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Abstract: Impedance spectroscopy was applied to low temperature polycrystalline Si in order to
investigate the electrical/dielectric information in polycrystalline Si. By combined microstructure and
impedance spectroscopy works, it was shown that the electrical information is sensitive to the
corresponding microstructure, i.c., the grain size and distribution, judged from the capacitance vs. grain
size relationship. At 360 mJ/cny’, the maximum in capacitance and the minimum in resistance correspond
to the largest grain sizes of unimodal distribution in polycrystalline Si. The electrical/dielectric
characterization is compared with Raman spectroscopic characterizations in terms of microstructure,
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1. Introduction

Liquid crystal displays (LCDs) possess the domi-
nant position in flat panel technologies, currently.
The LCDs have been combined with amorphous Si
thin film transistors. Recently, there has been signif-
icant progress in display materials and devices: low
temperature polycrystalline silicon (LTPS) technol-
ogy and organic -electroluminescent materials®.
LTPS transistors offer much higher mobilities rang-
ing from 10-500cm?/Vsec than those of the a-Si TFT
ranging from 0.3-1.0cm?*Vsec*?. Higher mobilities
reduce materials costs by incorporating the integra-
tion of driver ICs and reduce the display module
weight and thickness. In addition, it has higher
potential of a complete system on glass, including
the panel ASIC, memory, photdiodes, sensors, sound
chips, etc. The second organic electroluminescent
materials offer higher brightness, better color char-
acteristics, and less weight in conjunction with LTPS
transistors.

However, the realization of the commercial dis-
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play products faces the challenges toward mass pro-
duction with high yield, requiring strict inspection
and testing with a nondestructive testing tool.
Among essential processes in LTPS technologies,
are gate dielectrics, crystallization of amorphous Si
(a-Si) into polycrystalline Si (p-Si), and ion-doping
and activation. In particular, LTPS technology has
been advanced based on various crystallization tech-
niques: e.g., solid phase crystallization, excimer laser
annealing, rapid thermal annealing, metal-induced
crystallization, etc>'?.

The conventional approach emphasizes the device-
oriented performances rather than that focused on
thin films only. The thin films are not analyzed to
understand the relevant issues relating to materials
only. Impedance spectroscopy has been applied suc-
cessfully to electroceramics'*'”. The frequency-
dependent information has the advantages of repre-
senting different electrical/dielectric responses as
distinct semi-circular arcs. Several parameters can be
determined simultaneously, e.g., conductivity, dielec-
tric constants, and the electrical homogeneities of the
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constituent phases.

The microstructural features were investigated
from nanoscale to submicroscale range using a vari-
ety of microscopy techniques (FESEM and TEM).
The crystaHinity was evaluated using Raman spec-
troscopy which incorporates both amorphous and
polycrystalline portions simultaneously. The ramifi-
cations of the current work will be discussed in con-
Jjunction with active-matrix TFT for OLED.

2, Experimental

Amosphous Si thin films of 5004 were grown by
PECVD (Plasma-Enhanced Chemical Vapor Deposi-
tion) on the SiO, buffer layer (of thickness 3000A)
on glass substrates, using SiH, and H, as precursors
for amorphous Si. Excimer laser (the wavelength of
308 nm) was irradiated on amorphous Si thin films
as a function of energy beam densities. As shown in
Fig. 1, UV light is absorbed into thin films as indi-
cated in almost no transmission, i.e., significant
absorption for melting amorphous Si. Furthermore,
polycrystalline Si shows the significant fraction of
absorption at the wavelength of 308 nm. In crystal-
lization processing by excimer laser, the pitch is 25
um, the overlap is 95%, and the energy density of
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Fig. 1. Transmission vs. wavelength in amorphous Si (a-
Si) and polycrystalline Si (p-Si) before and after
excimer laser annealing.

vlolZRA2L 2 718 R] A 1248 A 1E (2005)

210-400 mJ/cm®. The annealing was performed
under vacuum without any treatment of hydrofluoric
acids on the surface of amorphous Si.

Due to high resistance of polycrystalline Si, the
conventional 4-point probing can not be employed
and the interdigitized lectrodes are chosen for elec-
trical/dielectric measurements, where coplanar metal
electrodes are constructed in the form of interdigitiz-
ing on the thin films by photolithography using
standard lit-off techniques. The electrodes consisted
of Al deposited by sputtering. The information of
interdigitized electrodes is shown in Fig. 2. The
resultant electrical measurements were performed
using micropositioners in the probe station. The
spacing between the two counterparts of the elec-
trodes is 3 um with the total length of 2.7m. The
electrical/dielectric characteristics are performed in
both alternating current and direct-current modes.
The direct current voltage-current behavior was
measured using a high resolution electrometer (KE
6517A, Keithley Instruments, Inc., Cleveland, OH).
AC impedance spectra were obtained using imped-
ance gain and phase analyier (HP4194A, Hewlett
Packard, Palo Alto, CA). The current-voltage char-
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Fig. 2. Schematic of Interdigitized electroding where (a)
is a side-view and (b) is a top-view.
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acteristics are employed to confirm the ohmic
behaviour of electroding in polycrystalline Si.

To determine the microstructure of thin films,
electron microscopy techniques (SEM and TEM)
were applied to p-Si. For scanning electron micros-
copy, the Secco etching solution is employed to clar-
ify the microscopic features of grain boundaries in
the thin films. For transmission electron microscopy,
hydrofluoric acids are applied to prepare the thin
films on Cu-grids since the HF solution can dissolve
the silicon oxides, selectively.

3. Results and Discussion

3.1 Microstructure

Electron microscopy (SEM and TEM) were
employed to determine the size and distribution of
polycrystalline Si grains. Fig. 3 shows the grain size
of polycrysstalline Si as a function of energy density
in excimer laser annealing. Above 360 ml/cm?, the
bimodal distributions are found. The difference
between two average grain sizes increases with
increasing the energy density of excimer laser
annealing. Typical microstructure of uniform grains
is shown in Fig. 4 and Fig. 5(a). The grains are equi-
axial and quite uniform. However, the two groups of
grains are distributed on polycrystalline Si in Fig. 5.
Near-complete melting and complete melting occurs
simultaneously, providing nucleation sites for heter-
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Fig. 3. Relationship between energy density vs. grain size
in excimer laser annealing.

ogeneous crystals. Such sites are believed to cause
the abnormal grain growth, leading to two modes in
grain sizes. However, the average grain sizes
increase with energy densities below 360 mJ/cm?.
Furthermore, SEM micrographs of Fig. 4 exhibit the
equiaxial characteristics of polycrystalline Si grains.
The standard deviation increases with increasing
energy densities, indicating the instability of ELA
above 360 mJ/cm?.

Raman spectroscopy has been applied in order to
estimate the crystalline features of polycrystalline Si,
in terms of peak position, full width at half maxi-
mum, and integrated intensities. (See Fig. 6) The
peak position of Si has been located at 520.1cm™ in
a single crystalline Si wafer'®. The peak position of
polycrystalline are distributed between 516 and 517

(b)

Fig. 4. Scanning electron microscopy micrographs on
polycrystalline Si after Secco-etching. (a) low
magnification and (b) high magnification
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Fig. 5. Transmission -electron microscopy micrograph. (a)
Homogeneous Si (unimodal particle size distribu-
tion) (b) Nonuniform Si (Bimodal Pasticle size
distribution).

cm’, indicating the role of grain boundaries. The
peak position did not vary significantly above 240
ml/cm®. The peak position is characteristic of the
feature of polycrystallinity in LTPS. The grain size
has a certain effect on Raman shapes below 100nm,
as in Fig. 6(b). The full width at half maximum
decreases with increasing the corresponding grain
size, up to 100 nm. Above 100 nm, the Raman line
shape appears to be independent of the grain size.
The line broadening in Raman peaks are inversely
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Fig. 6. Raman spectroscopic analysis in polycrystalline Si
prepared using ELA. (a) Peak position vs. energy
density (b) FWHM (Full Width at Half Maximum)
vs. energy density (c) Intensities vs. energy density.

proportional to the grain size, in nanoscale ranges,
for less than 100nm. Also, the FWHM is larger than
7 cm’! in the whole regime studied in this work. In
typical Raman studies, the line widths are 1-Scm.
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Fig. 7. Variation ifi 'Ra'm‘ahvlntensity and grain sizes as a
function of energy density.

The difference reflects the influence of nanocrystal-
linity in Si crystallized using ELA. The broadening
goes to maximum as the energy intensity becomes
close to 200 mJ/cm®. meaning a highest fraction of
grain boundaries in polycrystalline Si.

However, the peak position of Raman Stokes line
is exploited to understand the crystallinity of Si after
excimer laser annealing. and the corresponding full
width at half maximum (FWHM) did not change
above 300mJ/cm?. The Raman spectroscopic outputs
are not in agreement with the trend in grain sizes, in
peak position and FWHM'’s. However, the Raman
intensity is more sensitive to grain growth in poly-
crystalline Si, as can be seen in Fig. 6(c) and Fig. 7.

3.2 Electrical and Dielectric Properties in Poly-
crystalline Si

IS provides the electrical/dielectric information in
bulk, grain boundaries, electrodes, etc'*'”. Depend-
ing on the time constants of bulk and interface-
related responses, the bulk behavior is resolved from
the interfaces. Fig. 8 shows typical impedance spec-
tra in Nyquist plots as a function of energy density in
ELA. The frequency increases from right to left.
Impedance spectra of Fig. 8 can be transformed to
the Bode plots, i.e., frequency vs. capacitance, as
shown in Fig. 9. The variation in capacitance is found
to be sensitive to the corresponding microscopic fea-
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Fig. 8. Experimental Nyquist plots for polycrystalline Si a
function of energy density in excimer laser
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Fig. 9. Capacitance vs. frequency in various polycrystalline
Si.

tures. The current system under study can be mod-
eled using the equivalent circuit modeling where the
two parallel circuits of resistors and capacitors are
connected in series. (See Fig. 10) At high frequen-
cies, the bulk responses are dominant, while the
responses due to grain boundaries control the low-
frequency features in electrical/dielectric characteris-
tics. The dielectric constant of Si is 11.7. The appar-
ent dielectric constant confirms the -electrical/
dielectric responses. The total resistance is a sum of
bulk resistance and resistance resulting from grain
boundaries. The low-frequency capacitance increases

Microelectronics & Packaging Society Vol. 12, No. 1 (2005)
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Fig. 10. (a) Schematic representation of the current system
and (b) its equivalent circuit model.

and then decreases. The total resistance decreases
and then increases in changing the energy densities.
The critical behavior corresponds to the unusualties
in microstructure. (See Fig. 11 and 12) At 360mJ/
cm?, the microstructure is characterized to be homo-
geneously largest in microstructure under excimer
laser annealing. Fig. 13. exhibits the relation between
the average grain size and capacitance (at frequen-
cies). In general, the dielectric values increase with
increasing grain sizes, as long as the distribution is
homogeneous. Such behavior is described through
the brick layer model. The brick layer model is rou-
tinely employed to explain the electrical properties
vs. grain size in grain boundary-controlled electroce-
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Fig. 11. Capacitance vs. energy density in excimer laser
annealing crystallization.
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Fig. 12. Resistance vs. energy density in excimer laser
annealing crystallization.

ramcis. The relationship of the brick layer model is
described by

2 - (99

gl

where C is the capacitance, €is the dielectric con-
stant, D is grain size, and d is grain boundary thick-
ness (gh=grain boundary, and gi=grain interior).
Assuming that the dielectric constants of bulk and
grain boundaries are identical, the apparent capaci-
tances are proportional to grain size, D.

As shown in Fig. 13 the capacitance at low and
high frequencies are approximately in the same
range. Above 100 nm (280 ml/em?), the capacitance
(at low frequency) is larger than that of high fre-
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Fig. 13. Capacitance (at low frequencies) vs. average grain
size.
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quency, indicating that the response due to grain
boundaries are significantly resolved from the bulk
responses. Fig, 14 shows the fraction of grain bound-
aries in materials ranging from nanoscale to micro-
scale regimes (less than 500 nm), assuming several
values on grain boundary thickness ranging from 1A
to 10A. The fraction of grain boundaries are signif-
icant in the current two-dimensional microstructure
as exemplified by the equiaxial microstructure in
Fig. 14. In the case of 1A, the value is approximately
4%, and the fraction of grain boundary thickness is
approximately 36% in the thickness of 10A. As in
nanocrystalline electroceramics, the grain boundary
feature is not so resistive rather than those of grain
boundaries in microscale materials. The time con-
stant of grain boundaries is not different from that
due to bulk components, leading to a single arc with-
out the high degree of depression in impedance
Nyquist plots. As shown in impedance spectra, the
shape of impedance spectra becomes singular.

The crystallization process of ELLA is categorized
into partial melting, near-complete melting and com-
plete melting. In partial melting, the grain sizes
increase with the energy density, found at low
energy density regimes. The thickness of the melting
is less than the film thickness of 500A. At high
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Fig. 14. Relative fraction of grain boundary in polycrystalline

Si (assuming the grain boundary thickness of 14,
2A, 5A, and 10A)

energy density regimes, the whole thin film of amor-
phous Si are melted, reamorphizes and grain size
decreases with increasing the energy density. In
between the partial melting and the complete melt-
ing, the melting thickness is approximate to the
thickness of a-Si. The later growth occurs signifi-
cantly, called as the near-complete melting. In opti-
mum conditions, grain sizes can reach several
microns wide. From the current work of microstruc-
ture as shown in Fig. 3, the complete melting seems
to occur at equal to or larger than 380mJ/cm? and the
partial melting appears to be located below 350 mlJ/
cm? Between 350 and 370 mJ/em?, the near-com-
plete melting takes place. The bimodal distribution
of grain sizes are considered as an indirect evidence
of complete melting where the nucleation rate for
grain growth is high, leading to the small grain sizes.

Crystallinity of polycrystalline Si affects the
mobilities of charge carriers, determining the sub-
threshold slope, leakage currents, and stabilities in
TFT devices'®. The current work provides the effec-
tive large grain size for TFT performances, where
the critical values in electrical properties are found:
maximum in capacitance and minimum in resist-
ance. Below the optimum points, the number of
grain boundaries increasing with decreasing grain
sizes, leading to the increase in the apparent resist-
ance and the decrease in the apparent capacitance.
Above the critical grain size, the bimodal distribu-
tion of grain sizes are found, i.e., a mixture of large
and small grains result to the increase in total grain
boundary fractions, also the increase in resistance,
where the microscopic schematic is a mixture of Fig.
10(a). In the mixture, the number of grain bounda-
ries is larger than that of the largest grained structure
(in this work, at 360 mJ/cm?) In terms of capaci-
tance, the capacitance at low frequency are depend-
ent upon the behavior in grains size and the
distributions. In flat panel LTPS industries, the qual-
ity of polycrystalline Si is estimated after the TFT
structure is fabricated through tens of processing
steps involving numerous photolithographic works.
The report provides a simplified tool which can eval-

Microelectronics & Packaging Society Vol. 12, No. 1 (2005)
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uate the quality of polycrystalline Si, with simpliﬁed'

processing and structure only with one photolitho-
graphic mask. The introduction of this technique can
be standardized in combination with the TFT char-
acteristics, contributing to the strict control of TFT
performance. The highly-controlled TFT can be con-
nected to organic light-emitting diodes operating in
the mode of active matrix driving scheme.

4. Conclusions

From the study on the grain size distribution of
polycrystalline Si, the largest grain size was found at
360 mJ/cm?, keeping the unimodal distribution of
grain sizes. The maximum grain size reached the
values of approximately 380mJ/cm?, of the bimodal
distribution in grain sizes. The crysatllinity of poly-
crystalline Si was investigated using Raman spec-
troscopy where the Raman intensity is more sensi-
tive to the variation in microstructural feature, 1.e.,
grain size compared to those of the peak position
and the peak width at half maximum. Impedance
spectroscopy was applied to investigate the electri-
cal/dielectric properties of low temperature polycrys-
talline Si as a function of energy density. At 360mJ/
cm?, the largest grain size exhibited the minimum in
resistance and maximum. In particular, the capaci-
tance varied with regard to the corresponding micro-
structure. The bimodal distribution of grain sizes was
found beginning with 380 mJ/cm?. In summary, the
impedance spectroscopy is proven to be an effective
tool for investigating the microstructure in polycrys-

talline Si.
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