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Logic Gates Made from Polymer Transistors 
and Their Use in Ring Oscillators 

A. R. Brown,* A. Pomp, C. M. Hart, D. M. de Leeuw 

Metal-insulator-semiconductor field-effect transistors have been fabricated from polymer 
semiconductors that can be processed from solution. The performance of these tran- 
sistors is sufficient to allow the construction of simple logic gates that display voltage 
amplification. Successful coupling of these gates into ring oscillators demonstrates that 
these logic gates can switch subsequent gates and perform logic operations. The ability 
to perform logic operations is an essential requirement for the use of polymer-based 
transistors in low-cost low-end data storage applications. 

O n e  major application for polymeric metal- 
insulator-semiconductor field-effect transis- 
tors (MISFETs) (1-4) is in low-end data 
storage, such as chip cards and identification 
tags. Here the use of crystalline silicon tech- 
nology is inappropriate: The excellent elec- 
trical performance of silicon, in terms of 
switching speed and small volume, is not 
required, and the bonding of silicon chips 
onto flexible plastic substrates dominates 
costs. The component parts of a MISFET are 
an insulator layer, conducting contacts, and 
a semiconductor layer. Soluble organic insu- 
lators are well known [such as poly(methy1 
methacrylate) and poly(viny1 chloride)], and 
recently Garnier et al. (2) have demonstrat- 
ed that conducting contacts for such poly- 
mer MISFETs can be achieved by printing 
techniques. If a solution-processible organic 
semiconductor is also used, low-cost large- 
area electronics for data storage can be real- 
ized by using only printing processing steps 
directly onto plastic substrates (rendering ex- 
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pensive photolithographic steps obsolete and 
avoiding incompatibility problems). 

However, electronic circuits with a poly- 
mer as the active semiconductor have not 
been reported. Until now, polymer MISFETs 
have not been able to display voltage ampli- 
fication, which is a fundamental require- 
ment for the construction of useful logic 
gates. Only -if the logic gates can switch 
subsequent gates does integration become 

Precursor Pentacene wiH2b - c H = c H j  

n 
Precursor PTV 

Fig. 1. Chemical structures of pentacene, PTV, 
and their precursors. Both elim~nation reactions 
occur at 140°C for 1 hour; pentacene is realized in 
vacuo and PTV in N, and HCI. 
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possible. W e  report here on the successful 
construction of ~o lvmer  MISFETs that do 

A ,  

display voltage amplification. Two different 
solution-processible organic semiconductors 
were used. The MISFETs have been used to 
fabricate both inverter and NOR gates. 
Switching of one gate by another is demon- 
strated in ring oscillators constructed from 
five identical coupled stages. 

These eates have been realized with the 
u 

use of precursor-route through-conjugated 
polymers. Through-conjugated polymers are 
intractable, being neither soluble nor fus- 
ible. Solution processibility has been suc- 
cessfully introduced to conjugated polymers 
such as polythiophenes and poly(paraphe- 
nylenes) by the introduction of solubilizing 
side chains (for example, alkyl and alkoxy 
groups). However, these side chains have a 
detrimental effect on the.charee-carrier mo- 
bility because they both decGase through- 
conjugation (1)  and decrease T-T overlap 
of neighboring chains (5). In a precursor 
route, solubilizing side chains are chosen 
that can be eliminated later to leave onlv 
the through-conjugated polymer. Hence, 
precursor polymers are particularly suited to 
be the active semiconductor in polymeric 
MISFETs, combining solution processibility 
with good electrical properties (6). Here we 
use oligomeric pentacene and fully poly- 
meric poly(thienyleneviny1ene) (PTV), 

Go 
ide 

ain 

Thermal oxide\ \ 
Lightly doped \ 

sPin-On-gass\ Polysilicon gate silicon wafer spacer 

Fig. 2. Schematic cross sect~on of transistors 
used in this study. 
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Fig. 5. Schematic of an inverter ring oscillator 
constructed from five inverter gates. 

in ordinary soluble conjugated polymers (10) 
and gives rise, at low gate biases, to clear 
current saturation at drain biases above -10 
V. Hence, the channel transconductance 

~~s , l~v , I" ,=c<~, l s t  

Drain bias (V) Drain bias (V) exceeds the channel conductance 

Fig. 3. Typical transistor characteristics of (A) a pentacene MISFET and (B) a PTV MISFET. Drain biases 
were Swept from -20 to 0 V. The pentacene MlSFET was measured at gate biases of -20 V (a), -1 8 V 
(O), -1 6 V (W), -14 V (+), -1 2 V (*), and -1 0 V (O). The PTV MISFET was measured at gate biases of 
-20V(O), -15V(0), -10V(W), -5V(U), and OV(*). Forboth MISFETs, W = 10mmandL = 16 p,m. 
Gate to source-drain overlap was 2 p,m. 

(s, d, and g are the source, drain, and gate), 
which is the prerequisite for voltage ampli- 
fication in electronic circu~ts. Devices with 
gate to source-drain overlap of only 2 p m  
had characteristics identical to those with 
an overlap of 20 pm; because of their re- 
duced stray capacitance, the devices with 
smaller overlap were preferred for logic-gate 
construction. 

which are both processed by soluble-precur- 
sor routes (7, 8) (Fig. 1). Thin films (-100 
nm) of both precursors are readily produced 
by spin-coating from common organic sol- 
vents such as dichloromethane. 

Because the aim of this study was to 
evaluate the performance of the organic 

and integrated transistor-transistor connec- 
tions for logic gates. Logic gates were ar- 
ranged 1 mm apart, and consequently, leak- 
age currents between gates through the un- 
patterned polymer film were negligible, be- 
ing at least 2 orders of magnitude smaller 
than device currents. 

The simplest gate, a voltage inverter, 
constructed with PTV transistors displayed 
clear inverter logic operation (Fig. 4A). Sim- 
ilar results were obtained with pentacene 
transistors. Different values for the negative 

Trans~stor character~st~cs for typ~cal penta- 
cene and PTV transistors are shown In Fle. 3. 

~emicond~ctors ,  transistor substrates were, 
for simulicitv, constructed bv conventional 

& , .  
photolithographic technique's. O n  top of a 
lightly n-doped silicon wafer with a thermal 
oxide coating (0.5 pm), heavily phospho- 
rous-doped polysilicon gate contacts (0.35 
pm)  were deposited and patterned (Fig. 2). 

- 
Both semiconductors are p-type, with current 
enhancement at negative gate biases. The 
mobility p of charge carriers in the MISFETs 
was measured in the linear regime (9). On  
substrates with silicon dioxide as the insula- 

- 
circuit voltage rail -V, were used. A n  input 
voltage V, ,  of -V, yielded an output voltage 
V,,,,, of 0 V; an input voltage of 0 V yielded 
a n u t p u t  voltage of -V,. More importantly, 
for negative voltage rails of -10 V and 

tor, we have optimized the field-effect mobil- 
ity of pentacene in MISFETs to a value of 

cm2 V-' s-' . On the present substrates, 
however, the maximum observed mobility is 
lop3 cm2 V-' s-' . For the PTV MISFETs, 
the mobility is equal to cm2 V-' s-'. 
The conductivities of the films are and 2 
x lop6 S cm-' for pentacene and PTV, 
respectively. The ratio of the field-effect mo- 
bility to the conductivity exceeds that found 

After planarization with spin-on-glass spac- 
ers, silicon nitride gate insulator (100 nm) 
was deposited by low-pressure chemical va- 
por deposition. Gold (200 nm) was vacuum 
deposited and patterned for source and 
drain contacts. Channel lengths L ranged 
from 8 to 26 pm, channel widths W were 
either 10 or 30 mm, and the gate to source- 
drain mask overlap was 2 or 20 pm. The 
mask design included individual transistors 

above in magnitude, voltage amplification 
( I dV,,,ldV,,I > 1 ) was observed at the 
switching point of the input-output charac- 
teristics, in agreement with the transistor 
characteristics. The anticlsckwise hysteresis 
was probably the result of charge trapping in 
the silicon nitride (1 1 ). 

Correct NOR loeic ooeration was ob- - L 

served for a NOR gate constructed from 
three PTV MISFETs (Fie. 4B). A n  outout - ,  

voltage of 0 V was observed when either 

Fig. 4. Transfer charac- 
teristics for (A) an invert- 
er gate and (8) a NOR 
gate constructed from 
PTV MISFETs. For all 
transistors, L = 16 pm; 
for MlSFETs (a) and (b), 
W = 10 mm, and for 
MISFET(q), W = 30 mm. 
The inverter gate was 
measured at different 
voltage rail biases -Vc of 
-20 V (thick continuous 

input  or both inputs equaled -20 V; an 
output voltage of -20 V was observed only 
when both inputs equaled 0 V. The simi- 
larity of the input-output characteristics 
when one input voltage was held at 0 V and 
the other was swept indicates that transis- 
tors are reproducible. Voltage amplification 
was again observed. 

Logic gates displaying voltage amplifica- 
tion can be used to drive subsequent gates 
without losing logic integrity: the output 
voltage will always be close to either 0 V or 
-V,. Coupled logic gates without voltage 
amplification tend to yield the ambiguous 
logic-state output -Vc/2. T o  demonstrate 
the ability of the polymer logic gates to 
drive subsequent gates, we constructed ring 

lines), -15 V (dashed lines), -10 V (dotted lines), and -5 V (thin continuous lines). The NOR gate was 
measured at a fixed rail bias -V, of -20 V by sweeping the input voltage to one input transistor while 
keeping the other input voltage fixed at 0 V and vice versa (solid and dashed lines), and by sweeping one 
input while the other was fixed at -20 V (dotted line). Voltages were swept at 4 V s-'. Hysteresis was 
anticlockwise. 
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oscillator circuits. For an inverter oscillator 
(Fig. 5), we coupled five inverters together, 
with the o u t ~ u t  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 i n ~ u t  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, 
fClSc is %o of the switching delay frequency of 
an individual inverter. In reality, fc,,, 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, fc,,, is in 
the range of 10 to 50 Hz. These values are 
dominayed by the RC time constant of the 
channel resistance R of the load transistor 
(the nonswitching transistor), which is giv- 
en by R .= L/p,WC,,,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 0 V and -V,, 
and thus, the channel resistance also varies. 
The measured freauencies are thus as exDect- 
ed, being lower but within an order of mag- 
nitude of the maximum transit freauencv for 

L ,  

a carrier bemeen the source and drain con- 
tacts of a MISFET, f,,,,,,, = pV,/L2. Because 
mobilities as high as 0.1 cm2 V-' s-' have " 
been reported (1, 2), switching frequencies 
as high as 50 kHz are to be ex~ected. More 
comJicated NOR gate oscillaiors 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 oGrate 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 lo7 
switching o~erations. Shelf lifetimes of both " A 

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. 

Unl ike  crystalline materials, glass can be 
shaped into arbitrary forms at supercooled 
states. In,the supercooled state, glass has a 
viscosity of less than -1013 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,S3 (2, 4) in a photo- 
induced fluid state. 

Optically processed As,S3 glass is shown 
in Fig. 1. In Fig. lA,  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. lB, an As,% 
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 pm, which cor- 
responds to the focused light spot. Such 
local deformations of glasses may be very 
difficult to achieve with thermal techniaues 
(2, 5) because of heat conduction. 

To understand the mechanism of ~ h o t o -  
induced fluidity, we measured the fluidity 
(the inverse of the viscosity) in As,S3 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 dramaticallv. " 

The viscosity 7 can be defined as 

where e is the viscous strain and T is the 
stress (2, 6). Using this equation, we calcu- 
late that 7 2 1014 poise in the dark and 
q = 5 X 1012 poise under illumination. 
This viscosity value is consistent with the 
deformation shown in Fig. 1. We also con- 
firmed that the viscositv decreases with in- 
creasing light intensity. 

The temperature dependence of the vis- 
cosity of As2S3 is shown in Fig. 3. In the 
dark at approximately room temperature, 
the viscosity of As,S3 flakes cannot be mea- 
sured, which means that 7 r 1014 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- 
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