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Solution-processed silicon films and transistors
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The use of solution processes—as opposed to conventional
vacuum processes and vapour-phase deposition—for the fabrica-
tion of electronic devices has received considerable attention
for a wide range of applications'”, with a view to reducing
processing costs. In particular, the ability to print semiconductor
devices using liquid-phase materials could prove essential for
some envisaged applications, such as large-area flexible displays.
Recent research in this area has largely been focused on organic
semiconductors®'!, some of which have mobilities comparable
to that of amorphous silicon'' (a-Si); but issues of reliability
remain. Solution processing of metal chalcogenide semicon-
ductors to fabricate stable and high-performance transistors
has also been reported'>"’. This class of materials is being explored
as a possible substitute for silicon, given the complex and
expensive manufacturing processes required to fabricate devices
from the latter. However, if high-quality silicon films could be
prepared by a solution process, this situation might change
drastically. Here we demonstrate the solution processing of
silicon thin-film transistors (TFTs) using a silane-based liquid
precursor. Using this precursor, we have prepared polycrystal-
line silicon (poly-Si) films by both spin-coating and ink-jet
printing, from which we fabricate TFTs with mobilities of
108cm®V~'s™" and 6.5cm>V~'s™, respectively. Although the
processing conditions have yet to be optimized, these mobilities
are already greater than those that have been achieved in
solution-processed organic TFTs, and they exceed those of a-Si
TFTs (£1em®V's™).

We have pursued the development of a novel liquid precursor
(herein referred to as ‘liquid silicon material’) that can be used in a
liquid process to form a silicon film'*". Since the films produced
from this precursor must be convertible to high purity silicon,
potential candidates are limited to carbon- and oxygen-free hydro-
genated silicon compounds. Typical hydrogenated silicon com-
pounds are either of the straight-chain (Si,H,,,) or cyclic
(Si,H,,) forms. For n = 3, these compounds are liquid at room
temperature and decompose to form a-Si when heated to 300 °C or
higher. However, for n < 10, boiling points are less than 300 °C and
such compounds evaporate before thermal decomposition, which
makes solution processing difficult. Oligomeric and polymeric
hydrogenated polysilanes, —(SiH,),—, have received little attention
since first being synthesized by the Kipping method'®", because of
their limited solubility in organic solvents. Nevertheless, hydrogen-
ated polysilanes are potentially ideal liquid silicon materials provided
a suitable solvent can be found. Since cyclic silanes are known to
undergo ring-opening polymerization'®', this reaction can be used
for the development of liquid silicon materials. We have applied
photo-induced ring-opening polymerization to obtain pure hydro-
genated polysilanes from purified hydrogenated cyclic silanes.
Among the hydrogenated cyclic silanes we chose cyclopentasilane

(CPS), SisHjg, since it is relatively stable and exhibits a high
photoreactivity upon irradiation with ultraviolet (UV) light.

Using the method developed by Hengge et al.*>*', CPS monomer
(a clear and colourless liquid under ambient conditions) was syn-
thesized. It has a boiling point of 194°C and is soluble in most
organic solvents. After purification, the CPS was exposed to 405 nm
UV light to induce photo-polymerization. During exposure, the CPS
gradually became cloudy and viscous. After sufficient exposure to the
UV source, the liquid was transformed into a white solid, presumably
made up of a mixture of hydrogenated polysilanes. Although this
solid is insoluble in all common organic solvents, it proved to be
soluble in the CPS monomer precursor. The hydrogenated polysilane
was also found to dissolve in a mixture of CPS and an organic solvent.
This solvent mixture plays an important role in controlling the
wettability, coating properties, and thickness of the resulting silicon
films, all of which are difficult to control when CPS is used alone. In
the actual process, UV irradiation is halted before the CPS completely
polymerizes such that polysilanes of various molecular weights are
dissolved in unreacted CPS. By diluting the solution with an organic
solvent and then filtering out those insoluble polysilanes that pre-
cipitated as a result of dilution, we obtained the solution that we refer
to as liquid silicon material.

The polymerization process of CPS was investigated using gel
permeation chromatography (GPC). Figure 1 shows the results of the
GPC measurements of the CPS (Fig. 1a) and the UV-irradiated CPS
(Fig. 1b). Peaks corresponding to CPS and toluene were observed in
both the non-irradiated and irradiated samples. In addition, in
Fig. 1b, a broad peak was also observed around M, = 2,600. This
peak corresponds to polysilanes of various molecular weights,
indicating CPS polymerization. The GPC measurements were also
used to control and optimize the molecular weight distribution of the
polysilanes which significantly affects the wettability of the precursor
solution to a glass substrate.

The next step is to form an a-Si film by heating the spin-coated
polysilane film in order to induce thermal decomposition. Three
samples were used to study the thermal decomposition of the
polysilane, through the use of thermal desorption spectroscopy
(TDS; see Methods). The relationship between the preheating con-
dition of polysilane and the amount of relevant gas (H,, SiH, and
SiH;) desorbed during the post-annealing phase of TDS are shown in
Fig. 2. Sample a, prebaked at 300 °C for 10 min, reveals an SiH, and
SiH; desorption peak at around 280°C, followed by intensive
hydrogen desorption between 300°C and 400 °C, indicating that
the polysilane is not completely converted to a-Si when baked at
300 °C for 10 min. Given the binding energies of Si-Si (224 k] mol ")
and Si-H (318 kJ mol™")?, the Si-Si bonds in the polysilane break
first at a temperature lower than 280°C, followed next by the
breaking of the Si—-H bonds, where a three-dimensional silicon
network starts to form. In sample b, prebaked at 300°C for 2h,
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Figure 1| Gel permeation chromatogram (GPC) of liquid precursor for Si
film. a, Cyclopentasilane (CPS) and b, UV-irradiated CPS, both of which
were diluted with toluene (1vol.%) before GPC measurements. The
UV-irradiation conditions were 405 nm, 100 mW cm ™ 2, and a 10 min
irradiation for 1 cm® of CPS. The broad peak around M, = 2,600
corresponds to polysilanes of various molecular weights as a result of the
photo-induced polymerization of CPS.

SiH, and SiH; desorption is three or four orders of magnitude lower
than that of sample a. Sample ¢ released much less desorption gas
than samples a and b, since it had almost completely converted to a-Si
during preheating at 540 °C for 2 h. Using TDS analysis, we estimate
the total amount of hydrogen atoms (the atomic ratio of H/Si) in
samples a, b and ¢, before TDS measurement, to be more than 22%,
3% and 0.3%, respectively. Thus the formation process of a-Si is
inferred to be as follows: as the spin-coated polysilane film is heated,
volatile components such as toluene and CPS evaporate first. Next,
the Si-Si bonds in the polysilane begin to break at a temperature
below 280 °C and a fraction of the polysilane is released as SiH, and
SiHs. After this, at around 300 °C, the Si—H bonds break, resulting in
a three-dimensional a-Si network.

In order to test the electrical properties of the film, we fabricated
simplified bottom gate TFTs using the spin-coated a-Si. The maxi-
mum mobility of these TFTs was 10 °~10"*cm*V ™~ 's ™', which is
three or four orders of magnitude smaller than that obtained through
conventional plasma enhanced chemical vapour deposition (CVD)
techniques. Such poor mobility is attributed to the low concentration
of hydrogen atoms that terminate the dangling bonds in the film.
Unlike a-Si film formed from conventional CVD, which contains
5-20% hydrogen, the spin-coated a-Si film baked at 540 °C for 2h
contains 0.3% hydrogen and appreciable quantities of dangling
bonds that hinder the mobility. In contrast, film that has been
spin-coated and baked at a temperature of 300 °C or less contains
more than 20% hydrogen and could function somewhat as a
semiconductor. However, film processed at such a low temperature
might no longer be described as amorphous silicon and is easily
oxidized in the air. Some kind of technical solution must be found in
order to strike a balance between a lower process temperature and
preventing oxidation.

To this end, we have studied the crystallization of the film (before
optimization of the low-temperature a-Si process) in order to
demonstrate the fundamental potential of this solution processing
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Figure 2 | Thermal desorption spectrum (TDS) of solution-processed a-Si
film. Three samples were prepared by the thermal decomposition of
polysilane under the following conditions: sample a, 300 °C for 10 min;
sample b, 300 °C for 120 min; sample c, 540 °C for 120 min. Desorbed gases
from the samples were analysed by mass spectroscopy while the samples
were heated in a vacuum.

approach for low-temperature poly-Si (LTPS) TFT applications. In
addition, low-hydrogen a-Si films are suitable for excimer laser
crystallization, which is the standard crystallization method adopted
during the commercial production of LTPS TFTs*. The a-Si films,
formed by coating the liquid silicon material and baking it at 540 °C,
were irradiated by a 308 nm XeCl excimer laser at various laser
energies. As the laser energy increases, the colour of the films changes
from light auburn to light yellow, suggesting a conversion from the
amorphous to the polycrystalline phase. The TEM image in Fig. 3
clearly shows the crystalline growth as a result of laser irradiation.
Using Raman spectroscopy®, this crystallization process was con-
firmed to be almost identical to that of a-Si fabricated through
conventional CVD. The full-width at half-maximum of the crystal-
line peak in the Raman spectrum decreases sharply as the laser energy
increases, reaching a minimum value of 6.3cm™ ' at around
300 mJ cm ™~ % thereafter the peak slightly broadens, reflecting
microcrystallization.

Next, we fabricated TFTs using the coating-formed poly-Si films
followed by standard fabrication steps used for conventional LTPS
TFTs (see Methods). As shown in Fig. 4a, these TFTs exhibit good
electrical characteristics with field-effect mobility (calculated from
the transconductance in the saturation region) ranging from 74 to
108 cm? V™~ 's™ ! in 15 transistors randomly selected among a 4-inch
substrate. The transistor of mobility 108 cm® V™~ 's™', whose output
characteristics are shown in Fig. 4b, also possesses an on/off ratio of
seven digits, 5.0 V in threshold voltage V;, and 0.83 V per decade in
s-factor (the gate voltage that induces a tenfold increase of drain
current in the sub-threshold region).

The mobility was strongly affected not only by the conditions of
laser crystallization but also by the amount of oxygen in the silicon
film. In the poly-Si film that exhibited a mobility of 108 cm®V™'s ™"
the oxygen concentration was 1,100 p.p.m. Since the CPS and
polysilanes are fairly oxygen-sensitive”, several precautions had
to be taken during the preparation and treatment of a liquid
precursor. The coarsely synthesized CPS was distilled repeatedly to
remove impurities including oxides before photo-polymerization.
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Figure 3 | A TEM image of a solution-processed poly-Si film. The film was
formed by spin-coating and baking of the liquid silicon materials followed by
laser crystallization. The high-resolution TEM image inserted in the figure
clearly highlights the atomic image of the silicon crystal. The micrograph
also illustrates that the grain size in the film is about 300 nm, which is
comparable to that of conventional CVD-formed poly-Si film.

Furthermore, the organic diluent such as toluene was carefully
deoxidized by leaving it in a dry box for several days before use.
The oxygen concentration in the box was maintained strictly below
0.5 p.p.m. during all processes from spin-coating to baking. Such
precautions enabled control of the oxygen content of the film to less
than 2,000 p.p.m. The TFTs resulting from such low-oxygen films
exhibited mobility as high as 50-100 cm® V™" s~ !, while no signifi-
cant correlations were observed between the oxygen concentration
and mobility since manufacturing variations such as the laser
condition are the dominant factors. However, a slight failure in
controlling the oxygen level in the dry box yielded a silicon film with
an oxygen concentration of 8,000 p.p.m. and TFTs with a maximum
mobility of 20 cm® V™' s ™', By intentionally maintaining the oxygen
level in the dry box at 10 p.p.m. during all processing, we obtained an
insulating a-Si film that contained 7% oxygen.

Finally, we demonstrate the printing applicability of the liquid
silicon material by fabricating TFTs using ink-jet formation of poly-
Si islands (see Methods). The silicon island can be seen in the SEM
image of Fig. 4c as the disk-shaped element with a rough surface. The
nature of the external disk-shaped phase with a smooth surface is still
unknown, but is presumably the residual remains of the droplet,
formed during the drying and shrinking processes, which was once
dispersed over the outer disk region. Since the wettability of the
liquid silicon material was not sufficiently well understood to enable
control of the shrinking behaviour of an ink droplet, the resulting
a-Si island became too thick for laser crystallization. A thicker film
generally requires a more intense laser for optimal crystallization.
The actual laser intensities used for the crystallization of 60 nm spin-
coated and 300 nm ink-jet-treated Si film were 345m] cm” 2 and
450 mJ cm 2, respectively. The latter intensity is not optimized but
determined roughly from the sample thickness. With such an intense
laser source, surface roughness is easily induced, as shown in Fig. 4c.

The ink-jet-printed (or ‘ink-jetted’) TFT operated with a mobility
of 6.5cm® V™ 's™! and an on/off ratio of three digits (Fig. 4a). This
low mobility is attributed to the poor crystallinity and rough surface,
while the large off current, which was confirmed to be the current
between source and drain rather than a leak current through the gate
insulator, is also attributed to the thick silicon film. Such a thick film
contains many dangling bonds and defects near the substrate where
crystallization is incomplete. The formation of thin, uniform a-Si
film using an ink-jet process would improve the surface morphology
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Figure 4 | The structure and characteristics of solution-processed LTPS
TFTs. a, The transfer characteristics of LIPS TFTs, whose silicon film was
formed by CVD (blue), spin-coating (magenta) and ink-jet printing (green),
respectively. The drain current of the ink-jetted TFT is normalized to have
the same channel width and length as the CVD-formed and spin-coated
TFTs, for comparison. b, The output characteristics of the TFT using
spin-coated silicon film whose transfer properties are shown in a. ¢, An SEM
image of the TFT made from ink-jetted silicon film, whose transfer
characteristics are shown in a. d, A cross-sectional schematic of a fabricated
TFT. Gox, SiO, gate insulator.

and electrical properties of the poly-Si films. However, the wettability
and behaviour of microdroplets are known to differ significantly
from those of macroscopic droplets’®*”. A thorough understanding
of microdroplets will be needed to realize the ink-jet printing of
liquid silicon material for practical applications.

We have demonstrated that high-quality poly-Si film can be
formed by spin-coating or ink-jetting liquid silicon material. The
mobility of the spin-coated TFT, 108 cm”> V™' s~ ', is definitely that of
an LTPS TFT and cannot be obtained with a-Si TFTs. Though
currently inferior to that of conventional spin-coated LTPS TFTs,
the performance of our ink-jetted TFT will probably improve with
further advances in both the materials and processes employed. The
ultimate goal of this research is to fabricate high-performance silicon
TFTs by means of an all-liquid process, whereby all layers are directly
patterned with liquid materials. To this end, we are currently working
to develop liquid materials for films other than channel silicon, such
as dielectric layers, doped silicon for source and drain regions, and
metallic films for electrodes. The ink-jet process for these materials is
also being studied. Such efforts are expected to establish a novel, low-
energy, low-cost and high-throughput process for the fabrication of
high-performance TFTs.

METHODS

Preparation and analysis of a-Si film. A 30vol.% toluene solution of
UV-irradiated CPS was spin-coated onto a quartz substrate to yield an approxi-
mately 100-nm-thick a-Si film after heat treatment. Heat treatment conditions
(achieved using a hot plate) for samples a, b and ¢ were 300 °C for 10 min, 300 °C
for 120 min and 540 °C for 120 min, respectively. All experiments were carried
out in a nitrogen-filled dry box with a residual oxygen concentration of less
than 0.5 p.p.m., and the oxygen level was monitored using a galvanic fuel cell
sensor. Raman scattering spectra of these samples were recorded in order to
confirm the a-Si nature of the films at the typical a-Si peak of around 480 cm™ .
Impurity concentrations in the films were investigated using secondary ion mass
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spectroscopy. The results confirmed that the film was composed almost entirely
of silicon, with only a few trace impurities. Alkali and alkali-earth metal
impurities, which negatively affect TFT characteristics, were present at a level
of less than 1 p.p.m. The carbon content in the resulting film was surprisingly
low—only 200 p.p.m.—considering that an organic solvent was used as the
starting material. By strictly controlling the oxygen content in the dry box to less
than 0.5 p.p.m., we were able to limit the oxygen content of the film to less than
2,000 p.p.m. Thermal desorption spectroscopy (TDS) was used to investigate the
process by which polysilane is converted to a-Si. In TDS, a sample is heated in a
vacuum and the gases that are desorbed from the sample are analysed using mass
spectroscopy.

Fabrication of TFTs by spin-coating. The n-channel TFTs, whose structure is
schematically illustrated in Fig. 4d, were fabricated as follows. First, an SiO,
underlayer was formed by plasma CVD on a quartz substrate. After cleaning the
substrate surface by 172nm UV-irradiation at 10mW cm ™2 for 10min, the
liquid silicon material—12 vol.% toluene solution of UV-irradiated CPS—was
spin-coated at 2,000 r.p.m. in a nitrogen-filled dry box. The spin-coated sub-
strate was immediately placed on a hot plate heated to 200°C and the
temperature was raised to 400 °C within 10 min. After maintaining a tempera-
ture of 400 °C for 30 min, it was further increased to 540 °C over another 10 min
period and held for 2h to form a 50-nm-thick a-Si film. Next, the amorphous
film was converted to a polycrystalline one by irradiating it with 308 nm
wavelength excimer laser light at 345 mJ cm ™2, After the poly-Si had been etched
to create islands, a 120-nm-thick SiO, gate insulator (Gox in Fig.4d) was formed
by plasma CVD, followed by tantalum sputtering and etching to form gate
electrodes. The source and drain regions were formed by the self-aligned ion
implantation of phosphorous ions using the gate electrodes as a mask. Finally, we
made the TFTs accessible for measurement by forming an interlayer insulator,
opening contact holes in the insulator to reveal the source and drain regions, and
then sputtering aluminium to form electrodes. The channel width and length of
the TFTs were both 10 pm. The coating-formed silicon film did not present any
notable problems or difficulties during the above fabrication steps, as the silicon
film was of semiconductor-grade purity and the film processing conditions—
etching rate, laser conditions and so on—were nearly the same as those used for
CVD-produced silicon film. For comparison, conventional TFTs were fabricated
by the same process except that the silicon film was formed by CVD.
Fabrication of TFTs by ink-jet printing. TFTs with the same structure as above
were formed using ink-jet printing instead of photolithography to form the
channel silicon island. A 10 vol.% toluene solution of UV-irradiated CPS was
ink-jet printed on a glass substrate in a nitrogen-filled dry box. This solution was
suitable for ejection from a piezo-driven print head'”. Since its viscosity is almost
the same as that of toluene and its stability is such that it can be kept for months
in a dark place at room temperature, the ejection of the solution from the print
head was stable and reproducible. Three droplets, each of weight 10 ng, were
deposited in the location where the channel island was to be formed. The
droplets were converted into a poly-Si island of diameter 3040 p.m by baking at
540 °C (using the same steps as for spin-coated film) followed by 308 nm excimer
laser crystallization at 450 m]J cm” 2. The island was 300 nm thick at the centre
and became thinner towards the periphery of the sample. After the gate insulator
had been formed, the same steps were applied as for the spin-coated TFTs. The
channel width and length of the resulting TFTs were 36 pm and 2 pm,
respectively.
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