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Enhanced thin-film transistor
driven high-aperture in-plane
switching liquid crystal displays
without common line and black
matrix

Masahiko Ando'" & Makoto Yoneya?

We developed active-matrix in-plane switching liquid crystal displays (IPS-LCDs) with a new vertical
structure composed of thin-film transistors (TFTs) that have an aperture ratio of 60% to reduce
energy consumption. The novel TFT has a channel and a back channel made of a hydrogenated
amorphous-silicon semiconductor layer sandwiched by thin silicon oxide insulating layers. The
transfer characteristics are enhanced by uniformly shifting the threshold voltage to be higher than
the maximum LC driving voltage (typically >5 V). The enhanced TFT characteristics provided with a
new driving scheme and shielding electrodes enables both the common line and black matrix to be
eliminated. We fabricated an IPS TFT-LCD panel with aperture and contrast ratios that are 160% those
of the conventional pixel structure.

After half a century of tremendous efforts in material research and device development and massive investments
in advanced manufacturing technology, thin-film transistor liquid crystal displays (TFT LCDs) have now become
the most common type of flat panel display’.

As the total worldwide LCD-related electrical energy consumption is significantly increasing due to the
explosive increase in the use of displays for various purposes, especially for large-screen LCD TVs, the energy
efficiency of TFT-LCDs should be improved to meet global sustainability requirements®. Here, while organic light
emitting displays (OLEDs) prevail in small display markets such as for smartphones, tablets, and flexible displays,
LCDs dominate in larger-screen TV applications because of their higher energy efficiency and ambient contrast
ratio®*. The high power efficiency of TFT-LCDs is due to their use of (1) an energy-efficient backlight unit, (2)
an energy-efficient LCD panel, and (3) eco-friendly components®. The impact of their high energy efficiency is
huge, amounting to an electricity savings potential of 32 terawatt hours [TWh] per year under the assumption
that they replace inefficient analog TV's (mainly cathode ray tube type)*

To meet energy-efficiency and image-quality requirements for TV applications, LCD panels with a high
light-transmittance pixel structure have been developed by combining an LCD mode with an electrode structure
enabling a high-aperture ratio in which light transmittance is electrically modulated'. In particular, the advent
of the in-plane switching (IPS) LCD mode was ground-breaking as it afforded a very wide viewing angle for TV
applications®’, while the introduction of the fringe field switching (FFS) mode using LC materials with negative
dielectric anisotropy dramatically improved the transmittance®®. These LCD modes have been combined with
a novel pixel structure with a noise-shielding electrode to increase the aperture ratio'®. This pixel structure is
called “IPS-Pro-Next” and was recently incorporated in a high-resolution 8K4K LCD with a diagonal size of 55
inches and with a backplane based on hydrogenated amorphous silicon (a-Si:H) TFT technology!!.

In this paper, we describe a new way to increase the light transmittance of IPS TFT LCDs by combining a
novel TFT switching mode with an electrode structure, potentially compatible with the FFS LCD mode. By
introducing an enhanced switching mode of a-Si:H TFT wherein the threshold voltage is shifted higher than
the maximum pixel voltage (typically>5 V), we were able to eliminate the common line from the IPS TFT LCD
panel by using the gate line as the common line and thereby increase the pixel aperture ratio. To enhance the
transfer characteristics, we tried several methods and their combinations, such as using an MNOS (gate metal/
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SiN/SiOx/a-Si:H) vertical stacking structure'?, gate bias stress and temperature application'*-"7, and back-channel

oxidation'®'®. We eventually found that an MNOS structure with back-channel oxidation but without gate-bias
stress gave a uniform threshold voltage that was high enough to drive an active-matrix LCD. We fabricated a
small IPS TFT-LCD panel combining this pixel structure with a noise-shielding electrode’~!! without using a
black matrix layer and found that the displayed images were bright and had a high contrast ratio.

Methods

Figure 1 shows pixel plane views and sectional views of three types of IPS TFT-LCD?*?! and the corresponding
schematic sectional structures of the TFT substrates. Figure la shows the pixel plane (top) and sectional (bot-
tom) views of the conventional structure, while Fig. 1b shows those of the structure we developed without a
common line (“CL structure” in the following), which was simultaneously made with the conventional structure.
Figure 1c shows those of the CL structure with pixel and common electrodes made by depositing ITO above
the passivation layer. As the common electrode situated above the data line acts as a shielding electrode (SE) to
prevent noise voltage from being applied to the LC, this structure is called a “CLSE structure” in the following.

In the IPS TFT-LCD, the comb (interdigital) electrodes, which apply an in-plane electric field to the LC layer,
are composed of a pair of pixel and common electrodes, and the space between the pixel and common electrodes
is transparent to incident light when pixel voltage is applied to the LC layer (normally off mode). In both the
conventional and proposed pixel structure, the pixel electrodes are connected to the source electrode of the TFT.
However, in contrast to the common electrodes in the conventional structure which are connected with a com-
mon line independently situated in parallel with a gate line, in the CL and CLSE structures they are connected
with an adjacent gate line. Therefore, the proposed structures can eliminate the common line to increase the
pixel aperture by using a gate line for supplying a common voltage as well as for addressing.

To remove the common line by using a gate line as a common line in the CL and CLSE structures shown in
Fig. 1b,c, the transfer characteristics of the TFT must be enhanced such that the threshold voltage is higher than
the maximum LC switching voltage, as explained using Fig. 2, in which schematic TFT-LCD driving waveforms
are shown for (a) the conventional and (b) CL structures. In the TFT ON stage during toy with a high Vg (m),
the LC capacitor is charged to supply Vd as a pixel voltage, Vp, and it is held in the TFT OFF stage during toge
with a low Vg (m). The drop in Vp at the transition from ON to OFF is called the feed-through voltage; the
details are described in?. In the conventional structure with a common line, the common voltage (the dotted
line in Fig. 2a), Vc, can be set independently as Vg and Vd, and it is possible to realize a condition in which the
voltage difference between Vg and Vp (Vgp =Vgs=V,) is always negative in the TFT OFF stage (the gray area
in Fig. 2a). This is necessary to make the TFT OFF state since the threshold voltage of the conventional TFT is
just above 0 V. On the other hand, in the CL structures, as the common voltage should be the same as the low
voltage of the adjacent gate line m—1, Vg (m—1), Vgp becomes positive when Vp is lower than the low Vg
value (the orange area in Fig. 2b). In this case, the conventional TFT enters the ON state and can not hold Vp,
as shown by the red dotted curve. The relationship between the LC driving voltage, V| (= Vgp), and the TFT
transfer (Id-Vg) characteristics is schematically shown in Fig. 2c. To maintain the OFF state in the CL structure,
the TFT transfer characteristics should be enhanced such that the threshold voltage is higher than the maximum
LC driving voltage, as shown by the blue transfer curve.

The benefits of the proposed pixel structure with the enhanced TFT are summarized here. The elimination
of the common line not only increases the aperture area but also reduces the number of line crossings between
the common and data lines, which should lead to an improvement in yield by reducing line short defects. In the
conventional structure, the LC suffers from a continuous DC voltage during the holding (TFT OFF) stage even
when the pixel voltage equal to zero, shown as the gray areas in Fig. 2a, which cause light leakage? along the
gate line through the gaps between the gate line and pixel/common electrodes. Therefore, in the conventional
structure shown in Fig. 1a, a black matrix must be positioned above the gate line to prevent light leakage, which
decreases the aperture. In contrast, in the CL structure with the enhanced TFT, the LC experiences zero volt in
the dark state with Vgp =Vgc=0; this allows the black matrix covering the gate line to be eliminated and thereby
the aperture area to be increased, as will be experimentally shown later. Thus, the CL structure brings with it
energy-efficiency benefits not only through the aperture increase but also through a yield increase.

The TFT fabrication process is explained by using Fig. 1d, which illustrates the schematic sectional structures
of the TFT substrates. The conventional back-channel etched TFT structures were fabricated as follows'>*. After
the gate line and common electrode patterning of the chromium metal sputtered on Corning 7059 substrates,
silicon nitride, silicon oxide, intrinsic a-Si:H, and phosphorous doped n +a-Si:H films were successively depos-
ited by using a PECVD system (Hitachi Kokusai Electric DL6010). The deposition temperatures of the SiOx/SiN
gate insulator, channel-semiconductor, and doped-contact layers were 330, 280, and 230 °C, respectively. The
thicknesses were 250 nm (SiN), 10 nm (SiOx), 200 nm (a-Si:H), and 50 nm (n +a-Si:H). The four consecutive
layers were deposited in different chambers of a three-chamber PECVD system to avoid source gas contami-
nation. In the CL structure shown in Fig. 1b, a passivation layer of 500-nm-thick SiNx (e =7) was formed to
encapsulate the TFT except for the contact holes for the gate and data lines. TFT devices were fabricated using
the conventional (five) photolithographic steps. Details of the process conditions are shown elsewhere!?. In the
CLSE structure shown in Fig. 1c, after a passivation layer of 3-um-thick low-dielectric organic film (e =4) was
formed, indium-tin-oxide (ITO) transparent pixel and common electrodes were formed on the passivation layer,
and they were contacted with the electrodes underneath the passivation layer through contact holes. The details
of the ITO deposition and patterning process are described elsewhere?®. We used a dry-etching system for the
BCO process an operated it under the following conditions: substrate temperature of 40°C, O2 gas pressure of
0.4 Torr, RE-power of 500 W, and gas flow rate of 500 sccm. The high-power condition is important to make a
highly stoichiometric oxidized SiOx layer with an oxidation rate of 98% as determined from the SiOx ratio of
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Figure 1. Pixel plane (top) and sectional views (bottom) of (a) the conventional structure, (b) the proposed CL structure without
common line, (c) the proposed CLSE structure without common line and black matrix, with pixel and common electrodes made on
the top of TFT substrate (G: gate, C: common, D: drain, P: pixel, AL: alignment layer, LC: liquid crystal, BM: black matrix, CF: color
filter). Common electrodes are connected to the common line in the conventional structure, while they are connected to the adjacent
gate line in the proposed structures. The red dotted line in each plane view indicates the cutting route for the corresponding sectional
structure. (d) Detailed sectional structure of the CLSE structure.
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Figure 2. Driving waveforms of (a) conventional and (b) proposed pixel structures and (c) TFT transfer
characteristics for conventional (black) and proposed (blue) structures with LC voltage, +/—V,¢; the enhanced
TFT characteristics with Vth larger than |V, | are necessary to maintain the OFF state when a positive
Vgp=+Vis applied to TFT in the proposed pixel structures without the common line (Vg(m —1): gate voltage
of (m—1)-th gate line, Vg(m): gate voltage of m-th gate line, Vd: drain voltage, Vc: common voltage, Vp: pixel
voltage, Vgp: voltage between gate and pixel, toy: duration of TFT ON state, tops: duration of TFT OFF state).

the SiOx/a-Si:H mixture model used in spectroscopic ellipsometry (Jovin-Yvon UVISEL)?; the oxidation rate
was calculated to be 3.7 nm/min.

The TFT transfer characteristics were enhanced in two ways. In the case of the MNOS TFT without back-
channel oxidation, gate bias and temperature stress (BTS) were applied. In particular, after a gate bias of 80 V
was applied for 10 s, the TFT was post annealed at 150 °C for 30 min in an N, atmosphere for relaxation. In the
case of the MNOS TFT with back-channel oxidation, the threshold voltage was high enough, so the BTS process
was not applied. In the back-channel oxidation (BCO) process, the a-Si:H back-channel surface was oxidized
in a plasma O, treatment after the back-channel etching without breaking the vacuum in the same dry-etching
system at room temperature. After the BCO, the TFT was post annealed at 200 °C for 1 h in an N, atmosphere.

The contrast ratio (CR) was measured in a darkroom so that no ambient light induced reflections from the bus
lines of the TFT substrate could cause a decrease in the CR. The IPS TFT-LCD panel used for the CR measure-
ment was in normally off mode and the dark state was measured with the following applied voltages, Vgon=30V,
Vgoff=0V, and Vd=0 V. Other panel areas besides the CR measurement area were masked by a black sheet and
the brightness was measured by using a photometer (Spectra Pritchard Photometer, Model 1980A).

Results
Figures 3a-d show optical and SEM (scanning electron microscopy) images of the fabricated CL and CLSE
pixel structures. Each structure has the same pixel size (80 um x 240 um) and minimum pattern size (5 pm). As
shown in Fig. 3d, the white line patterns are the ITO interdigitated pixel and common electrodes. They are well
connected to the source electrode and gate line via through holes, and the common electrodes at both ends cover
the underlying data lines to prevent electrical noise from being applied to the LC layer. As will be shown later,
this noise shield electrode (SE) is what makes the black matrix above the data line unnecessary®'"%.

Figure 3e shows images from the normal direction and from 50 degrees to the left and right of a 2.3-inch-
diagonal display incorporating the IPS TFT-LCD panel fabricated in our laboratory, (f) the three black matrix
(BM) patterns (top: BM covering both gate and data lines, middle: BM covering only the data lines, and bottom:
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Figure 3. Optical and SEM (scanning electron microscopy) images of fabricated (a, b) CL and (¢, d) CLSE pixel structures.
The five white line patterns in (d) are the ITO interdigitated pixel and common electrodes. (e) Images from the normal
direction and from 50 degrees to the left and right of a 2.3-inch-diagonal display incorporating the IPS TFT-LCD panel. (f)
The three-black matrix (BM) patterns (top: BM covering both gate and data lines, middle: BM covering only the data lines,
and bottom: without BM) and (g) optical images of pixels without BM (left: LC on and off voltages supplied to every other
data line, right: LC off voltage supplied to all data lines).
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Figure 4. (a) Dependence of panel brightness and TFT current on gate voltage for the conventional pixel
structure of 38% aperture ratio (AR) with matrix black matrix (MBM) over both drain and gate lines and
proposed CL pixel structure of 52% AR with strip black matrix (SBM) over only the drain lines. Transfer
characteristics before and after bias temperature stress (BTS) treatment are shown in the inset. (b) Charging and
(c) holding characteristics of enhanced TFT of the CL structure with gate as a common line. Vg and Vd in the
TFT ON state are 30 V and +/-7 V, respectively.

without BM), and (g) optical images of panel areas without the BM (left: LC on and off voltages supplied to every
other data line, right: LC off voltage supplied to all data lines). As can be seen in the image from the normal
direction, the brightness and contrast of the display area with the top BM and middle BM patterns are almost
the same, but the contrast of the display area without the BM is relatively lower because of the lower darkness
level of the LC off pixels indicating “HITACHI”. As shown in Fig. 3g, this is due to light leaking through the
aperture between the data line and adjacent common lines. Therefore, in the CL structure, the BM on the drain
line is necessary to obtain a high contrast ratio by shielding light leakage. This is the same as in the conventional
structure. On the contrary, there is no light leakage along the gate line through the gaps between the gate line
and edges of the pixel/common electrodes, as is clearly shown in Fig. 3g. This is a unique advantage of the CL
structure because the conventional structure must shield these gaps with the BM to prevent light leakage. The
suppression of light leakage along the gate line in the CL structure is due to the driving scheme (see Fig. 2b,a for
a comparison with the conventional structure). During the holding period (togg) in the conventional structure,
regardless of the pixel voltage, Vp (including Vp =0), nonzero Vgp and Vgc are always applied to keep the TFT
off, and these voltages are applied to the LC layer, inducing light leakage as reported in**. On the other hand, in
the case of the dark state with Vp=0 in the CL structure, both Vgp and Vgc are zero volt, which does not induce
light leakage. It is possible for the CL structure to maintain the off state with Vgp=Vgc=0 V because of the
enhanced TFT characteristics. Thus, the CL structure can increase the aperture ratio because of the elimination
of the common line and the BM along the gate line.

Figure 4a shows the gate voltage (Vg) dependence of the panel brightness, while the inset shows that of the
TFT current (transfer characteristics). The gray curves are for the conventional IPS TFT-LCD with the TFT before
enhancement, the common line, and the matrix BM (MBM) shown at the top of Fig. 3f. The blue curves are for
the proposed CL structure with the enhanced TFT and the stripe BM (SBM) shown in the middle of Fig. 3f. In
this case, enhanced TFT characteristics were obtained by using an MNOS TFT without back-channel oxidation
that was enhanced by the BTS process. In both structures, the threshold voltages for panel brightness, defined
by extrapolating the straight part of the brightness curves, reflect those of the TFT transfer curves defined as Vg
at a drain current of 1072 A, and they are well matched to be 4 V and 9 V, respectively. The maximum bright-
ness for the CL structure is 137% higher than that for the conventional structure, which is due to the increase
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Figure 5. (a) Contrast ratio (CR) for CL panels with matrix BM (MBM) and stripe BM (SBM) plotted as

a function of tog. The inset shows the brightness in the bright (Vd=7 V) and dark (Vd=0 V) states of the

CL panel with the SBM as a function of g and an optical image of the panel with topz=6.4 ms. Vd (= Vi)
dependence of (b) brightness and (c) contrast ratio of the CLSE panel. Insets of (b): optical images indicating the
elimination of the BM from the CLSE structure (upper left) and the MBM in the conventional structure (lower
right). Insets of (c): CLSE panel composed of different areas with three different pixel structures and aperture
ratios (ARs), i.e., CLSE structure without BM (60%), CL structure with SBM (52%), and conventional structure
with MBM (38%).

in the aperture ratio from 38 to 52% that results from the elimination of the common line and the BM covering
the gate line.

To estimate the charging and holding characteristics of the MNOS-enhanced TFT in the panel, the gate TFT
ON and OFF time dependences of the panel brightness were measured (Fig. 4b,c). The charging characteristics
in Fig. 4b are plotted as a function of tyy at topp=16.6 ms, Vg=30 V, and Vd=+7 V. The holding characteris-
tics in Fig. 4c are plotted as a function of topp at toy =34 ps. 95.1% charging at toy =34 ps and 95.3% holding
at topp = 16.6 ms indicate that the enhanced TFT has sufficient charging and holding performance to drive a
standard VGA (640 x 480 pixels) panel (the number of scanning lines is estimated as topp/toy = 16.6/0.034 =488).

To confirm the driving conditions for the CL structure without the BM along the gate line (with the SBM),
the topr dependence of the contrast ratio (CR) in the CL panel was further investigated as shown in Fig. 5a,
where CR is plotted as a function of tyg for the CL panels with the matrix BM (MBM) and the strip BM (SBM).
The inset shows the brightness in the bright (Vd=7 V) and dark (Vd =0 V) states of the CL panel with the SBM
as a function of top and an optical image of the panel with topz=6.4 ms. The SBM and MBM panels keep CR
higher than 240 with top: > 16.6 ms, the frame period of a display panel without flicker being noticeable to the
human eye. both panels decrease CR when tgg is less than 16.6 ms; the CR of the SBM panel decreases faster
than the CR of the MBM panel. As shown in the inset, the decrease in CR was due to the increase in dark-state
brightness with decreasing topy as light leakage increases along the gate line. This light leakage is induced by the
voltage Vgp = Vgc=Vgon=30V applied only for 34 us during the TFT ON (charging) state, which is 1/488" the
duration, top:=16.6 ms, of the TFT OFF (holding) state with Vgp=Vgc=Vgop:=0V, but the ratio increases with
decreasing tope and becomes effective enough to switch on LC layer and induce light leakage. However, it should
be stressed again that the CL panel with the normal holding (TFT OFF) time of 16.6 ms does not suffer from the
light leakage along the gate line, so the aperture ratio can be increased by removing the BM along the gate line.

Figure 5b,c shows the Vd (= V) dependence of the brightness and contrast ratio of the CLSE panel without a
BM along the drain line and along the gate line. As shown in the optical images in the insets of Fig. 5¢, the CLSE
panel has different areas with three different pixel structures and aperture ratios (ARs), i.e., the CLSE structure
without the BM (60%), the CL structure with the SBM (52%), and the conventional structure with the MBM
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Figure 6. Effect of bias temperature stress (BTS) on TFT characteristics. (a) The transfer (Id-Vg) curve shifts
in the positive direction with positive gate bias stress of Vst=+77 V over the duration of 0-3600 s. (b) AVth,
defined as the Vth shift from the initial value via BTS, increases logarithmically with increasing tg, following
AVth=2.17+4.93 xlog (ts). (c) AVth of MNOS TFTs with different SiOx thicknesses from 5 to 50 nm as a
function of the electric field applied to the SiOx layer.

(38%). The optical images in the inset of Fig. 5b clearly indicate the elimination of the BM from the CLSE struc-
ture and the MBM in the conventional structure. The ratios of the bright area in the CLSE and conventional pixels
shown in the red dotted square appear higher than the aperture ratios because the pixel and common electrodes
are invisible due to the brightness. The brightness and contrast ratio in each area increase with increasing Vd;
the ratios for the CLSE structure without the BM are approximately 160% those of the conventional structure
with the MBM, reflecting the difference in aperture ratio.

Below, we investigate the process for achieving both a high and uniform threshold voltage to drive the CL
and CLSE IPS-LCD panels.

Figure 6 indicates the effect of bias temperature stress (BTS) on the TFT characteristics. As the stressing
time, t, of the positive gate stress voltage, Vst= + 77V, increases from 0 to 3600 s, the transfer (Id-Vg) curve
shifts in the positive direction (Fig. 6a). Vth is defined as Vg at which Id=10""? A and AVth is defined as the
Vth shift from the initial value via BTS. As shown in Fig. 6b, AVth increases logarithmically with increasing tg:
AVth=2.17+4.93 xlog (t5). The mechanism behind the gate-stress-induced Vth shift is electron tunnel injec-
tion from the a-Si:H semiconductor into the SiOx gate insulator. For confirmation, AVth of MNOS TFTs with
different SiOx thicknesses is plotted as a function of the electric field applied to the SiOx layer in Fig. 6¢. Here,
the thickness of the SiOx was varied (5, 10, 20, 50 nm), while the SiN thickness was fixed at 200 nm. The electric
field applied to SiOx, E,,, was calculated using the following equation,

En Vit

Eyy =—F7—""—"X
” & dn+&n-d d,

(1
where &,=3.5 and d, are the electrical permittivity and thicknesses of SiOx and &,=7 and d, =200 nm are those of
SiN. AVth linearly increases at a threshold electric field at 4.6 MV/cm on the same straight line regardless of the
thickness of SiOx. From these results, we concluded that the Vst-induced Vth shift mechanism is Fowler-Nor-
dheim type tunneling injection® of electrons through the SiOx.

Figure 7a shows the effect of back-channel oxidation (BCO) and passivation (PAS) on the Id-Vg characteris-
tics of the MNOS TFT. The Id-Vg curve with Vth=5.1 V is further enhanced to Vth=10.9 V after BCO, although
there is a slight degradation of the slope of the current increase in the sub-threshold region. The slope recovers
after PAS without any change to the enhanced characteristics®.

The advantage of BCO over BTS is the uniformity of the enhanced characteristics; Fig. 7b shows the distri-
bution of the enhanced Vth as a function of position along gate-line, x, for the MNOS TFTs connected with a
90-mm-long gate line in the TFT substrate after BTS and BCO treatments. The average value of Vth and the
standard deviation, oVth, for pristine TFTs before BTS or BCO, are 5.1 V and 0.35 V, respectively. After BCO,
Vth is uniformly enhanced, with an average Vth=11 V and 6Vth=0.4 V without increasing cVth. On the other
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Figure 7. (a) Effect of back-channel oxidation (BCO) and passivation (PAS) on Id-Vg characteristics of MNOS
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Figure 8. (a) Dependence of Vth on thickness of back-channel oxidized (BCO) SiOx. The inset shows the SiOx
thickness dependence on the BCO process time for RF powers of 200 W and 500 W. (b) Stability of Vth as a
function of annealing time for three different TFTs with gate SiOx stoichiometry, x=1.78 and bias temperature
stress (BTS), x=1.78 and BCO, and x=1.9 and BCO. The temperature of annealing in the N, atmosphere was
200 °C. (c) Band diagram of back-channel oxidized MNOS TFT. The red arrows show the electric dipoles at the
SiOy/a-Si:H and a-Si:H/BCO SiOy interfaces.

hand, after BTS, Vth is nonuniformly enhanced with an average Vth=9.3 V and oVth of 1.4 V. In particular, Vth
increases linearly as a function of position along gate-line, x. As the gate SiOx thickness linearly decreases, from
(54 nm) to (47 nm) with increasing x as shown in Fig. 7c, the increase in AVth after BTS with x is due to increase
in the electric field applied to SiOx as shown in Fig. 6¢c and Eq. 1.

It has been shown that the Vth of the MNOS TFT is independent of the gate SiOx thickness when the thick-
ness is more than 5 nm'2, a benefit for uniformly enhanced TFT characteristics. As shown in Fig. 8a, Vth of the
MNOS TFT with the BCO treatment becomes almost independent of the BCO SiOx thickness. As shown in the
inset, the thickness of BCO SiOx composed of oxidized a-Si:H linearly increases with BCO processing time, and
the Vth increase almost saturates at a BCO SiOx thickness greater than 5 nm. Therefore, the enhanced MNOS
TFT after BCO has a uniformly high Vth that is robust to thickness fluctuations of the gate and BCO SiOx lay-
ers. BCO also has an advantage over BTS in terms of the stability of Vth as shown in Fig. 8b, which plots the
annealing time dependence of Vth for BCO and BTS. In this experiment, the stoichiometry (x) of the gate SiOx
was 1.78 for BTS and 1.78 and 1.9 for BCO. The annealing temperature in the N, atmosphere was 200 °C. In the
case of BTS, Vth decreased to the pristine value after approximately 5 h of annealing, while Vth decreased more
slowly in the case of BCO. In particular, the annealing time required for Vth to fall to 7 V was 7.5 times longer
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than that of BTS. Increasing the stoichiometry (x) of the gate SiOx dramatically improved the BCO-enhanced
Vth to as much as 11 V, which was stably maintained after 24 h of annealing at 200 °C.

A schematic band model for the MNOS TFT with the BCO treatment and the sectional structure of the
interface between the a-Si:H and gate and BCO SiOx are shown in Fig. 8c. The uniformly high Vth that is inde-
pendent of SiOx thickness is due to the dipoles generated at the channel and back-channel interfaces between
a-Si:H and SiOx'2. The dipoles cooperatively bend the a-Si:H band downward to prevent electrons from accu-
mulating at the a-Si:H/gate SiOx interface, which results in high Vth characteristics. It should be stressed that
the key to achieving the high uniformity of the high threshold voltage is not the uniformity of the back-channel
oxidized SiOx thickness but rather the uniformity of the strength of the dipoles at the back-channel interface
that is independent of the thickness. To get a uniform dipole strength, the oxidized SiOx layer should have high
stoichiometry as in the CVD-deposited SiOx layer shown in Fig. 8 of reference!?.

Discussion

The enhanced TFT driven active-matrix LCD was developed to increase the aperture ratio of IPS-LCDs. It has a
threshold voltage higher than the maximum LC driving voltage, which enables the gate line to be used as a com-
mon line without degrading the LCD driving performance. This allows the common line to be removed, which
increases the pixel aperture ratio (i.e., the CL structure). Furthermore, it frees the LC from the effect of the DC
voltage applied between the gate line and pixel/common electrode and the light leakage through the gaps between
the gate line and the pixel/common electrodes caused by the DC voltage. Therefore, the BM covering the gate line
becomes unnecessary, and the aperture ratio of the CL structure can further be increased. By combining the CL
structure with an electrical noise shielding electrode covering the drain line (i.e., the CLSE structure), the whole
BM can be removed without affecting the image quality, which further increases the aperture area. Regarding the
practicality of a future IPS TFT-LCD panel without a BM, there are mainly four roles for the BM: (1) as a shield
against light leaking from pixels when the color black is displayed, (2) as a shield against light coming from the
adjacent pixels to prevent color mixing, (3) as a shield against reflections of ambient light from the metal bus
lines in the TFT substrate, and (4) as a shield against light irradiating the TFT channel to prevent photo-current
in the TFT. The CLSE pixel structure without a BM has no light leakage along the gate and drain lines, as shown
in the optical image in Fig. 5a; this means role (1) becomes unnecessary. It is difficult, however, for the CLSE
structure alone to make (2), (3), and (4) unnecessary; it should be combined with other technologies such as a
color filter on TFT (COT)'?’ or black photo spacer (BPS)?**?°. The COT structure moves the color filter (CF)
and black matrix (BM) from the upper substrate to the TFT substrate. As the distance between the CF/BM and
the pixel decreases from about 3 um to 0 pm, the optical crosstalk between adjacent pixels is suppressed enough
to make (2) unnecessary. The BM is still necessary for (3) and (4), but the complexity of its fabrication process
can be reduced by making it with the spacer at the same time in the BPS process?*?.

There is a report on replacing the BM with two adjacent stacked CF layers with reduced transmittance cover-
ing the drain/gate lines and the channel of the TFT as a way to shield from ambient light*.

As the shielding electrode configuration to reduce the BM along the drain line has been reported”!’, the
distinctive advantage for the CL and CLSE structure is to reduce or remove the BM along the gate line due to
the unique driving voltage scheme enabled with the enhanced TFT characteristics.

To enhance the TFT characteristics, we developed a new TFT with a vertical stacking structure (metal/SiN/
SiOx/a-Si:H/SiOx/passivation) in which the channel and back channel consists of a a-Si:H semiconductor layer
sandwiched with SiOx. The gate SiOx and back-channel SiOx are made using PE-CVD and the back-channel
oxidation (BCO) process. The highly stoichiometric gate SiOx and BCO back-channel SiOx generate electric
dipoles at both interfaces and provide a uniform and stable Vth higher than the maximum LC driving voltage.
Enhanced TFT driven LPS-LCDs were fabricated and our experiments on them showed that the aperture and
contrast ratios were up to 160% those of the conventional structure. The uniformity and operational stability of
the TFT characteristics need to be further studied before the CL and CLSE structures can be incorporated in
large, high-resolution IPS-LCD panels.

The TFT threshold voltage, i.e., the gate voltage applied to make the channel conduct electricity, is especially
important for display applications®. Variability between individual devices, i.e., the standard deviation, oVth,
is an important metric of the brightness of the individual pixels and reflects the luminance variation across the
display. In this sense, our enhancement in Vth of a-Si:H TFTs by using high stoichiometric gate SiOx and BCO
can give a high and uniform Vth to drive the CL and CLSE pixel structure for IPS-LCDs. Here, a previous study
reported an enhanced TFT for driving an active-matrix LCD*. The purpose was not to increase the aperture
ratio but to improve the fabrication process by doping to obtain a uniform Vth, but it was not larger than the
maximum LC driving voltage®.

Organic TFTs are promising for future large flexible displays made by energy-efficient printing processes™,
and they can drive active-matrix LCD panels®. For enhanced organic TFTs, the BTS process cannot obtain a
stably high Vth because of the Vth shift which occurs through reversible electron trapping in semiconductor
molecules®®¥. A promising method for obtaining a stably high Vth is to insert a self-assembled monolayer
(SAM) between the gate insulator and organic semiconductor, since the dipole of the chemically fixed SAM
at the interface uniformly enhances the transfer characteristics and Vth can be controlled through appropriate
dipole design of the SAM?®.

IPS TFT-LCD technologies are expected to continuously progress in terms of image quality and energy effi-
ciency through improvements in TFT performance, electrode design, and materials, such as a recently proposed
material that can be inserted between the pixel electrodes and the LC to realize high transmittance and a fast
response®*0,
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Conclusions

We developed active-matrix in-plane switching liquid crystal displays (IPS-LCDs) with a new stacking structure
of thin-film transistors (TFTs) with an aperture ratio of 60%. Because of the electrical dipoles of the channel
and back-channel interfaces of the gate metal/SiN/SiOx/a-Si:H/SiOx TFT structure, the TFT transfer curve
is uniformly enhanced such that Vth is higher than the maximum LC driving voltage (typically>5 V). The
improved TFT characteristics enabled the common line to be eliminated and the adjacent gate line to be used
as the common line (CL pixel structure) without degrading the image quality of the IPS-LCD. The CL structure
also eliminates the need for continuously applying a DC TFT switching off voltage to the LC between the gate
and common lines in the conventional pixel structure and eliminates the need for positioning a conventional
BM over the gate line. Further, the CL structure combined with shielding electrodes over the data line (CLSE
pixel structure) completely eliminates the need for a BM. Experiments conducted on a fabricated IPS TFT-LCD
panel indicated that the aperture and contrast ratios are 160% those of the conventional structure.

Received: 13 March 2021; Accepted: 18 May 2021
Published online: 01 June 2021

References
1. Kim, K.-H. & Song, ].-K. Technical evolution of liquid crystal displays. NPG Asia Mat. 1, 29-36 (2009).
2. Park, W. Y, Gopal, A. & Phadke, A. Energy savings opportunities in the global digital television transition. Energy Effic. 10, 999
(2017).
3. Fernindez, M. R., Casanova, E. Z. & Alonso, I. G. Review of display technologies focusing on power consumption. Sustainability
7,10854 (2015).
4. Chen, H.-W, Lee, J.-H., Lin, B.-Y,, Chen, S. & Wu, S.-T. Liquid crystal display and organic light-emitting diode display: present
status and future perspectives. Light Sci. Appl. 7, 17168 (2018).
. Souk, H. & Whangbo, S. Green technology in LCDs, society for information display (SID). Symp. Digest 41, 106-107 (2010).
6. Oh-e, M. & Kondo, K. Electro-optical characteristics and switching behavior of the in-plane switching mode. Appl. Phys. Lett. 67,
3895 (1995).
7. Hong, H. In-plane switching (IPS) technology. In Handbook of Visual Display Technology (eds Chen, J. et al.) 2117 (Springer, 2016).
8. Lee, S. H,, Lee, S. L. & Kim, H. Y. Electro-optic characteristics and switching principle of a nematic liquid crystal cell controlled
by fringe-field switching. Appl. Phys. Lett. 73, 2881 (1998).
9. Lee, S. H. & Lim, Y. J. FFS technology. In Handbook of Visual Display Technology (eds Chen, J. et al.) 1 (Springer, Berlin, 2015).
10. Kim, D. H. et al. Past, present, and future of fringe-field switching liquid crystal display. J. Inf. Display 15, 99 (2014).
11. Oke, R. et al. 55-in. 8K4K IPS-LCDs with wide viewing angle, high frame frequency, wide color gamut, and stereoscopic. Opt. Eng.
57,075102 (2018).
12. Ando, M., Wakagi, M. & Onisawa, K. Effects of interface and bulk properties of gate-dielectric on the performance and stability
of hydrogenated amorphous silicon thin-film transistors. J. Appl. Phys. 118, 234505 (2015).
13. Powell, M. The physics of amorphous-silicon thin-film transistors. IEEE Trans. Electron Devices 36, 2753 (1989).
14. Kaneko, Y, Sasano, A. & Tsukada, T. Characterization of instability in amorphous silicon thin-film transistors. T. J. Appl. Phys. 69,
7301 (1991).
15. Deane, S. C., Wehrspohn, R. B. & Powell, M. J. Unification of the time and temperature dependence of dangling-bond-defect
creation and removal in amorphous-silicon thin-film transistors. Phys. Rev. B 58, 12625 (1998).
16. Niang, K. M. et al. A thermalization energy analysis of the threshold voltage shift in amorphous indium gallium zinc oxide thin
film transistors under positive gate bias stress. Appl. Phys. Lett. 108, 093505 (2016).
17. Wang, J,, Liu, T., Zhang, Y. & Jiang, C. Temperature-dependent gate bias stress effect in dioctylbenzothieno[2,3-b]benzothiophene-
based thin-film transistor. IEEE Trans. Electron Devices 64, 1723 (2017).
18. Takechi, K., Hirano, N., Hayama, H. & Kaneko, S. Back-channel-oxidized a-Si: H thin-film transistors. J. Appl. Phys. 84, 3993
(1998).
19. Hayama, H., Kaneko, S., Kudoh, Y. & Yamamoto, Y. Ultra high resolution TFT-LCDs and Their Technologies. SID Symp. Digest
Tech. Pap. 31, 1112 (2000).
20. Ota, M., Ando, M., Kondo, K. & Yanagawa, K. Active Matrix Type Liquid Crystal Display Apparatus, US Patent 5,831,707 (1998).
21. Ando, M., Yamamoto, T. & Wakagi, M. Active Matrix Type Liquid Crystal Display Device, US Patent 6,356,330 (2002).
22. Yoneya, M., Ohta, M. & Kondo, K. A robust design against comb electrode spacing variations for in-plane switching mode thin-
film transistor liquid-crystal displays. J. Appl. Phys. 98, 013102 (2005).
23. Yang, J.-S. et al. Novel electrode structure in the super-IPS LC cell for high-aperture ratio. SID Symp. Digest Tech. Pap. 38, 752
(2007).
24. Ando, M., Wakagi, M. & Minemura, T. Effects of back-channel etching on the performance of a-Si: H thin-film transistors. Jpn. J.
Appl. Phys. 37,3904 (1998).
25. Ando, M., Nishimura, E., Onisawa, K. & Minemura, T. Effect of microstructures on nano-crystallite nucleation and growth in
hydrogenated amorphous indium-tin-oxide films. J. Appl. Phys. 93,1032 (2003).
26. Lampert, M. A. & Mark, P. Current Injection in Solids (Academic Press, New York, 1970).
27. Park, ].]. et al. Color filter on TFT array structure without the use of photolithography process in upper substrate & organic insula-
tor in TFT substrate. SID Symp. Digest Tech. Pap. 36, 137 (2005).
28. Zhang, Y. et al. The LCD technology development and application with an improved black photo spacer structure. SID Symp. Digest
Tech. Pap. 49, 421 (2018).
29. Lin, Y. L. et al. CF process reduction technology. SID Symp. Digest Tech. Pap. 50, 520 (2019).
30. Shimada, T., Fujioka, K., Nagata, H. & Washizuka, I. A new TFT-LCD structure without a black matrix. J. Inst. Image Inf. Telev.
Eng. 52,996 (1998).
31. Paterson, A. F. & Anthopoulos, T. D. Enabling thin-film transistor technologies and the device metrics that matter . CNat. Com-
mun. 9, 5264 (2018).
32. OKi, K. et al. A new active-matrix LCD architecture for large-size flat displays. Proc. SID 29, 217 (1988).
33. Matsumoto, T. & Mishima, Y. Step doping in hydrogenated amorphous silicon thin-film transistors for threshold voltage shifts. J.
Appl. Phys 66, 5058 (1989).
34. Sirringhaus, H. & Ando, M. Materials challenges and applications of solution-processed organic field-effect transistors. MRS Bull.
33, 676 (2008).
35. Kawasaki, M. et al. High-resolution full-color LCD driven by OTFTs using novel passivation film. IEEE Trans. Elec. Dev. 53, 435
(2006).

152

Scientific Reports |

(2021) 11:11518 | https://doi.org/10.1038/s41598-021-90924-x nature portfolio



www.nature.com/scientificreports/

36. Ando, M. et al. Evidence for charge-trapping inducing polymorphic structural-phase transition in pentacene. Adv. Mater. 27,
122-129 (2015).

37. Ando, M. et al. Disorder and localization dynamics in polymorphs of the molecular semiconductor pentacene probed by in situ
micro-Raman spectroscopy and molecular dynamics simulations . Phys. Rev. Mater. 3, 025601 (2019).

38. Kobayashi, S. et al. Control of carrier density by self-assembled monolayers in organic field-effect transistors. Nat. Mater. 3, 317
(2004).

39. Sato, O. et al. Novel in-plane switching liquid crystal display with an extremely high transmittance using a well-designed bottlebrush
as a zero-azimuth anchoring material. Jpn. J. Appl. Phys. 58, 066503 (2019).

40. Sato, O. et al. A high transmittance and fast response in-plane switching liquid crystal display with the zero-azimuth anchoring
layers on the electrodes. J. Phys. D Appl. Phys. 53, 15 (2020).

Acknowledgements

We would like to thank Mr. I. Ikuta, Y. Kato, Mr. Y. Taguchi, K. Sato, Y. Hanawa, and the late Mr. Y. Sakaki of
Hitachi Research Laboratory (HRL) for fabricating the TFT samples and IPS-LCD panels. We would also like to
thank Dr. T. Yamamoto of HRL for supporting the design of the pixel layout and panel driving circuit and Mr. S.
Kobayashi of HRL for discussing the recent high aperture pixel structures. Thanks are also due to Mr. M. Ohta,
Dr. K. Onisawa, Dr. T. Minemura, Dr. N. Konishi of HRL for continuous encouragement.

Author contributions
M.A. wrote the main manuscript text and M.A. and M.Y. reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11518 | https://doi.org/10.1038/s41598-021-90924-x nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhanced thin-film transistor driven high-aperture in-plane switching liquid crystal displays without common line and black matrix
	Methods
	Results
	Discussion
	Conclusions
	References
	Acknowledgements


