oscillator circuits. For an inverter oscillator
(Fig. 5), we coupled five inverters together,
with the output voltage of one inverter
providing the input for the following. If the
initial input to the first inverter is 0 V
(=V.), then the output of the fifth will be
=V_ (0 V). Returning the output of the
fifth inverter as the input for the first in-
verter causes all of the inverters to sequen-
tially change logic state. Consequently, the
circuit oscillates with a characteristic fre-
quency f_. If all transistors are identical,
fowe is Vio of the switching delay frequency of
an individual inverter. In reality, £, is lim-
ited by the slowest gate. For pentacene ring
oscillators, f,_ is in the range of 100 to 500
Hz, and for PTV ring oscillators, f__ is in
the range of 10 to 50 Hz. These values are
dominated by the RC ‘time constant of the
channel resistance R of the load transistor
(the nonswitching transistor), which is giv-
en by R =~ LIpWC, V,, and the channel
capacitance C, which is given by C =
LWC,,,, where C, _ is the capacitance per
unit area of the insulator. During the oscil-
lations, the drain bias V, of the load transis-
tor constantly varies between O V and =V,
and thus, the channel resistance also varies.
The measured frequencies are thus as expect-
ed, being lower but within an order of mag-
nitude of the maximum transit frequency for
a carrier between the source and drain con-
tacts of a MISFET, f,_ .. =~ wV./L? Because
mobilities as high as 0.1 ecm? V™! s7! have
been reported (I, 2), switching frequencies
as high as 50 kHz are to be expected. More
complicated NOR gate oscillators have also
been successfully constructed. Here, in each
of the NOR gates, one of the two inputs is
held at 0 V, while the other input is provided
by the output of the previous gate.

" The observation of ring oscillations in-
dicates that there is good reproducibility of
the transistors, because each ring oscillator
requires that all 10 transistors operate with-
in given specifications. Devices are mea-
sured in air without encapsulation. A pen-
tacene oscillator operating at 130 Hz has
been observed to oscillate continuously for
24 hours, which represents in excess of 107
switching operations. Shelf lifetimes of both
pentacene and PTV devices are at least an
order of magnitude longer.

Through-conjugated polymers are thus
suitable as the active semiconductor in
cheap integrated electronic circuits. In order
to replace the silicon-based substrates of this
study and successfully produce electronic cir-
cuits by printing techniques, attention must
now be directed toward the reliable printing
of micrometer-scale conducting tracks.
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Optical Microfabrication of
Chalcogenide Glasses

H. Hisakuni and K. Tanaka*

It was found that chalcogenide glasses can be shaped by stressing the glass under light
illumination because light illumination enhances the fluidity of the glass. The mechanism
of photoinduced fluidity was found to be photoelectronic, that is, athermal. The process
can be applied to microfabrication of optical fibers and glassy films with a typical di-

mension of 10 to 100 micrometers.

Unlike crystalline materials, glass can be
shaped into arbitrary forms at supercooled
states. In-the supercooled state, glass has a
viscosity of less than ~10'3 poise (1-3) and
has moderate fluidity. Such a fluid state can
be attained by heating a glass above the
glass transition temperature (1-3). Here, we
demonstrate that the fluid state can be ob-
tained by an athermal process, through il-
lumination with visible light. We have ob-
served photoinduced fluidity in several
kinds of chalcogenide glasses and describe
here the characteristics of a representative
chalcogenide glass As,S; (2, 4) in a photo-
induced fluid state.

Optically processed As,S; glass is shown .

in Fig. 1. In Fig. 1A, the sample is 50 pm in
thickness and approximately 0.2 mm by 2

mm in-lateral dimension. The sample was’

prepared through vacuum evaporation and
then annealed at the glass transition tem-
perature (~450 K), a process commonly
used for stabilizing glass structures (2).
Next, one end of the sample was pasted to
a glass slide, and the other end was bent
with a stick. We confirmed that the bend-
ing was elastic because the deformed glass
recovered when the stress was removed.
However, when the bent glass flake was
illuminated locally by focused light, perma-
nent deformation occurred (Fig. 1A). The
illuminated part, indicated by an arrow in
the figure, becomes viscous, and the sample
is bent segmentally. In Fig. 1B, an As,3
optical fiber with a diameter of 100 pm was
illuminated with focused light and subject-
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ed to elongated stress. Only the illuminated
position becomes viscous, and as a result, it
becomes constricted. In these two exam-
ples, we see that the deformations are re-
stricted to a scale of ~100 wm, which cor-
responds to the focused light spot. Such
local deformations of glasses may be very
difficult to achieve with thermal techniques
(2, 5) because of heat conduction.

To understand the mechanism of photo-
induced fluidity, we measured the fluidity
(the inverse of the viscosity) in As,S; glass
under illumination. The fluidity was evalu-
ated through a creep measurement (2, 6). A
typical result is shown in Fig. 2. In the dark
no appreciable elongation occurred, but un-
der illumination from a.He-Ne laser, the
length of the flake increased dramatically.

The viscosity m can be defined as

defdt = T/ (1)

where e is the viscous strain and T is the
stress (2, 6). Using this equation, we calcu-
late that m = 10'* poise in the dark and
m = 5 X 10" poise under illumination.
This viscosity value is consistent with the
deformation shown in Fig. 1. We also con-
firmed that the viscosity decreases with in-
creasing light intensity.

The temperature dependence of the vis-
cosity of As,S; is shown in Fig. 3. In the
dark at approximately room temperature,
the viscosity of As,S; flakes cannot be mea-
sured, which means that m = 10'* poise. In
contrast, the viscosity of the illuminated
sample increases at higher temperatures,
that is, the photoinduced fluidity becomes
less appreciable at higher temperatures.

The temperature dependence shown in
Fig. 3 strongly suggests that the photoin-



Fig. 1. Optically processed As,S;. (A) An As,S; flake was subjected to bending stress and illuminated
through a side surface (indicated by the arrow) with a focused beam emitted from a 10-mW He-Ne laser
for 2 hours. (B) An As,S; optical fiber was illuminated with the He-Ne laser light for 5 hours under

elongating stress.

duced fluidity is not governed by the tem-
perature rising as a result of light absorp-
tion. If the temperature rise governed the
fluidity enhancement, we might assume
that the fluidity induced by illumination
would increase with temperature, because
the fluidity in the dark increases with tem-
perature (2, 3), and the light-induced tem-
perature rise would be mostly constant at all
temperatures (7). However, the experimen-
tal result is contrary to this prediction. In
addition, it is known that the absorption
coefficient of As,S; at a wavelength of 633
nm (photon energy, A, is 2.0 eV) is small,
~1 cm™! (2), and accordingly, the temper-
ature rise under the present experimental
situation is estimated to be less than ~0.1 K
(7), which cannot exert substantial changes
in the fluidity.

Alternatively, the temperature depen-
dence implies that photoinduced fluidity is
caused by a photoelectronic process. It has
been demonstrated through photoconduc-
tion experiments that illumination can ex-
cite electrons and holes (8). When the
excited carriers geminately recombine,
some transformation of atomic bonds may
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Fig. 2. Elongation of an As,S; flake in the dark
(solid circles) and under illumination (open cir-
cles). In this experiment, an As,S; flake with a
dimension of about 50 wm by 0.2 mm by 2 mm
was pulled along the longest side length under a
stress of 4.4 X 107 dyn/cm?, and the elongation
was measured in situ with an optical lever tech-
nique (75).

occur, which releases the applied stresses. If
a sample is illuminated at a high tempera-
ture, the excited carriers may diffuse with-
out recombining geminately. Accordingly,
the photoinduced fluidity will decrease at
higher temperatures.

The atomic change, however, is largely
speculative at present, because the amor-
phous structure itself has not yet been elu-
cidated (2, 4, 9). There may be at least two
possibilities. One is the interchange of co-
valent (intramolecular) bonds, which can
be mediated by bond rupture and rebond-
ing. Defective structures may play a certain
role in the process (10). The other is the
weakening of intermolecular bonds. Thm
proposed that in chalcogenide glasses, lay-
erlike clusters are “buckled” at some atoms
(11). If the atoms buckling the layerlike
clusters are optically excited, the clusters
are likely to slip past each other, which may
also be effective in releasing applied stresses.

At present, it is not known whether
photoinduced fluidity is inherent to chalco-
genide glasses or if it also occurs in other
amorphous materials such as oxide glasses
and organic polymers. Some conditions
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Fig. 3. Temperature dependence of the viscosity
in As,S; in the dark (greater than the dashed line)
and under illumination (open triangles). The results
were obtained from experiments of Fig. 2 at sev-
eral temperatures. The high temperature data
(solid triangles) obtained in supercooled As,S, is
cited from (76).
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. REPORTS

under which this phenomenon occurs are
as follows: (i) The glass must be optically
excited with light of iw < E,, where E_ is
the bandgap energy of a material of inter-
est. In the present demonstration, E, =
24 eV and fiw = 2.0 eV. If fio = E,
although electrons and holes can be excited
more efficiently, the excitation occurs only
in a surface region because the penetration
depth of bandgap light is typically 1 pm (2).
In that case, optical fabrication may be pos-
sible only in thin (~1-pm thick) films, and
such films will not be practically useful. (ii)
It seems necessary that excited carriers re-
combine, accompanying the bond ruptures
as described above. In this respect, the chal-
cogenide glass, which has a low coordina-
tion number of atoms, may be preferred (2,
4,9).

In conclusion, it is known that chalco-
genide glasses exhibit a variety of photoin-
duced phenomena at the microscopic scale
(12), but our study demonstrates a phenom-
enon at the macroscopic scale. That en-
hanced fluidity occurs under light illumina-
tion indicates that the glass transition can
be induced through photoelectronic excita-
tion, a process needing further study. Pho-
toinduced fluidity could have many appli-
cations, including applications in casting
processes. Chalcogenide glasses are current-
ly used as optical components, such as pas-
sive and active optical fibers in the infrared
region (13, 14). The method presented here
will be especially suitable to the production
of micro-optic components (7), as it pro-
vides a way to bend plastically optical fibers
on a small scale, a capability that also holds
promise for the fabrication of integrated
fiber circuits.
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