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Abstract-Polysilicon thin-film technology is becoming in- 
creasingly attractive for active-matrix liquid-crystal displays 
(AMLCD’s) and other large-area electronic devices, primarily 
because polysilicon thin-film transistors (TFT’s) can be used to 
build integrated drive and interface circuitry on large-area 
substrates. Both n- and p-channel polysilicon TFT’s can be fab- 
ricated, allowing CMOS circuit techniques to be used. How- 
ever, TFT characteristics are poor in comparison to conven- 
tional single-crystal MOSFET’s, and relatively coarse design 
rules must be used to be compatible with processing on large- 
area glass plates (more than 30 cm x 30 cm), and these limi- 
tations present a number of challenges for circuit design. This 
paper examines these issues and describes the performance of 
a range of digital and analog circuit elements built using poly- 
silicon TFT’s. Digital circuit speeds in excess of 20 MHz are 
reported, along with operational amplifiers with over 80 dB of 
gain and more than 1-MHz unity-gain frequency. Several poly- 
silicon TFT switched-capacitor circuits are also reported and 
shown to have adequate linearity, output swing, and settling 
time to form integrated data line drivers on an AMLCD. 

I. INTRODUCTION 

NTEREST in circuits built using polysilicon thin-film I transistors (TFT’s) has recently increased for several 
reasons. Although the inferior performance of these de- 
vices in comparison to conventional single-crystal MOS- 
FET’s is well documented [1]-[4], they have the impor- 
tant advantage of being compatible with fabrication on 
large-area glass or quartz substrates (more than 30 cm X 
30 cm). This makes TFT’s usable in applications where 
the physical size of the circuit must be large, for example 
if the circuit is an active-matrix liquid-crystal display 
(AMLCD) [4]-[6], a page-width optical scanner [7], [8] 
or a page-width print head [9]. Although there have been 
many reports of particular devices incorporating polysil- 
icon TFT’s and TFT circuits [4]-[8], there has been little 
work published so far concentrating specifically on the 
underlying design issues and performance capabilities of 
polysilicon TFT circuits. This paper, like the ISSCC pres- 
entations on which it expands [2], [lo], is intended to 
focus on these subjects. The work described here does not 
deal with a complete large-area polysilicon TFT elec- 
tronic device, but rather examines the performance of a 
range of basic circuit elements, some of which are already 
used in applications, and some of which show promise for 
increased functionality on large-area substrates in the fu- 
ture. 
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The most common, and the most important, application 
of polysilicon TFT’s remains AMLCD’s. As the various 
circuit elements are discussed in this paper, therefore, 
their performance will be compared with AMLCD driving 
requirements. In order to do this, typical drive circuits for 
AMLCD’s are briefly reviewed in Section IV. It should 
be noted, however, that there are other applications for 
these devices, and more are likely to present themselves 
as the technology matures and TFT circuit performance 
improves. 

11. POLYSILICON THIN-FILM TECHNOLOGY 

In this section, the main features of polysilicon thin- 
film technologies are reviewed. Fig. 1 shows cross sec- 
tions of n- and p-channel polysilicon TFT’s along with an 
integrated capacitor. The TFT’s themselves are very sim- 
ilar to single-crystal silicon-on-insulator (SOI) MOS- 
E T ’ S ,  except that the active silicon layer is polycrystal- 
line instead of monocrystalline. Polysilicon technology 
also has several of the advantages of SOI, including ex- 
cellent interdevice isolation and negligible parasitic ca- 
pacitance. The capacitor is formed between the gate and 
active polysilicon layers by the addition of a single im- 
plant to dope the active polysilicon layer under the gate. 
The structure is similar in layout to a polysilicon-to-dif- 
fusion capacitor in a conventional single-crystal MOS 
technology, but in this case there is negligible parasitic 
capacitance associated with either electrode. Both plates 
of the capacitor can be sufficiently heavily doped that the 
series resistance remains low, and the capacitance does 
not vary significantly over the bias ranges typically found 
in large-area devices. 

There are several broad types of polysilicon TFT tech- 
nology, differentiated by the annealing process used to 
crystallize the active polysilicon layer and the maximum 
processing temperature used [3], [ 1 11. High-temperature 
technologies typically use furnace annealing, and at least 
one high-temperature process step (often during the gate 
dielectric formation), and this restricts the choice of sub- 
strate material to quartz. Furnace annealed low-tempera- 
ture technologies use a similar process to the high-tem- 
perature technologies, but keep the maximum processing 
temperature less than about 600°C in order to allow the 
use of lower cost glass substrates. A third technology 
variant uses laser annealing to achieve recrystallization 
and is also compatible with low-cost glass substrates. The 
laser annealed polysilicon TFT’s have been shown to of- 
fer the best performance, although the technology is not 
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Fig. 1. Polysilicon TFT’s with integrated capacitor. 

yet mature and poor consistency and uniformity remain 
significant problems. High-temperature quartz-based 
technologies are relatively mature, offer good TFT per- 
formance, and are used for small viewfinder or projection 
displays. Low-temperature glass-based technologies offer 
low cost, although the TFT performance is not usually as 
good as can be achieved with high-temperature technol- 
ogies [12]. 

The results reported in this paper were obtained using 
relatively conventional high- and low-temperature fur- 
nace recrystallized polysilicon thin-film devices fabri- 
cated at Xerox PARC. The experimental circuits were 
fabricated on quartz wafers, although the process condi- 
tions and design rules are the same as those used with 
large-area substrates. The device performance achieved is 
comparable with the best reported for similar technologies 
by other authors [l], [4]-[8], [ l l ] .  Although, as dis- 
cussed below, the TFT characteristics are inferior to con- 
ventional single-crystal MOSFET’s, useful circuit per- 
formance can still be achieved. As laser annealed 
technologies mature, even greater circuit functionality is 
likely to become possible. 

The circuits reported below were all designed using 
layout rules that are relatively coarse in comparison with 
those used in single-crystal technologies. There are sev- 
eral reasons for this. First, of course, are the photolitho- 
graphic and processing restrictions imposed by the need 
to fabricate the TFT’s on very large-area substrates. Sec- 
ond, short-channel effects are relatively severe in polysil- 
icon TFT’s, particularly at high drain voltages [13]. 
Third, most large-area devices are constrained to operate 
at supply voltages of at least 15 V; an AMLCD pixel, for 
example, typically requires a total voltage swing of about 
10 V to encompass both drive polarities [14], and with 
sufficient headroom to achieve this using polysilicon TFT 
drivers means a supply voltage of about 15 V. 

111. POLYSILICON TFT CHARACTERISTICS 
Fig. 2 shows simple I-V characteristics for n- and 

p-channel TFT’s fabricated using the high-temperature 
process; devices fabricated with the low-temperature 
technology are qualitatively similar although the drive 
currents are lower. The poor saturation arises through a 
similar mechanism to that responsible for the kink effect 
in SO1 MOSFET’s [15], that is, channel avalanche mul- 
tiplication occurring in the high-field region near the drain 
combined with the floating body of the device. However, 
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Fig. 2. High-temperature polysilicon TFT characteristics ( W  = 50 pm, L 

= 10 pm). (a) NMOS. (b) PMOS. 

in polysilicon TFT’s there is an additional mechanism re- 
lated to the high trap state density that exaggerates the 
effect of avalanche multiplication still further [ 161. Since 
the poor saturation characteristics are not related to 
punchthrough or other breakdown effects, the off-state 
current is not affected. The impact on digital circuits is 
only minor, and the extra drain current even increases 
switching speeds slightly. However, the low output 
impedance presents a greater problem for analog circuit 
design where high impedances are needed to achieve good 
voltage gain. 

The main weakness of polysilicon TFT’s in comparison 
with single-crystal devices is their relatively low drive 
current, particularly in low-temperature devices. This can 
be seen from Fig. 2, and is further illustrated in Fig. 3 
where the effective channel mobility is plotted as a func- 
tion of normalized gate bias for both an n-channel poly- 
silicon TFT and a conventional 2-pm gate length MOS- 
FET. In each case the gate bias is normalized by the 
typical operating voltage for circuits built using the de- 
vices, 5 V for the MOSFET and 15 V for the polysilicon 
TFT. The peak MOSFET mobility is observed at a gate 
bias a little above threshold, and the degradation at higher 
gate bias is caused by increased surface scattering as the 
channel inversion layer is compressed by the increasing 
gate field. The TFT mobility is about an order of magni- 
tude lower, and increases steadily as the gate drive rises 
until it saturates at a gate voltage of about 10 V; both the 
lower effective channel mobility and the gate bias de- 
pendence are due to the high trap state density in the de- 
vice channel. The low drive current of the polysilicon 
TFT’s has a significant effect on digital circuit speed, but 
in the analog case the effect is even more severe since 
transistors in amplifiers are typically biased with a low 
V,, to keep VDsAT low, and as Fig. 3 shows, under such 
conditions the effective TFT mobility is well below its 
peak value. 

Another important device characteristic, particularly for 
analog circuit applications, is the noise performance, and 
in this respect polysilicon TFT’s are again markedly in- 
ferior to single-crystal devices. Typical noise figures for 
polysilicon TFT’s are about an order of magnitude higher 
than for conventional MOSFET’s; at low frequencies (less 
than about 100 kHz) flicker noise dominates and shows 
roughly the same channel size dependence seen with 
MOSFET’s. At higher frequencies, thermal noise domi- 
nates. The noise performance of polysilicon TFT’s has 
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Fig. 3. Polysilicon TFT and single crystal MOSFET channel mobility. VDs 
= 0.1 V,  n-channel. 

TABLE I 
TECHNOLOGY COMPARISON 

Low-temperature High-temperature Conventional 
poly-Si TFT poly-Si TFT MOSFET 

NMOS: V ,  (V) 2 2 0.7 
p (cm’ . 40 100 500 v-’ . s - I  

p (cm’ . 20 50 200 v-’  . s-1) 

) 

PMOS: V ,  (V) -8 -3 -0.7 

Operating voltage (V) 18 15 5 
Feature size (pm) 5 5 1 
Substrate LA glass LA quartz Si wafer 

been discussed elsewhere [lo], [17], and is not consid- 
ered further here, except to note that since the frequency 
dependence is qualitatively similar to that obtained with 
conventional MOSFET’s, the same switched-capacitor 
techniques used to suppress low-frequency noise in these 
devices are expected to be equally effective with TFT’s. 

Table I summarizes some of the main characteristics of 
polysilicon TFT’s and compares them with typical values 
for conventional single-crystal MOSFET’s. Data are 
shown for both low- and high-temperature processed 
TFT’s. The low-temperature NMOS TFT’s have lower 
channel mobility, and hence lower drive current, than their 
high-temperature counterparts, but otherwise are similar. 
However, the difference between low- and high-temper- 
ature p-channel TFT’s is more marked. Not only is the 
channel mobility lower in the low-temperature device, but 
the threshold voltage is also much more negative, so that 
the drive current available from a low-temperature 
p-channel TFT is more than an order of magnitude lower 
than that available from a high-temperature device [ 121. 
Despite the weak p-channel TFT’s in the low-temperature 
technology, CMOS circuits are still often used for several 
reasons, including design simplicity, low power dissipa- 

tion, good noise immunity, and the difficulty in fabricat- 
ing depletion-mode NMOS devices to act as loads. 

IV. DRIVE REQUIREMENTS FOR AMLCD’s 

This section reviews the main driving requirements for 
AMLCD’s. These displays represent the major applica- 
tion area for polysilicon TFT’s, and their drive require- 
ments will be used to add perspective to the measured 
performance described below. Fig. 4 shows the main cir- 
cuit elements of an AMLCD along with typical drive 
waveforms. The active matrix is composed of orthogonal 
scan and data lines, and a single pixel is formed at each 
intersection. Each pixel contains a TFT and a capacitor. 
The capacitor is formed by a pair of transparent electrodes 
sandwiching the liquid-crystal material. Plane polarizers 
are placed on each side of the cell so that incoming light 
is first polarized, then passes through the liquid crystal, 
and finally leaves via the second polarizer. The voltage 
applied to the capacitor controls the orientation of the liq- 
uid-crystal molecules, and this in turn controls the twist 
in the plane of polarization of the light traveling through 
the cell. In this way, the transmission of light through the 
entire module (liquid-crystal cell and polarizers) can be 
controlled [14]. When a scan line goes high, each TFT 
along that line is turned on and the voltages present on 
the data lines are transferred in parallel into all the pixels 
along that line, setting the required transmission pattern. 
When the scan line goes low again, the TFT is turned off, 
the charge remains on the pixel capacitance, and the pixel 
voltage remains fixed until it is rewritten during the next 
frame. The liquid-crystal capacitance is strongly voltage 
dependent and may not be large enough to store the pixel 
voltage until the next frame (charge can leak off both 
through the TFT and the liquid-crystal material), and in 
practice an additional storage capacitor is often added to 
the pixel to improve the storage time and linearity. 

Conventional amorphous-silicon TFT AMLCD’s use 
single-crystal integrated circuits to generate the drive 
waveforms illustrated in Fig. 4 .  A full-color 640 x 480- 
pixel display requires about a dozen chips, and several 
thousand individual connections must be made between 
the active matrix substrate and the driver IC’s. The driver 
IC’s and the very large number of connections contribute 
significantly to the cost of the display, and also play an 
important role in determining long-term reliability. The 
use of polysilicon TFT’s allows the driver circuits to be 
fabricated simultaneously with the active matrix on the 
same glass substrate, eliminating the need for external 
driver chips and greatly reducing the number of external 
connections needed to operate the display. In addition, 
integrated drivers allow much denser displays to be built, 
offering the possibility of physically small but high-pixel- 
count light valves for projection applications [ 181. 

The function of the scan drivers is to generate the scan 
pattern, turning each scan line on in turn. This is usually 
accomplished by a simple shift register and buffers to drive 
the capacitive load presented by the scan lines. As Fig. 4 
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Fig. 4. AMLCD driving. (a) Main circuit elements of AMLCD. (b) Typ- 

ical drive waveforms. 

indicates, the total voltage swing needed on the gate lines 
is around 15 V; the scan frequency depends on the display 
size and video format, and is about 30 kHz for a progres- 
sive scan 480-line display and about 60 kHz with 1024 
lines. The scan line buffer rise and fall times usually need 
to be around 1 ps, although this depends somewhat on the 
display design and resolution. The capacitive load pre- 
sented by a scan line can be very large, ranging from about 
50 pF for a small projection display to as much as 500 pF 
for a large direct-view high-resolution display, and 
achieving fast enough transition times when driving such 
loads often requires very large buffers. 

The data driver circuits are often even more challeng- 
ing. They must perform serial-to-parallel conversion and 
drive the appropriate analog voltages onto the data lines. 
The voltage applied to the liquid-crystal cells must have 
a time-average value close to zero to prevent deterioration 
of the display, and to achieve this the voltage applied to 
each pixel is reversed every frame. The data driver volt- 
age swing must be large enough to accommodate both 
drive polarities, normally requiring a total swing of about 
10 V. The output settling time for the data drivers must 
be fast enough that once the data lines have reached their 
final values there is still time to transfer the signals into 
the pixels. In the case of polysilicon pixel TFT’s, this 
transfer takes only a few microseconds [ 121, giving target 
settling times of about 30 ps for a 480-line display and 
about 12 ps with 1024 lines. The data-line capacitance is 
usually smaller than the scan-line capacitance, usually be- 
tween about 20 pF for a small projection display and about 
100 pF for a high-resolution direct-view display. 

Fig. 5 illustrates two common data driver architectures. 
In the second [4], [6] (Fig. 5 (b)), analog video data are 
distributed along a common input line, which is linked 
via pass gates to the matrix data lines. The shift register 
turns each pass gate on in turn, and the analog input volt- 
age present at that moment is transferred to the data line, 
where it remains stored on the data-line capacitance once 
the pass gate turns off. The rate at which data can be sam- 
pled from the analog input depends on the speed of the 
shift register generating the sample signals, and the speed 

I Shiftregister I 
analo data iiLwG 

matrix data lines 

(b) 
Fig. 5.  AMLCD data driver architectures. 

with which the data line can be charged via the pass gate; 
usually the latter limitation is the most severe. Normally, 
a separate analog input line is used for each color (red, 
green, blue), and on a large display several sets of input 
lines may be employed, each serving only a fraction of 
the data lines, in order to achieve the necessary data band- 
width. In the first architecture [5] (Fig. 5(a)), serial dig- 
ital data are fed into the shift register. Once the register 
is fully loaded, the data are transferred in parallel to dig- 
ital-to-analog converters (DAC’s), which generate the ap- 
propriate analog signals to drive the data lines. The digital 
interface possible with such an architecture is very attrac- 
tive, but the circuitry is far more complex than with the 
sampled analog architecture of Fig. 5(b). 

V.  DIGITAL CIRCUITS 
This section describes the performance of some simple 

digital circuit elements built using both low- and high- 
temperature processed polysilicon TFT’s. The circuits 
might be used, for example, as integrated addressing logic 
on large-area devices or for serial-to-parallel conversion 
of digital data. 

A.  Shift Registers 
Fig. 6 illustrates the performance of simple polysilicon 

TFT CMOS dynamic shift registers built using devices 
with 5- and 10-pm gate lengths; other features such as the 
TFT widths and interconnect line widths are scaled in line 
with the gate lengths. The inset to the figure shows one 
stage of the shift register; the two clock phases are gen- 
erated by integrated polysilicon TFT buffers. The maxi- 
mum clock frequency for error-free data transfer is deter- 
mined by operating the shift register as a Johnson counter 
[19] and monitoring the ratio of clock and output fre- 
quencies; this provides a sensitive means of detecting the 
onset of misclocking as the frequency is increased. The 
maximum frequency achieved with the low-temperature 
devices is about 9 MHz with L = 10 pm and about 15 
MHz with L = 5 pm; the high-temperature devices op- 
erate at higher clock rates due to their higher drive cur- 
rents, with the circuits based on 5-pm gate length TFT’s 
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Fig. 6.  Polysilicon TFT shift register maximum clock frequency for error- 
free data transfer. 

reaching almost 30 MHz, and the L = 10-pm circuits op- 
erating at up to 20 MHz. 

Shift registers are used for both scan pattem generation 
and serial-to-parallel conversion of the input data stream 
in AMLCD’s. The former application typically requires 
clock rates of less than 100 kHz (see Section IV), and 
static circuits are normally used. Static shift registers have 
been shown to be about 20% slower than dynamic circuits 
using the same TFT dimensions [2], and achieving the 
required scan rate is not normally an issue. Serial-to-par- 
allel conversion of the input data is more challenging, and 
dynamic shift registers are more often used in order to 
achieve the highest possible speed. In both the architec- 
tures illustrated in Fig. 5, the shift register operates at the 
input data sampling rate. If this is less than the overall 
input data rate determined by the display pixel count and 
the frame rate, which is usually the case, then an input 
bus several pixels wide must be used. For example, a 480 
x 640-pixel display with a 60-Hz frame rate requires an 
input data rate of about 18 M pixels/s. Assuming the ar- 
chitecture of Fig. 5(a), two interleaved shift registers op- 
erating 180” out of phase clocked at 9 MHz would allow 
a single pixel wide bus. Such a clock frequency can be 
achieved in both technologies, although in practice a part 
of the line time must be used for data transfer to the DAC’s 
and a reasonable safety margin must be allowed, and a 
two-pixel-wide bus would probably be used with the low- 
temperature technology. 

B. Buffers 
Integrated scan circuits for AMLCD’s require not only 

a shift register to generate the scan pattem, but also dig- 
ital buffers to drive the scan lines. Typical output rise and 
fall times for these buffers are around 1 ps, and the load 
they must drive can be several hundred picofarads as dis- 
cussed in Section IV. Fig. 7 shows rise and fall times for 
a simple three-stage CMOS buffer as a function of capac- 
itive load; data are shown for the same circuit fabricated 

Rise, fall times (10% - 90%) 

lOms I I I I I 

lms 

1 oops 

l o p s  

1 PS 

1 Wns 

1 OPF 1 OOpF 1nF 10nF 1 WnF 
Load capacitance 

Fig. 7 .  Polysilicon TFT CMOS buffer rise and fall times. Final stage W, 
= W, = 1000 pm, L = 5 pm. 

using both low- and high-temperature technologies. The 
n- and p-channel output TFT’s are the same size, so the 
fall time is always less than the rise time due to the greater 
n-channel drive current. This is particularly true in the 
low-temperature case where the mismatch between n- and 
p-channel TFT’s is greater. As expected, the high-tem- 
perature circuits give the fastest switching times, achiev- 
ing transitions of less than 1 ps even with a load of 1 nF. 
However, the low-temperature TFT’s can achieve the 
same 1-ps target for loads of several hundred picofarads, 
easily meeting display requirements. 

C. High-Voltage Buffer 
In some cases, it may be desirable to have a total gate 

voltage swing that is greater than either the maximum safe 
drain voltage for a TFT or the maximum gate-to-channel 
voltage. This might be the case, for example, if the poly- 
Si drivers were formed in laser recrystallized material on 
the periphery of an a-Si TFT active matrix. Fig. 8 shows 
a circuit that can be used to achieve a 40-V output swing 
from a 20-V input signal while limiting the voltage ex- 
perienced by any individual TFT to about 20 V. 

When the output is high, M P 1  and M P 2  are fully on 
and the full 40 V is dropped across MN 1 and MN2. The 
voltage at point A will settle at a value such that the chan- 
nel currents of both these devices will be equal; there is 
no possibility of leakage to the substrate via the source or 
drain junctions as there would be in a single-crystal MOS 
technology since the TFT’s are formed on an insulating 
substrate. The two TFT’s MN 1 and MN2 are identical, 
and so will satisfy the equal channel current condition if 
their drain-source and gate-source biases are the same. 
This condition is satisfied when point A is at V H H / 2 ,  
equally dividing the supply voltage between the two 
TFT’s. A similar argument applies to the p-channel TFT’s 
when the output is low. Fig. 9 shows measured rise and 
fall times for this circuit fabricated in the high-tempera- 
ture technology, including a level shifter and driven by a 
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Fig. 8.  High-voltage polysilicon TFT CMOS buffer. 
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Fig. 9. High-voltage polysilicon TFT CMOS buffer rise and fall times. 
Final stage W, = 400 p m ,  W,  = 800 p m ,  L = 10 p m .  

CMOS NAND gate, and again adequate performance is 
achieved even for loads of greater than 100 pF. 

VI. ANALOG CIRCUITS 
The circuits described above, and other polysilicon TFT 

circuits reported elsewhere, are essentially digital. How- 
ever, the large-area devices where they may be used gen- 
erally require analog signals in order to reproduce or scan 
grey-scale or full-color images. Thus there is a need for 
some analog functionality on the large-area substrates, and 
in this section the performance of some simple analog cir- 
cuit elements fabricated with polysilicon TFT’s is exam- 
ined. 

A. Pass Gates 
The simplest analog circuit element commonly used is 

a straightforward pass gate. Several data driver architec- 
tures have been reported where pass gates are used to de- 

liver an externally generated analog signal, such as a cor- 
rected video signal [4], [6] or a nonlinear ramp [5], to the 
display data lines under the control of integrated polysil- 
icon TFT digital circuitry. These schemes require rela- 
tively rapid charging of the data line in order to track the 
external analog voltage accurately. 

Fig. 10 shows CMOS pass gate rise and fall times, 
again as a function of capacitive load, where in this case 
the transition times are defined for a 10-V swing and set- 
tling to within 50 mV of the input voltage. Settling to this 
accuracy is adequate for a display with at least 32 levels 
of grey. Again, the higher drive currents of the high-tem- 
perature TFT’s are reflected in faster settling times, but 
even with low-temperature devices settling times of less 
than 3 ps can be achieved with a load of 100 pF. 

B. Operational Amplijiers 
The range of data driver architectures that can be im- 

plemented using simple pass gates as the only analog ele- 
ment is clearly severely limited. Furthermore, in other 
areas of application, such as optical scanning, signal am- 
plification is often required. Thus, there is a need to im- 
plement true analog circuits using TFT’s, and the basic 
building block for those circuits is an operational ampli- 
fier. However, in designing operational amplifiers with 
useful voltage gain and bandwidth, the problems of poor 
saturation characteristics and low drive current in poly- 
silicon TFT’s discussed in Section I11 must be overcome. 

Fig. 11 shows three simple operational amplifiers used 
in this work that have been designed to achieve this goal. 
As with the digital circuits discussed in Section V, the 
circuits have been built using design rules appropriate for 
large-area substrates. The simple CMOS amplifier (type I 
in Fig. 11) uses cascodes to overcome the low output 
impedance of the TFT’s in saturation. This circuit used 
the minimum number of TFT’s, and is important since in 
most applications the area available for the circuits will 
be limited. The type I1 circuit provides a differential input 
and retains the cascode. The type I11 circuit uses two 
stages for increased gain and a complementary source- 
follower output stage for increased drive; it does, how- 
ever, require compensation to ensure stability. 

Fig. 12 shows the frequency response of each amplifier 
when driving a 30-pF load capacitance. In this case, all 
the circuits have been fabricated using the high-tempera- 
ture TFT technology. The single-stage circuits have low- 
frequency gains of just over 40 dB, and single-pole rolloff 
characteristics with unity-gain frequencies of about 300 
kHz. The two-stage circuit, on the other hand, has a much 
larger low-frequency gain, approaching 80 dB (the rolloff 
at low frequency is a measurement artifact related to the 
relatively high noise level of polysilicon TFT’s) and a 
unity-gain frequency of several megahertz. 

C. Switched-Capacitor Amplijier 
Fig. 13 shows the schematic of a simple switched-ca- 

pacitor amplifier with a nominal gain of 10 fabricated us- 
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Fig. 10. Polysilicon TFT CMOS pass gate rise and fall times. W, = W, 
= 600 pm, L = 10 pm. 

I I  

VBl * 
Fig. 11. Polysilicon TFT operational amplifiers. All TFT's have W = 200 
pm and L = 10 pm except those marked *, which have W = 400 pm and 
L = 10 pm. 
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Fig. 12. Polysilicon TFT operational-amplifier frequency response. The 
load is 30 pF in parallel with 10 MQ. 

ing the thin-film polysilicon technology. The circuit pro- 
vides input offset and low-frequency noise cancellation. 
In the reset mode (4 high, n4 low), the integration ca- 
pacitor C2 is discharged, and the right-hand plate of C,  is 
held at the input offset voltage while its left-hand plate is 
charged to VIN. In the amplification mode (4 low, n4 

I + I  

Fig. 1 3 .  Polysilicon TFT switched-capacitor amplifier. 

high), the switch across C2 is opened. The left-hand plate 
of CI is switched to ground, injecting a charge of CI 
VI, to the input of the integrator formed by C2 and the 
operational amplifier. An output voltage swing of 

is thus obtained (assuming the operational amplifier has 
very high gain). 

Fig. 14 shows transfer curves for this circuit imple- 
mented with the type I amplifier shown in Fig. 11 for two 
bias currents, and in both cases good linearity is obtained 
for an output swing of about 12 V (the figure also shows 
the output voltage limits for a deviation from linearity of 
less than 100 mV). Fig. 15 shows settling times for the 
switched-capacitor circuit implemented with type I and 
type I1 op amps as a function of capacitive load. The total 
output swing is 10 V in this case, and the settling time is 
defined as the period required for the output to settle 
within 50 mV of its final value. The TFT aspect ratios 
chosen for this comparison are such that the two amplifier 
designs take up about the same area on the glass. The type 
I11 amplifier with the complementary source-follower out- 
put stage achieves faster settling at high capacitive loads 
despite the use of smaller TFT's, but as the load is re- 
duced to about 100 pF, internal settling times dominate 
and the difference in settling times between the two de- 
signs is reduced. In both circuits, increasing the bias cur- 
rent improves settling time as expected, although it should 
be noted that even the relatively modest bias current of 
200 pA corresponds to a significant power dissipation 
when multiplied by several thousand individual data-line 
drivers. 

As before, it is useful to compare the performance il- 
lustrated in Figs. 14 and 15 with the AMLCD driving 
requirements discussed in Section IV. The amplifier out- 
put voltage swing of 10-12 V shown in Fig. 13 is suffi- 
cient to cover both data drive polarities. The output volt- 
age error of 50 mV used to define the settling time in Fig. 
15 corresponds to at least 32 levels of grey, but the set- 
tling time targets depend on the number of display lines. 
The type I amplifier with a low bias current is adequate 
for a conventional 480-line display, but for a high-reso- 
lution 1024-line display either higher bias currents or the 
type I11 circuit will be necessary. 
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Fig. 14. Polysilicon TFT SC amplifier transfer curves. Type I op amp, 
settling time = 12 ps, C,,,, = 30 pF. 
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Fig. 15. Polysilicon TFT SC amplifier settling times. Nominal gain = 10, 
L = IO pm, output swing = 10 V, settling defined at A V  = 50 mV. 

D. Charge-Redistribution DAC 
An array of switched-capacitor amplifiers such as those 

described above might be used to sample and amplify an 
externally supplied analog video signal and drive the data 
lines of an AMLCD. Generally, however, a digital inter- 
face is preferable in terms of bandwidth and noise im- 
munity. The shift registers described in Section V-A have 
sufficient speed to allow a digital input bus that is only a 
few pixels wide, even for a high-resolution display, but 
to use such an interface requires integrated digital-to-an- 
alog converters built on the glass using polysilicon TFT's. 

Fig. 16 illustrates a straightforward 4-b charge-redis- 
tribution DAC that has been implemented using polysili- 
con TFT technology. The digital control circuits are used 
to switch the left-hand plate of the input capacitors be- 
tween a reference voltage and ground under the control of 
the input data bits. The input capacitors are binary 
weighted in the usual manner [20], and the overall gain 
of the circuit can be set by the feedback capacitor CFB. 

Fig. 16. Polysilicon TFT charge-redistribution DAC. 

DAC output (volts) 

l5 d 
VREF = 1 OV 

- 5 1  ' ' ' ' I ' ' ' ' ' ' ' ' ' J 

0 5 10 15 
DAC input code 

Fig. 17. Polysilicon TFT DAC response. Settling time = 14 ps, CLOAD = 
30 pF. 

Non-linearity (Isb) 

integral 

t 

Non-linearity (Isb) 

+F 

-+-5 Digital input code - + k - ? - $ - i 5  Digital input code 

(a) (b) 

Fig. 18. Polysilicon TFT DAC error. Settling time = 14 ps, C,,,, = 30 
pF. (a) Type I amplifier, V,,, = 10 V .  (b) Type 111 amplifier, V,,, 
= 5 v. 

Fig. 17 shows the response of two such DAC's imple- 
mented with the type I and type I11 op amps. In making 
these measurements, a settling time of 12 ps has been al- 
lowed, corresponding to the line time of a high-resolution 
display. In both cases, an output swing of about 10 V is 
achieved, determined here by the choice of reference volt- 
age, and with the type I11 operational amplifier, true bi- 
polar operation is obtained. 
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Finally, Fig. 18 shows the integral and differential non- 
linearity of both DAC’s. In the case of the type I opera- 
tional amplifier (Fig. 18(a)), both nonlinearities are better 
than 1/16th LSB, indicating adequate linearity for an 
8-b precision DAC. The nonlinearity with the type 111 am- 
plifier is a little worse, but still close to being adequate 
for 8-b operation. Linear DAC’s with 8-b resolution are 
adequate for a 32 or 64 grey level display when correc- 
tions for the nonlinear transfer characteristics of the liq- 
uid-crystal cell are taken into account. Thus, the polysil- 
icon TFT DAC’s show adequate output swing, settling 
time and precision for driving AMLCD data lines with at 
least 32 levels of grey. 

VII. CONCLUSIONS 
This paper describes the performance of a range of dig- 

ital and analog circuit elements built using polysilicon 
thin-film devices, including several switched-capacitor 
circuits that are believed to be the first examples of such 
devices to be reported. Polysilicon TFT’s can be built on 
large-area (30 cm x 30 cm or larger) glass or quartz sub- 
strates, and this allows them to be used in a range of large- 
area devices such as active-matrix liquid-crystal displays 
(AMLCD’s), page-width optical scanners, or page-width 
printers. In this paper, the requirements for integrated 
AMLCD driver circuits have been used as an example to 
compare with the measured polysilicon TFT circuit per- 
formance, and it has been shown that the TFT circuits can 
achieve the necessary voltage swing, precision and speed 
for even large high-resolution displays. 

The performance of polysilicon TFT’s is poor in com- 
parison to conventional single-crystal MOSFET’s at pres- 
ent, and in order to remain compatible with large-area 
processing, relatively coarse design rules have been used 
in laying out the circuits discussed in this paper. How- 
ever, despite these limitations, digital circuit speeds of up 
to 30 MHz have been obtained, along with, for example, 
8-b linearity in a charge redistribution DAC with settling 
times of about 10 p s .  These levels of performance will 
allow increased functionality on large-area substrates. In 
the future, as polysilicon TFT performance improves and 
approaches that of single-crystal SOI, it will become pos- 
sible to integrate more and more functions on large-area 
substrates along with displays or input scanners, for ex- 
ample, offering a new range of system design possibili- 
ties. 
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