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A 157-dot-per-inch, 262K-color, 10.5-in.-
diagonal, 1280 x 1024 (SXGA) display has been
fabricated using a six-mask process with Cu
or Al-alloy thin-film gates. The combination of
high resolution and gray-scale accuracy has
been shown to render color images and text
with paperlike legibility. The low-resistivity
gate metallization and trilayer-type TFTs with a
channel length of 6-8 um were fabricated with
a six-mask process which is extendible to
larger, higher-resolution displays. A combination
of double-sided driving and active line repair
was used so that open gate lines or data lines
did not result in visible line defects. A flexible
drive-electronics system was developed to
address the display and characterize its
performance under different drive conditions.

Introduction

To evaluate the ergonomic advantages of high-resolution
active-matrix liquid crystal displays (AMLCDs), we have
constructed a 157-dot-per-inch (dpi), 262K-color, 10.5-in.-
diagonal, 1280 X 1024 (SXGA) display. The advantage

of such a display is that it encompasses a combination of
high information content, high spatial resolution, and high

gray-scale accuracy, permitting it to render color imagery
with high fidelity and provide text with paperlike legibility.
(The term paperlike is of course used subjectively to
indicate that the display approaches laser print quality;
this term has been used by a number of first-time
observers of the display.) Laser printers typically use
resolutions of 300 to 600 dots per inch (dpi) with no gray
scale. The tradeoff between gray scale and resolution has
been explored experimentally [1], and 13-in. SXGA
displays have been fabricated with self-aligned TFTs
having a channel length of 6 pum. [2]. That work indicates
that the use of gray scale can be traded off with spatial
resolution. Color images in magazines are typically
screened (the process of pixellating an image for printing)
at a resolution of 150 dpi. The above results led us to
believe that improved image and text quality could be
achieved on an AMLCD with approximately 150 dpi and
good gray-scale accuracy. Cathode-ray-tube-based displays
provide a technology which is capable of 110-dpi color
pixels with a full gray scale. For the first time, AMLCDs
provide a means of obtaining higher resolution with full
color on a direct-view flat-panel display. AMLCDs have
been commercially produced with resolutions of 77 dpi

to 106 dpi [3]. The process technology underlying
AMLCD production permits even higher resolutions

to be achieved.
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Key technical issues in fabricating the display described
here included minimizing the gate delay, achieving
adequate charging performance, obtaining an acceptable
aperture ratio (the fraction of the subpixel area through
which light can pass), and developing suitable processes
for achieving an adequate thin-film-transistor (TFT) array
yield. In the present work, we have used low-resistivity
gate metallizations such as Cu and Al-alloy films. In
previous work, we fabricated 146-dpi VGA Cu-gate
AMLCD displays [4]. Key challenges in using Cu and Al-
alloy films were the development of processes which were
compatible with the chemical properties of Cu films and
the prevention of hillock formation during the thermal
processing of the Al-alloy films. The available charging
time for such a high-resolution display and the charging
accuracy for 6-bit gray-scale operation required the
development of a TFT with a channel length of 8 um or

E. G. COLGAN ET AL.

less. To obtain an adequate aperture ratio, a storage
capacitor on the previous gate-line (C¢-on-gate) design
was used. In this prototype design, we explored methods
for repairing line open defects in both the gate lines and
data buses. By driving the gate lines from both sides and
using active line repair (ALR), described below, open gate
or data lines did not result in visible line defects. A
flexible drive-electronics system was developed to help
characterize display performance, explore different
inversion methods, and provide 6-bit gray-level accuracy
at a refresh rate of 60 Hz.

Array design and fabrication

® Available gate-line time

A frame rate of 60 Hz with progressive scan was chosen
as the starting point. This results in a gate-line time of
approximately 16 us during which the TFT has to charge
the pixel with sufficient accuracy and then be turned off to
hold the charge. Liquid crystal operation requires a near-
zero average dc voltage for long-term, stable operation.
This is achieved by alternately addressing a pixel with a
positive and a negative voltage. For 6-bit gray-level
drivers, the charging accuracy should be approximately
50 mV (1%). The pixels were precharged to meet the
charging precision requirements within the available time.
Precharging consists of activating or “turning on” a gate
line prior to its normal excitation time. For example,
pixels in line N might be precharged by turning on gate
line N while addressing line N — 1 or N — 2. This
momentarily charges the pixels on line N to values that
are incorrect but of the correct polarity. Precharging thus
reduces the charging that must take place during the line
time. During the gate-line time, the gate voltage must
also be brought well below the threshold voltage of the
transistors in order to turn off the transistors and hold
the charge on the liquid crystal and storage capacitor.
Figure 1 shows a schematic drawing of a subpixel (a), the
equivalent circuit (b), and the pixel voltage as a function
of time (c). The gate-line time is subdivided into a
charging period (up to 12.3 us), a period for gate voltage
decay (>1.2 us), and a period for the rail switching of the
data drivers (>2.4 us). The resistance and capacitance
(RC) delay of the gate line retards the turnoff of the
transistor at the far end of the gate line. This display is
driven from both ends of the gate line, thus reducing the
gate-line delay by a factor of 4.

® Aperture ratio

The required subpixel size for a 10.5-in.-diagonal vertical-
stripe SXGA (1280 x 1024) display is 54 pm X 162 um.
This subpixel area is about 1/4 the area of a typical
subpixel. For a conventional 12.1-in.-diagonal SVGA
display, a subpixel with dimensions of approximately
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103 wm X 309 pm is used. Obtaining good aperture ratio
in this size required the use of a C -on-gate design which
avoids the area lost to a separate storage capacitor line.
The aperture ratio is primarily dependent on the width

of the data line, the space between the indium-tin oxide
(ITO) pixel electrode and the data line, and the overlap of
the black matrix over the edge of the ITO pixel. Typical
values for data-line width are 8 um with a 4-um space to
the ITO pixel. As the pixel resolution is increased, the
fraction of the pixel consumed by these spaces increases.
The schematic in Figure 2(a) shows a cross-sectional view
through the subpixel; Figure 2(b) shows the calculated
aperture ratio values as a function of the black-matrix-
to-ITO overlap, assuming that the effective gate width
(including the TFT area) is 35 um. A minimum spacing of
about 4 um is required between the ITO and the data line
to avoid excessive capacitive crosstalk. The black matrix
must overlap portions of the ITO pixel in order to mask
regions of liquid crystal which were responding to fringe
fields; a typical overlap is 4 um. A 12.1-in.-diagonal
SVGA display has an aperture ratio of approximately
65%. When the same design rules are applied to a 157-dpi
SXGA display, the aperture ratio is 33%. An aperture
ratio over 35% was achieved for the present display, and
the optical transmission of the complete display module
was 4%.

® Gate-line delay

The gate-line delay can be estimated by using the product
of the total gate-line resistance and the total gate-line
capacitance to ground. This results in a conservative
estimate of the RC delay compared to the actual
distributed RC delay. The total capacitance is the sum of
the capacitance of the crossover capacitor, the capacitance
of the transistor, and the series combination of
capacitances of the liquid crystal and storage capacitor.
The crossover capacitance is due to the overlap of the
gate and data lines [Figure 1(a)]. The total capacitance is
approximately 0.5 nF. The total resistance in the gate line
is about 1500 €. (The Al-alloy gate lines were thicker

to compensate for their higher resistivity compared to
copper.) Driving a gate line from one end gives a lumped
RC estimate of 0.75 us; driving the gate line from both
ends gives an estimate of 0.19 us, both of which easily
meet the specification discussed earlier. Figure 3 shows
the required gate resistivity versus the number of gate
lines for a range of display diagonals for both the separate
C, line and C-on-gate cases [5]. This scaling analysis was
based on a lumped RC delay, single-sided driving, and a
gate thickness of 250 nm. The design point of the 10.5-in.-
diagonal SXGA display is indicated by a solid circle and
corresponds to a maximum resistivity of 7 u{}-cm for
single-sided driving. For a MoW-alloy gate metallurgy
(resistivity 15 ufd-cm versus about 5 uf)-cm for Al alloy
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or about 2 uQ-cm for Cu), the thickness needed for
acceptably low resistance is not practical. It therefore
follows that an Al-alloy or Cu gate metallization is
required for significantly larger displays with higher
information content. Although the gate lines were driven
from both sides, the array was designed to operate with
single-sided driving so that an open gate-line defect would
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not result in a visible line defect. This also permitted
repair of “crossover” shorts between data and gate lines
by laser-cutting a gate line on both sides of the short, and
prevented the very rare gate-line defect from being visible.
The single-sided operation was verified by the uniform
image which resulted when driver chips were attached to
only one end of the gate line. Note, however, that this
repair technique has the disadvantage of requiring double-
sided driving.

® TFT channel length

The transistor used to address an individual subpixel must
be able to charge the subpixel to the required accuracy in
the time allowed (<12.3 us), limit the size of the pixel
voltage drop (AV,) when the transistor is shut off
[Figure 1(c)], and prevent charge from leaking off during
the frame time [Figure 1(c)]. The charging accuracy is
determined by the time constant, 7, , the product of the
resistance of the TFT and the sum of the liquid crystal
capacitance [C| ., between the ITO pixel and top plate,
Figures 1(a) and 1(b)] and the storage capacitance

[C,, between the data line and the previous gate line,
Figures 1(a) and 1(b)]. A simplified model of the transistor
[6] approximates the charging behavior as that of a fixed
RC circuit and requires that the RC delay be small enough
to allow the charging period to have a duration of several
T 1he achievement of a 6-bit gray scale requires a
charging accuracy of approximately 1% (allowing

some error budget for the rest of the system), which
corresponds to a charging time of 4.6 Ty Lherefore, with
a charging time of 12.3 us, an RC delay of 2.7 us is
needed. This approximation has been used to estimate the
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transistor channel length required as a function of the
number of gate lines, shown in Figure 4 for both a typical
TFT process (mobility of 0.4 cm’/V-s) and one with
increased mobility (0.8 cm®/V-s). For an SXGA display
with a typical process, a TFT channel length of 8 um or
less is needed. TFT arrays for the SXGA display have
typically been fabricated with channel lengths of 8 um,
and recently, arrays have been fabricated with channel
lengths of 6 um. The on-current of the transistor is
proportional to the mobility and the width, and inversely
proportional to the channel length. It is clear that a wider
transistor provides a smaller charging 7, . However, this
has to be balanced against an increase in the size of its
capacitance [C in Figure 1(c)], to the extent that too
large a pixel voltage drop may occur at the trailing edge
of the gate pulse. Experience has shown that a AV, of
approximately 1.5 V can be tolerated. This drop can be
estimated as a capacitive voltage divider between the
transistor capacitance and the storage and liquid crystal
capacitance [Figures 1(b) and 1(c)]. Minimizing the
capacitance of the transistor per unit width is highly
desirable. The design assumed a TFT threshold voltage
of less than 5 V and an off-current of less than 1 pA.

The off-current of the transistor must be low enough to
maintain gray-scale accuracy during the frame time and to
avoid flicker. Transistor channel lengths smaller than 8§ um
or transistors having increased mobility are needed for
display formats with higher resolution than SXGA.

® Six-mask Al-alloy thin-film-transistor process
Thin-film-transistor arrays were fabricated using a six-mask
process and either Cu or Al-alloy gate metallizations. The Cu
gate process was previously described [S, 7]. The use of Cu
required a number of design changes and novel processing
steps to passivate the Cu films against oxidation, provide
sufficient adhesion to the substrate, and prevent adverse
reactions with other materials. The process integration is
easier with an Al-alloy film, but the resistivity is higher, and
the formation of hillocks during thermal processing must

be avoided. Hillocks result from the thermal expansion
mismatch between the substrate and the Al or Al-alloy film.
Typical approaches to avoiding hillock formation are the
addition of alloying elements [8§-10] or forming capping
layers such as AlLO, [11] or MoTa alloy [12]. A combination
of alloying and a partial Mo capping layer was used in this
work. The six-mask Al-gate process flow is shown in Figure 5.
The first step [Figure 5(a)] is the deposition and patterning
of indium-tin oxide (ITO) to form the pixel electrode. An
ITO-first process has the advantage that if wet etching is
used, there are no prior metallization levels present which
can be attacked by the aggressive etchant. The second step
[Figure 5(b)] is the deposition and patterning of the Mo/Al-
alloy metallization to form the gate lines. A variety of Al-
alloy compositions, which are currently proprietary, were
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Schematic diagram of six-mask Al-alloy gate TFT process flow, with optical micrographs at corresponding steps. The subpixel size is
162 um X 54 um. The process steps are (a) ITO patterning, (b) Mo/Al-alloy gate patterning, (c) IStop patterning, (d) n* a-Si deposition
and via patterning, (¢) Mo/Al/Mo data metallization patterning, and (f) passivation patterning. In (b)—(f), the gate-line width is about 28 pm.

used in this work, and are referred to collectively as Al(X).
By using immersion etching, whereby the Mo is etched more
rapidly than the Al alloy, a taper can be reliably formed on
the edges of the features [12]. An edge taper is important to
ensure good insulator coverage, which protects the gate lines
from attack by subsequent etching steps and minimizes the
increase in resistance for crossings of data lines over the
insulator topography created by the underlying gate lines.
The Mo layer is left in place on top of the gate line to
reduce the formation of hillocks and whiskers upon heating
during subsequent processing. Unlike the process in which
the Al gate is totally covered with MoTa [12], this process
does not require an additional lithographic step. The third
step [Figure 5(c)] is the plasma-enhanced chemical vapor
deposition (PECVD) of a SiN /hydrogenated amorphous Si,
a-Si:H/SiN_ trilayer, and the wet etching of the upper SiN,
layer. The lower SiN_layer acts as the gate insulator for the
TFT and as the insulator for the storage capacitor formed
between the gate and data metallizations. The upper SiN,
layer is patterned to define the TFT channel (center of

the I-shaped region on the gate tab) and to provide an
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additional insulating layer where the data lines cross the gate
lines or connect to the storage capacitor. In the case shown,
the channel length of the TFT was 6 um. An advantage of
the trilayer TFT is that the a-Si interfaces are formed and
passivated in situ. The fourth step [Figure 5(d)] is the
deposition of a heavily doped n-type microcrystalline silicon
layer to form the contacts to the a-Si and the reactive ion
etching (RIE) to pattern via openings down to the ITO
pixels. A process option at this point is to remove the gate
insulator from the entire ITO area with the passivation
opening shape instead of just opening two vias. This reduces
the time required to expose the ITO during the passivation
etching. An RIE process was developed which produces

a slight taper to ensure that the data metallization is
continuous and forms low-resistance contacts to the ITO
areas. The fifth step [Figure 5(e)] is the deposition of the
data metallization [typically, thin Mo/Al(X)/thin Mo] and
the patterning of both the metal and silicon layers using a
combination of wet and reactive ion etching to form the data
lines. The lower Mo layer improves the contact resistance
and prevents interdiffusion between the Al alloy and Si. An
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Oblique-angle scanning electron micrographs of the array depicted
in Figure S. The subpixels are 54 uwm wide.

RIE process is used to pattern the Si layers after the metal
layers are patterned by wet etching. This etching process
must be somewhat selective to SiN . Note that the process
leaves both the a-Si and the n*-doped microcrystalline Si
layers under the data-line metallization, including the
storage capacitor. The sixth and last step [Figure 5(f)] is the
deposition of a SiN_passivation layer and RIE to expose the
ITO in the array and the data metal in the periphery. The
SiN_ over the ITO pixel includes the gate SiN; hence, the
RIE process must be somewhat selective to the data-line
metallization because of the over-etching required to remove
the gate SiN_from the ITO pixels in the array. Oblique-angle
SEM micrographs of a completed array fabricated with this
process are shown in Figure 6. The large taper width

(=1 pm) from immersion etching the Mo/Al(X) gate
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metallization is apparent in Figure 6(a) at the gate-metal
edges.

® TFT array performance

The performance of the TFT arrays was evaluated using a
dynamic array tester [13] which writes charge to and reads
charge from the individual subpixels of the array. Key
performance metrics are charge uniformity across the
array, the time constant, 7, , for the TFT to charge the
storage capacitors, and charge retention during the frame
time. In Figure 7(a), a charge histogram is shown for the
Al-alloy gate array depicted in Figures 5 and 6 having TFTs
with a channel length of 6 um. The mean charge was 1.49 pC,
with a standard deviation of 0.08 pC. The charge was
written to the individual 3.9M subpixels, held for 16 ms (the
frame time), and then read out. A contour map of the array
showed that the variations were gradual across the array,
and that the uniformity was adequate for displaying 6-bit
gray levels. In Figure 7(b), the stored charge versus the
charging time is plotted for a gate voltage of 24 V. The
initial charging curve was fitted to an exponential, and

7, was calculated to be 1.24 us. The initial slope of the
charge versus charging time plot is equal to the on-current
of the TFT. As stated earlier, for driving an SXGA
display at 60 Hz with a 6-bit gray scale, a 7, of 2.7 us is
required. In this design, C; + C . is about 1.6C, so 7,
corresponds to 1.67 or 1.98 us in this case. This TFT
process should be extendible to larger-diagonal, higher-
resolution displays with a 6-pum channel length. In

Figure 7(c), the stored charge after a hold time of 16 ms
is plotted against the gate voltage during the hold time.
During typical operation, the gate voltage when not
enabled was —3 V. The charge uniformity over the range
of gate voltages examined indicated that there was no
charge-retention problem with the TFT array.

System electronics

® Approach

The prototype electronics and display subsystem had two
general requirements. On one hand, sufficient flexibility in
addressing had to be provided to allow characterization
and study of the display performance. Such flexibility is
most easily achieved using unique hardware with little
concern for packaging and form factor. On the other
hand, a system was needed that would allow the display
to function with standard personal computers and
software and in a compact package, so that portable
demonstrations and human-factors studies could be
carried out. One motivation for this work was to explore
the advantages that high spatial resolution brought to
reading from displays. A compromise solution that met
these needs is described below. A photograph of the
completed display is shown in Figure 8. This package
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proved suitable both for office use and (with its screen
folded down) for laboratory measurements.
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Array test results for Al-alloy gate array having TFTs with a channel
length of 6 um depicted in Figures 5 and 6. A charge histogram is
shown in (a), a plot of stored charge vs. charging time is shown in
(b), and a plot of stored charge vs. gate voltage during the hold time
is shown in (¢). The data taken in (b) and (c) were collected from
different array locations simultaneously and then combined. Each
data point represents the measurement of many pixels.
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§ Photograph of packaged SXGA prototype display in operation.

® Addressing the array
The first decisions that had to be made were how to address

the array and how the addressing electronics were to be
packaged. Data drivers with at least 6 bits of resolution were
needed. Array design considerations did not permit the use
of a separate return line for the pixel storage capacitors, so
using a low-voltage design approach such as V= modulation
was not an option [14]. Low-voltage (5-V) drivers were
used, and the required higher voltages were achieved by
dynamically switching the voltage rails of the data drivers.
The data drivers were Crystal Semiconductor 55-MHz parts
having 201 outputs with 6 bits of voltage precision and a
5-V__ specification. Ten data-driver chips were used to drive
odd-numbered lines from the top edge of the display, and
ten data-driver chips were used to drive even-numbered
data lines from the bottom edge. Using 192 outputs from
each driver provided the required 3840 data-line signals
(1280 pixels X 3 subpixels per pixel). Six of the remaining
nine outputs for each driver chip provided active line

repair (ALR) signals, as described briefly below and in

a related paper [15]. The gate lines were driven by standard-
architecture 30-V IBM drivers having 128 outputs. Each
gate line was driven from both ends, providing both
redundancy and a 4X response-time improvement

compared to single-end driving. Sixteen gate-drive chips
were used.

The voltage-level shifting of the data drivers was
achieved by following an approach proposed by the driver
vendor. A high-level schematic of this function is shown in
Figure 9. This approach proved reliable and effective, and
we were able to switch and stabilize the driver rails in
approximately 1 us, using only about 6% of the total gate-
line time and fitting within the gate-line time budget
mentioned previously. Both discrete and partially
integrated versions of this circuitry were used. Note that
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High-level diagram of rail-shifting scheme used for the data drivers. This approach allows low-voltage drivers (5 V) to be used in a display

that requires higher voltage (11 V in this case) on the data lines.

in addition to dynamically floating the driver rails, the
ground-referenced input signals (data and clock) were
level-shifted. This was carried out by the simple expedient
of using a capacitor and a reset switch. The reset switch
on each data input pin was integrated into recent versions
of the data drivers.

The voltage levels used in the display and the
relationships among the LC transmission-voltage (T-V)
curves, the data-driver reference voltages, and the voltage-
shift levels are shown in Figure 10. The 6-bit data drivers
accept nine reference voltages and internally generate the
remaining levels by linearly interpolating between the
references. The level-shifted rail voltages for the
data drivers are labeled V|, and V. In all cases the
voltage difference between these two rails was 5 V
or less. The amplitude of the shift was of the order
of6 V.

We were able to simultaneously load the upper and
lower data drivers with the 55-MHz pixel clock and a
single data bus for each group of 10 data drivers. Each
driver accepted 3 subpixels of data (18 bits) per pixel
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clock. It thus required (192/3) X 10 clocks or (640/55
MHz) = 11.6 ps to load all 1920 drivers using a single
bus. For greater parameter control, however, two data
buses were used for the top and two for the bottom.
Each set of five drivers could be loaded at lower rates if
desired. We typically loaded the data into the drivers
with a 40-MHz clock from a FIFO (first-in-first-out)
buffer.

® System partitioning

The TFT/LCD electronics and display subsystem are
shown in Figure 11. The functions were distributed

over four units. An inner picture-frame circuit board

was connected to the display glass via the flex circuits
containing the driver chips. This board contained only the
display drivers, decoupling capacitors, and six connectors.
A socket was provided to allow the optional use of ALR.
Since many variations of display processing were used, we
wanted to minimize the electronics cost associated with
each display. The inner picture frame was electrically
connected to an outer picture frame with six low-profile
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50-pin connectors and cables. The outer picture frame
contained many of the discrete components required for
level shifting, and the connectors to the rest of the
system. A backlight mounted on the outer picture frame
completed the display module. The base unit contained all
of the electronics required for voltage generation, control
of the display, and pixel formatting, including ALR. This
unit served as a mechanical base for the display, which
was attached to it with hinges. The fourth unit was the
display adapter located in a PCI bus slot of the personal
computer used to drive the display. The display adapter
was of standard commercial design, using the 968
controller manufactured by the S3 Corporation and the
IBM 528 Palette DAC chip (250-MHz version). The
adapter was modified to provide synchronization signals
and 2-pixel-wide digital output from the palette DAC.
The system was typically run under Windows** 3.1 in
1280 x 1024 mode (SXGA) with 24 bits per pixel and a
60-Hz refresh rate. This corresponds to a serial pixel clock
of 110 MHz. The serial port of the computer could be
used to input display operating parameters.
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& Control features
All display-addressing voltages and timings having an effect

on display performance could be programmably set. While
this allowed numerous characterization studies to be carried
out, it also presented the problem of how to simply convey
this versatility to the user. The approach used was to have all
parameters individually keyboard-settable, to provide the

- user with sets of previously determined parameters, and to

develop a simple graphical user interface for display control,
described below.

The electronics were controlled by a Philips 552
microprocessor; see Figure 11. This microcontroller could
operate autonomously with no connection to a host
computer. Display operating conditions were contained
in a default EPROM or in one of several user parameter
sets stored in a nonvolatile EEPROM. When connected
to an external computer via a serial port, it responded to
external commands. In addition to setting and sequencing
voltages and timings, the microprocessor also monitored
the system for proper voltage levels, synchronization
signals, and temperatures, shutting down the system if an

E. G. COLGAN ET AL.

435




436

FFOs and
Active Line Repair

E%;

4

4 Pixel Witle Data Out

Right haf]
data &
EVIEVI Y 2 ciocks

. G o XX m—
50 pin ricbon
comnectors
| senwonse ) | sastanom
Oemax & | |osmu & AL Couglg AC Couping
Tt Ovrs | [ Aot B || Aot caprg
wpper iowwes
" b
i
11 ook s ama
‘tanrinations

Quter Pickwe Frame

o : -
Mechanical and electrical partitioning of prototype SXGA display. Four basic units are shown: the inner picture-frame board, which connects

to the display; the outer picture-frame board containing level-shifting components and I/O connections; the base unit, which provides all of
the display control electronics and power supplies; and the display subsystem, which is housed in a personal computer.
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(a) Screen capture of prototype SXGA display status information; (b) screen capture of the user interface for setting display operating

out-of-tolerance condition was detected. All voltages set
by the microcontroller were implemented with 12-bit
digital-to-analog converters (DACs) having a 10-V
full-scale swing. A fixed-voltage-gain stage following

the DAC was provided for signals requiring higher
voltages.

For long-term stable operation, the net dc content of the
liquid crystal excitation had to be under 50 mV. The
microcontroller and timing circuits supported three basic
modes of inversion control: column inversion, row inversion,
and frame inversion. These modes could be selected
individually or in combination. Column inversion, for
example, involves setting all even columns at one polarity
and all odd columns at the opposite polarity during one
addressing frame (writing all the pixels from start to finish).
During the next frame of information, the column polarities
are reversed. Exchanging the word row for column in the
above description describes row inversion. Frame inversion
involves setting all pixels at one polarity in a given frame
and at the opposite polarity in the next frame. All of these
modes (and combinations) provide zero net dc excitation.
They differ in their ability to minimize either flicker or
crosstalk on the screen. The electronics used also supported
choosing pixel precharging or not, doing so in any of the
modes defined earlier in this paper.

The user interface developed for display status and
control is shown in Figure 12. The status screen [Figure
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12(a)] shows the values and conditions of the important
system parameters, which were continuously monitored.
To set parameters for display use, an operator used the
interface shown in Figure 12(b). The user could control the
T-V curve in numerous ways: Setting each of the 18 voltages
individually, applying the same voltages for plus and

minus fields, quick-setting the T-V curve according to a
predetermined algorithm, taking the threshold voltage and
the full-on voltages as parameters, loading predefined
parameter sets, etc. In every case, a plot of the resulting
T-V curve was presented to the user. Also shown in the
figure are the controls for selecting an inversion method
and for setting the gate timing, the gate voltage level,

and ALR.

® Active line repair (ALR)

Active line repair is a new technique which was developed
to repair open data lines. The technique works by driving
both ends of an opened data line with the same data; a
normal data line is driven from one end only. This was
accomplished by designating several uncommitted data-
driver outputs in each driver chip for this task and having
a means to connect one of these ALR outputs to a repair
bus on the glass outside the LC seal. An EPROM on each
display contains information on the defective column
numbers and which subpixel(s) is (are) nonfunctional.
Circuitry keeps track of data coming into the display.
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Table 1 SXGA display prototype parameters.

Parameter Value Unit

Columns 3840 number
Rows 1024 number
Subpixel 54 X 162 pm X gm
Subpixel count 3,932,160 number
Color pixel 162 X 162 pm X pm
Array diagonal 10.5 inch
Spatial resolution 157 color pixels per inch
Aperture ratio 35 %

Colors 252,144 number
Luminance 120 cd/m’
Contrast ratio 130 number

Gate metallization Cu and Al alloy
TFT Amorphous Si

: Process steps 6 photo steps
Vouse ficst pama o e Last of LC effect

Twisted nematic
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eetion Sayhatin o b able to show line-defect-free operation of our prototype

displays, even though these limited-production panels had
several open lines. The ALR technique is described in an

accompanying paper in this issue [15].
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Display performance
The parameters of the prototype SXGA display are
summarized in Table 1. This display is unique in its
combination of spatial resolution, number of colors,
and contrast, allowing for the rendering of electronic
documents that truly appear to be paperlike. A previous
report of high spatial resolution [16] described a display
having 150 color pixels per inch, but binary drivers
severely limited its ability to render natural images or
to anti-alias text. Selections of text rendered on paper,
on a VGA TFT/LCD, and on the SXGA prototype are
compared in Figure 13. The paper sample in this figure
was from a 300-dpi laser printer. In comparing this high-
resolution electronic display with printer output, one
Photographs of a portion of the 1040 Federal tax form: (a) Printed concludes that the printer has less staircasing and better

on a 300-dpi laser printer, (b) rendered on the prototype SXGA kerning of text. Some observers, nonetheless, prefer the
display, and (c) rendered on an 80-dpi TFT/LCD with VGA electronic version, probably because of its higher

resolution. background luminance and higher text contrast. Tests are
under way to measure how well the electronic display
compares with paper in business reading situations.
Continuous-tone images rendered on this SXGA display
are comparable in quality to those found in publications
only sent to its normal driver, but it is temporarily stored  gych as this one. Figure 14 compares the halftone color
and subsequently fed to a driver on the other end of the spots on the cover of the previous TFT/LCD issue of this
open data line after data is supplied to all 192 normal journal with the pixels on the SXGA display. These
outputs. This digital routing of repair data together with examples illustrate the excellent image quality provided by
the use of standard data drivers allows accurate, noise-free  the combination of high resolution and gray-scale accuracy
driving of defective lines; repaired lines appear the same in this display.

When data arrives for a defective column line, it is not
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Comparison of basic rendering elements used in color printing and color TFT/LCDs: (a) Scanned image of the printed cover of the January

1992 issue of the IBM Journal of Research and Development; (b) color halftone pattern from a section of the cover; (¢) photograph of the
scanned cover image displayed at actual size on the prototype SXGA display; (d) at the same magnification as (b), color subpixels used to
render images on the display. The spatial resolution of the display and journal cover color elements are seen to be comparable.
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Measurements that relate the observed luminance to the
TFT array performance are shown in Figure 15, in which
the screen luminance is plotted versus gate pulse width
with pixel precharge. Dot inversion, which combines
column and row inversion, was used in order to minimize
crosstalk. The measurements used the 50% gray level
because it is most sensitive to shifts in voltage. The
channel length of the TFTs was approximately 8 pm.
With increasing gate-pulse width, the screen luminance
saturated, as expected from the previously described
charging time constant.

The power consumed by this prototype was substantially
greater than that found in the display subsystem of a
commercial notebook computer, though the prototype
offered substantially more display performance, highly
selectable drive conditions, and new functions such as
ALR and system diagnostics. The backlight power
was approximately 3 W. The timing, control, ALR,
microprocessor, and array drivers required a total of
26 W. Finally, the display adapter accounted for 7.7 W
while showing a typical multiwindow image, with extremes
of 5.9 W for a typical DOS window and 9.9 W for
alternating black and white columns.

Summary

A 157-dot-per-inch, 262K-color, 10.5-in.-diagonal,

1280 X 1024 (SXGA) display has been fabricated using a
six-mask process with Cu or Mo-capped Al-alloy gates. The
combination of high resolution and gray-scale accuracy has
been shown to render color images and text with paperlike
legibility. The relatively low-resistivity gate metallization
and trilayer-type TFTs with 6-8-um channel lengths were

E. G. COLGAN ET AL.

fabricated using a six-mask process which should be
extendible to larger-diagonal, higher-resolution displays. A
combination of double-sided driving and active line repair
was used so that open gate or data lines would not result in
visible line defects. An extremely flexible drive-electronics
system was developed to support the display and characterize
its performance under different drive conditions.
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of drive schemes and electronics, pixel design, CMOS FETs
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and TFTs, and their application in various direct-view and
projection, transmissive and reflective flat-panel displays. Dr.
Libsch currently manages a group engaged in advanced flat-
panel display devices, processes, and testing research. He
holds several U.S. and foreign patents and is the author or
coauthor of more than 50 technical publications, including

a recent book chapter entitled “SONOS Nonvolatile
Semiconductor Memories” in the book Nonvolatile
Semiconductor Memory Technology. Dr. Libsch is a member of
the IEEE, the Society for Information Display, the New York
Academy of Sciences, and Sigma Xi. He currently serves as
the chairperson of the AMLCD Subcommittee of the Society
for Information Display and as a member of the Executive
Committee of the Society for Information Display.

Shui-Chih Alan Lien IBM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights, New
York 10598 (salien@us.ibm.com). Dr. Lien received a B.S.
degree in physics from National Taiwan Normal University,
Taipei, Taiwan, in 1977, and an M.S. degree in electrical
engineering and Ph.D. degree in physics from the University
of Minnesota, Minneapolis, in 1984. From 1984 to 1987, he
worked at Optical Imaging Systems, Inc., Troy, Michigan,
where he was involved in the development of large-area
active-matrix liquid crystal displays. In 1987, Dr. Lien joined
IBM at the Thomas J. Watson Research Center, where he is
currently a Research Staff Member in the Flat Panel Display
Technologies group. His research interest is in liquid crystal
display physics and technology. He is an author or coauthor of
five U.S. patents and 70 technical papers. Dr. Lien is currently
a member of the Board of Directors of the International
Liquid Crystal Society and a member of the Liquid Crystal
Technology Subcommittee of the Society for Information
Display.

Steven E. Millman IBM Research Division, Thomas J.
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York 10598 (millman@us.ibm.com). Dr. Millman received a
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1988 he moved to the Thomas J. Watson Research Center.
Dr. Millman’s current interests include system and application
software for enabling prototype high-pixel-density displays to
function with modern operating systems.

Robert W. Nywening /BM Research Division, Thomas J.
Watson Research Center, P.O. Box 218, Yorktown Heights, New
York 10598 (nywen@us.ibm.com). Mr. Nywening is a Senior
Associate Engineer working in the Advanced Array Processing
and Test group at the Thomas J. Watson Research Center’s
Flat Panel Display Laboratory. He joined the IBM Federal
Systems Division in Owego, New York, in 1980, working on
circuit packaging. He held several manufacturing support
positions at the IBM Owego, New York, and Boulder,
Colorado, facilities before joining the Thomas J. Watson
Research Center in 1986. Mr. Nywening has studied computer
science at Pace University in Pleasantville, New York, and is a
member of the Society for Information Display.
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York 10598 (polastr@us.ibm.com). Mr. Polastre is a Staff
Engineer working in the Advanced Array Processing and Test
group. He joined the IBM Research Division in 1983 with an
associate degree in electronic technology and a bachelor’s
degree from LaSalle University. Mr. Polastre received an IBM
Outstanding Technical Achievement Award in 1990 and an
IBM Corporate Award in 1993 for his work on a dynamic
array tester. He is the author or co-author of several papers
on TFT/flat-panel testing and is a coinventor of patents in this
area. Mr. Polastre is a member of the IEEE and an officer of
the Mid-Atlantic Chapter of the Society for Information
Display.

Carl G. Powell IBM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (powellc@us.ibm.com). Mr. Powell is a Staff Engineer
in the Flat Panel Display Technologies Department at the
Thomas J. Watson Research Center. He joined the Research
Division at Yorktown Heights in 1966 and has worked on laser
optical systems, surface acoustic wave devices, and analog

and digital circuit design. Mr. Powell is currently working on
digital display controllers.

Rick A. Rand IBM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (rarand@us.ibm.com). Mr. Rand received a B.S.E.E.
degree from the Cooper Union, New York City, and an
M.S.E.E. degree from the University of Pennsylvania. He
joined the IBM Research Division in 1985, working on the
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development of the controller section of an SXGA display
system. Currently Mr. Rand is in the VLSI design group,
working on future System/390 projects.

John J. Ritsko /BM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
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physics from Princeton University in 1974. From 1974 to 1983,
he worked at the Xerox Webster Research Center, where he
carried out fundamental studies of the electronic structure of
organic and molecular solids using high-energy inelastic
electron-scattering spectroscopy. He joined the IBM Research
Division in 1983 as a Research Staff Member in the Packaging
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and development projects in multilayer ceramic packaging
used in bipolar mainframe computers and multilayer thin-film
wiring packaging used in CMOS mainframe and mid-range
servers. In 1993, Dr. Ritsko joined the Flat Panel Display
Department, which he now manages.
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Pace University, Pleasantville, New York, and is currently an
Engineer working on exploratory process development for
TFT fabrication.
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Heights, New York 10598. Mr. Staples received a B.S. degree
in electrical engineering from Fairleigh Dickinson University.
Upon joining the Thomas J. Watson Research Center, he
worked in a variety of areas, including high-frequency
transistors, Gunn-effect microwave devices, plasma display
devices, multibeam high-resolution CRT displays, high-
resolution laser printers, rf data entry devices, rf and EMI
detection and suppression, and an aerial image measurement
system. Mr. Staples also worked on the development of high-
resolution liquid crystal color display systems. He is an
inventor or coinventor of several U.S. and foreign patents and
is an author or coauthor of several technical papers. Mr.
Staples retired from IBM in March 1998.
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Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (kwwarren@us.ibm.com). Dr. Warren is currently
Manager of the Flat Panel Display Systems group. He
received a B.S. in computer engineering in 1983, an M.S. in
computer engineering in 1984, and a Ph.D. in electrical
engineering in 1990, all from the University of Illinois at
Urbana-Champaign. Dr. Warren joined IBM Research in
1992. His primary areas of interest have included display
systems support for high-image-content (multimillion-

pixel with deep color) TFT/LCD displays and systems
configurations utilizing flat-panel displays. Dr. Warren

has received two technical group awards; he has twelve
publications, holds four patents, and has two patents pending.

John S. Wilson IBM Research Division, Thomas J. Watson
Research Center, P.O. Box 218, Yorktown Heights, New York
10598 (wilsonj@us.ibm.com).
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10598 (wrightsl@us.ibm.com). Dr. Wright is a Research Staff
Member in the Flat Panel Display Technologies group. His
master’s thesis work at the University of Colorado and
doctorate work at the University of California at Santa
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semiconductor materials, including the growth of GaP on

Si (211) surfaces by molecular beam epitaxy and fabrication of
bipolar transistors with a wide-bandgap emitter. After joining
IBM in 1982, he continued work on molecular beam epitaxy
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reliable measurements of GaAs/AlGaAs heterojunction band
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