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Device Simulation of Grain Boundaries in Lightly Doped Polysilicon Films
and Analysis of Dependence on Defect Density
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Device simulations of grain boundaries in lightly doped polysilicon films have been performed. Dependence of the energy
band, carrier density, potential barrier and electric conductivity on the defect density and grain size was carefully investigated.
As a result, the mechanism of the carrier transportation has been clarified. The boundary defects not only trap and reduce free
carriers, but also form the potential barrier and interfere with the carrier movement. As the defect density increases, in the case
of the small grain size, first, the space-charge regions spread over the entire grain. Next, while the potential barrier remains
the same, the lowest energy of the conduction band from the Fermi eyl increases, and the carrier density decreases.
Finally, E.-E; becomes the highest and remains the same. On the other hand, in the case of the large grain size, before the
space-charge regions spread over the entire gE#E; at the grain boundary reaches its maximum. Therefore, even if the
defect density increases further, the potential barrier remains the same, and the carrier density remains high. By comparing the
experimental and simulated electric conductivity, the defect density can be extracted.
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1. Introduction low the lowest energy of the conduction barl, The gen-

In laser-crystallized polysilicon (poly-Si) thin-film transis-eration of the carriers by dopants in this poly-Si film corre-
tors (TFTs), the channels are formed in the laser-crystallizegonds to that by application of gate voltage in the poly-Si
poly-Si films, which have few defects in the grains and manyFT. Defect states are caused by dangling bonds and located
defects at the grain boundaries. In order to understand hatvgrain boundaries. The boundary defects are assumed to be
these TFTs work, it is necessary to clarify the mechanisdistributed in the plane. If the boundary defects are point de-
of the carrier transportation in these poly-Si films. One diects such as atomic holes, line defects such as dislocations
the most effective methods for clarifying this mechanism isr plane defects such as stacking faults, the following discus-
the evaluation of lightly doped poly-Si filnis® In the eval- sions are applicable. The energy distribution of the boundary
uation of lightly doped poly-Si films, no voltage is applieddefects is Gaussian, as follows:
along the poly-Si film depth, and no carriers concentrate 2
at the oxide-silicon interface. Therefore, the effect of the Ni(E) = Niexp{—[(E — E1)/E2]%}. 1)
oxide-silicon interface on the carrier transportation is negliHere, N; and E are the density of defect states and the en-
gible, and the effect of the grain boundaries on the carriergy in the energy gap, respectively. The total defect den-
transportation is dominant. Moreover, since the change of te@y is determined by integrating eq. (1) along the energy.
potential and carrier density along the poly-Si film depth i¥he defect density varies in the plane density of the order
negligible, a two dimensional subject can be reduced to a oné 10*-10cm~2, which corresponds to the volume den-
dimensional subject. Furthermore, with respect to the expesity of the order of 1&-10°cm~3 if the boundary defects
iment, since only poly-Si films with some contact pads arare assumed to be distributed uniformly throughout the en-
required, it is easy to fabricate them.

To date, research has been conducted to analyze the lightly
doped poly-Si fiim$2 However, since this research was Grain Boundary

. : Free Space-Charge
based on analytical methods, there were some assumption G'a'" Came, Trapped Reglon
and approximations that caused errors. Therefore, the ob- ',5'3;‘;'5 Carrier Electrode
jective of this paper is to perform device simulation in or-
der to analyze the lightly doped poly-Si films precisely and
determine the mechanism of the carrier transportation in the
poly-Si films precisely. The method to extract the defect den-
sity will also be shown. -t P et

- Potential Barrier

2. Device Simulation of Grain Boundaries Ec
Figure 1 shows the carrier transportation in the lightly N o— \\\\ N A2

doped poly-Si film with boundary defects. Grain size is de- \\ \\\\\\\‘_“‘\\\_\\\\\

fined by d, and there are four grains and five grain bound-

aries. This structure can be assumed to be a part of the longe E\)

\ \\ \\"\ \
poly-Si film. Donor-type dopants are implanted. Dopant den- N\ A\ A\

sity is 1 x 10°cm3, and dopant energ¥y, is 0.04 eV be- d

Fig. 1. Carrier transportation in the lightly doped poly-Si film with bound-
*E-mail address: kimura.mutsumi@exc.epson.co.jp ary defects.
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tire poly-Si film. For the as-crystallized poly-Si film, the de-equations are utilized:

fect density is very high.E; = 0eV, which means that the

boundary defects are distributed around the midgap in the en- "9 = Na(1/{1 + expl(Er — Eq)/(KT)ID (7)
ergy band, an&, = 0.15 eV, which means that the Gaussian
width is 0.3 eV. The boundary defects distributed around the
midgap can be confirmed by the high potential barrier mea-
sured in an experimefit. The acceptor-like state is definedas N = / Nia(E)(1/{1 + expl(Er — E)/(KT)IHdE.  (9)
a trap state that is neutral or negatively charged according to

the Fermi level. The donor-like state is defined as a trap st

that is neutral or positively charged according to the Ferr‘rlﬁons for donors, accep tor-like ;tatgs and dqnor-llke states, re-
level. It is assumed that the defect density of the accepto?pecu_vely' The following equation is also utilized and substi-
like states and donor-like states are the same. This Ieadstlljcged into eq. (2):

a flat-band condition without the application of voltage. The p = q(—Np + Np + Ng — Nia + Nig)- (20)

voltage applied to both sides of the poly-Si film is 0.1 V.

The donor-type dopants are ionized and generate free elé%_the device simulation, the structure is divided into many
tron carriers in the conduction band. The free carriers a[tgeshes, and egs. (2)-(10) are formulateq a_t each mesh. By
trapped at the boundary defects and decrease. On the ot %l;atmg_ to SOIV? these equat_|ons and achieving convergence,
hand, the boundary defects are charged negatively. In ordelty carmer density {and pote_ntlal can b_e calcu!ated. F'“_a”y’ the
preserve charge neutrality, positive charges equal to negatgaer.gy band, carrier density, potential barrier, electric con-
charges at the boundary defects are induced on both side yetivity, etc. can be calculated.
the grain boundary. That s, the free carriers decreases on bgth .
sides of the boundary, and space-charge regions are created'b Dependence on the Defect Density ) ) .
the positive charges of the dopant ions. These space-charg&€Pendence of the energy band, carrier density, potential
regions form a potential barrier at the boundary. The potelt?_arrler and electric conductivity on the defect density and

tial barrier influences the occupation probability of the bound-

Na = f Na(E)(1/{1+ expl(E — En/kT)INDE  (8)

uations (7), (8) and (9) are the occupation probability equa-

ary defects, and the potential barrier and occupation probabil- 0.6 Defect
ity are decided self-consistently. As a result, the boundary em)
defects influence the carrier transportation using two mecha- 10is
nisms. First, the boundary defects trap the free carriers ands 0.4 2d0;
reduce them. Second, the boundary defects form the potentiak® 510
barrier and interfere with the movement of the free carriers. 2 2x10"
Only the thermally activated free carriers can travel through @ 02 }

the potential barrier. &

The device simulation can handle all the above-mentioned 2 10
phenomena without any approximatiois? In the device WY 00 ‘\ Sx10""
simulation, generally, the following equations are utilized: Ef {%18::

Ay =—p/e (2) ~0.2 . . .
V- (—=NpunE — DpVN,) —G =0 (3) -20 -10 0 10 20

Location (nm)
V- (NpupE — DpVnp) — G = 0. (4)
) ) ] ) ) (a) Energy band
Equation (2) is the Poisson equation to calculate the potential.

Equations (3) and (4) are the continuous equations for elec-

0
trons and holes, respectively. These equations are based on 10?9
the drift-diffusion model and utilized to calculate the carrier 1013
transportation. The following equations are also utilized: & 10”
£ 10
Nn = Ncexp—(Ec — Ef)/(KT)] (5) SR
>
np = Ny exd—(Es — E,)/(kT)]. (6) G 107
14
Equations (5) and (6) are the carrier density equations for a }8,3
electrons and holes, respectively. These equations are utiIized_§ "
to relate the carrier density with the quasi Fermi level. In & 10”
these equations, instead of the Fermi-Dirac distribution, the o 1010
Maxwell-Boltzmann distribution is utilized. Therefore, in the 109
case that the lowest energy of the conduction band or the high- 10 L . L
est energy of the valence band is similar to the Fermi level, -20 -10 0 10 20
these equations are not valid. This occurs in the middle of the Location (nm)

grain for large grain size and low defect density. However,
since the electric conductivity is high in this region, the effect
on the total electric conductivity is not significant. Thereforerig. 2. Dependence of the (a) energy band and (b) carrier density with vari-
these equations can be utilized. In this paper, the following ations in the defect density for a grain size of 10nm.

(b) Carrier density
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grain size was carefully investigated.

Figure 2 shows the dependence of the (a) energy band anc 06
(b) carrier density with variations in the defect density for a
grain size of 10 nm. Figures 3 and 4 show those for grain sizes __ 04
of 20 nm and 50 nm, respectively. In Figs. 2(a), 3(a) and 4(a), % '
the lowest energy of the conduction barigl, for each de- et
fect density is shown by overlapping the Fermi lew&l, It is & 0.2
found that the potential barrier is formed at the grain bound- & -
ary. In Figs. 2(b), 3(b) and 4(b), due to the potential barrier, gs
the carrier density is low near the grain boundary. Figure 5 & 00
shows the dependence of the carrier density and potential bar '
rier on the defect density with variations in the grain size.
Here, the carrier density in the middle of the grain is plotted. 02
The carrier density and potential barrier are determined from '
; -100 -50 0 50 100
Figs. 2, 3and 4. Location (nm)
First, the case of a small grain size such as 10nm is con-
sidered using Figs. 2 and 5. For a low defect density such as (a) Energy band
1 x 10'-1x 10'?cm2, the potential barrier is low. Since the
space-charge regions have not yet reached the middle of the 102
grain, the carrier density is high. However, the carrier density 10"
is slightly lower than a dopant density ofx1 10*° cm~2 be- 10"
cause the ionization rate is lower than one when the dopant‘?E 107
energy is similar to the Fermi level. As the defect density in- ¢ 10
:'U?) 1015
0.6 S 14
w8
5 10
" ‘107
—~ 1x10,
% 04 i}g‘a 8 1011
‘_; 1><1<1);a 10"
§ 02 5x10 109 \ ' X
Py -100 -50 0 50 100
© Location (nm)
g 00 210" . .
‘ 1x10" (b) Carrier density
& %ﬂg:: Fig. 4. Dependence of the (a) energy band and (b) carrier density with vari-
02 N N N 1xio ations in the defect density for a grain size of 50 nm.
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Fig. 3. Dependence of the (a) energy band and (b) carrier density with vafiig. 5. Dependence of the carrier density and potential barrier on the defect
ations in the defect density for a grain size of 20 nm.

density with variations in the grain size.
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creases to 2 10*? cm2, the potential barrier becomes higher. 10°

Since the space-charge regions have reached the middle of th_—

grain, the carrier density becomes significantly lower. As the g 10°

defect density increases t0>610'>cm 2, since the space- 5 10' } Grain

charge regions have already spread over the entire grain, nei“; 1 | 10nm 20 nm \ 50 nm
ther the charge density nor the width of the space-charge re--*;’

gion can change further. Therefore, the potential barrier re- 5 10™ pres——

mains the same. On the other hafg;-E; becomes larger, 3 102 F \ \

and the carrier density becomes lower. As the defect density §

increases to & 1013-1x 10" cm2, Ec~E; becomes the high-  © 10° ¥ saomJien’

est and remains the same. The reason is as foll&wsE; at 2 10 } \
the grain boundary becomes so large that the defect energ3§ . zéL’gfnJ/cmz

is similar to the Fermi level. IE.—E; at the grain boundary @ 0" —,—
becomes even larger, the defect energy would become highe 10°¢ A ?

than the Fermi level, the boundary defects could not trap the 10" 10" 10" 10"
free carriers, the potential barrier would become lower, and Defect Density (cm ™)
E.—E; at the grain boundary would become lower. Therefore, etect Lensity iem
E.—E; at the grain boundary is self—consistently decided t6ig. 6 . Dep_endence pf th_e electric cond_uctivity on the_ defect de_r1§ity V\_/ith
the maximum where the defect energy is similar to the Fermivar!at!ons in the grain size, and experlm_ent_al electric conductivity \_Nlth
| L. In this case. some of the boundary defects trap the fre variations in the laser energy for crystallization, whose defect density is
eve_ : ' y p Gxtracted.
carriers.

Next, the case of a large grain size such as 50 nm is con-

sidered using Figs. 4 and 5. For a low defect density such

as 1x 102 x 1012 Cm_2, the potential barrier is low, and Table I. Laser energy density, grain size, electric conductivity and ex-
tracted defect density.

the carrier density is high. As the defect density increases to
5% 10122 x 10" cm2, the potential barriers become higher. Laser energy (mJ/c 220 340 460
However, since the space-charge regions have not yet reach&ain size ("m) 10 20 50
the middle of the grain, the carrier density remains high. AsEectric conductivity (Sfem) - D 1036 19x10° 11x107
the defect density increases ta8013-1x 104 cmr 2, before _ Defect density (cm?) 12x10%  06x10% 11x10%
the space-charge regions spread over the entire deaik;
at the grain boundary reaches its maximum. Therefore, even
if the defect density increases further, the potential barrier reds atoms were activated simultaneously. The poly-Si film
mains the same, and the carrier density remains high. was patterned and aluminum electrodes were fabricated. The
Figure 6 shows the dependence of the electric conductiviglectric conductivity was measured. Next, the grain sizes of
on the defect density with variations in the grain size. Thehe poly-Si films were measured using, for example, tunnel-
electric conductivity is determined by the carrier density anihg electron microscopy (TEM). The grain sizes for the laser
potential barrier. The electric conductivity decreases signifenergies of 220 mJ/ctn 340 mJ/cri and 460 mJ/cihwere
cantly around the specific defect density that depends on the nm, 20 nm and 50 nm, respectively. Next, using these grain
grain size. Roughly speaking, using the analytical meth®d, sizes, the dependence of the electric conductivity on the de-
the electric conductivity decreases at the specific defect defiect density is simulated using the device simulation shown
sity that is equal to the dopant density if the boundary defecis Fig. 6. Finally, by comparing the experimental and sim-
are assumed to be distributed uniformly throughout the entirdated electric conductivity, the actual defect density can be
poly-Si film. The specific defect densities for the grain sizextracted.
10 nm, 20 nm and 50 nm are<110'3, 2x 103, 5x 1013 cm 2, Figure 6 also shows the experimental electric conductivity
respectively. Using device simulation, different results haveith variations in the laser energy for crystallization. From
been obtained. This indicates that since the device simulae intersection of the simulated curve and the experimental
tion can handle all the phenomena that are approximated @lue, the defect density can be extracted. Table | shows the
assumed in analytical methods, more accurate results canléger energy density, grain size, electric conductivity and ex-

obtained. tracted defect density. The extracted defect densities for the
laser energies of 220 mJ/ém340 mJ/cm and 460 mJ/cr
4. Extraction of the Defect Density are on the order of #8cm~2. Itis very interesting that the de-

As seen in Fig. 6, the electric conductivity is sensitive tdect density can be extracted using very simple devices such
the defect density. Therefore, it is possible to extract the aas lightly doped poly-Si films and very easy measurements
tual defect density by comparing the simulated electric corsuch as those of electric conductivity.
ductivity to the experimental one. The experiment was per-
formed as follows?® First, an amorphous-silicon (a-Si) film 5. Conclusions
50 nm was formed using low-pressure chemical vapor depo-Device simulations of grain boundaries in lightly doped
sition. Phosphorus atomsd10'° cm~3 were implanted. The poly-Si films have been performed. Dependence of the en-
a-Si film was crystallized using a XeCl excimer laser wittergy band, carrier density, potential barrier and electric con-
variations in the laser energies of 220 m¥ci840mJ/crd  ductivity on the defect density and grain size was carefully
and 460 mJ/crto fabricate a poly-Si film, and the phospho-investigated. As a result, the mechanism of the carrier trans-
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