping. Because the tréightly phosphorus-doped poly-Si films were examined. The
states are not completely filled under these conditions, the pelectrical conductivity of the films changed fron06< 10~/
tential barrier heighEy, is relatively low. This can explain to 2.3 x 10~! S/cm as the laser energy density increased from
the result that a relatively high mobility of 37.3épiv.s was 235 to 436 mJcn? because the carrier concentration changed
observed at a low laser energy density of 233en#. As from 1.0 x 10" to 1.8 x 10" cm~3 along with the increasing
the laser energy density increases, the trap state density laeser energy density. The carrier mobility was 37.3 ¢vhs

unit volume N;/L decreases and the number of carriers ext the laser energy density of 235 fad?, which decreased to
cited to the conduction band increases. Along with this, th&24 cnf/V-s when the laser energy density was 313end,
potential barrier height and width increase because the trapd then increased to 8.7 Vs at 436 mJjcn?. These re-
states at the grain boundary are mostly filled, as shown gults can be explained in terms of carrier trapping by the local-
Fig. 5(b). According to Setb), the potential barrier height ized trap states at the grain boundary and the reduction of the
E, takes the maximum value when the trap state density peap state density with increasing laser energy density. Since
unit volumeN;/L is identical to the donor concentratiddp.  the carrier mobility shows a minimum value when the trap
Since the minimum carrier mobility of 0.24 &V -s was ob- state density is identical to the donor concentration, the trap
served when the laser energy density was 31%md, as in- state density per unit area is estimated to Hex510M cm 2
dicated in Fig. 2, the barrier heighi, was highest under this when the laser energy density is 315/@@ with five-shot
condition. By a secondary ion mass spectroscopy analysisadiation.

the donor concentration was estimated to 910" cm3, The trap state density also changes along with the number
and a transmission electron microscopy analysis revealed thfelaser shots. By increasing the number of shots, the trap
average grain size of this poly-Si film to be about 56.4 nnstate density can be reduced.

From these analyses, the trap state density per unitidyea
under this laser condition is estimated to bé % 10'2cm2.
Further increases in the laser energy density continuously de-The authors would like to acknowledge Dr. M. Kondo
creases the trap state density per unit voludpd. below the for assistance with the Hall effect measurement. We also
donor concentratiomMp, and the barrier heighEy, starts to thank Mr. H. Ito for assistance with transmission electron mi-
decrease, as shown in Fig. 5(c). As a result, both the caroscopy observation and much advice.

rier concentratiom and the carrier mobility: are increased.

The reduction in trap state density continues until the micro-

crystallization threshold. Microcrystallization causggL to 1) N.D.Young, G. Harkin, R. M. Bunn, D. J. McCulloch, R. W. Wilks and
increase again and both the carrier concentration and mobility A G- napp: IEEE Electron Device Lett8(1997) 19.
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