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Abstract

A new pixel structure for the realization of a 1‐μm‐pixel‐pitch display was

developed. This structure, named vertically stacked thin‐film transistor (VST),

was based on the conventional back‐channel etched thin‐film transistor

(TFT), but all the layers except the horizontal gate line were vertically stacked

on the embedded data line, enabling the implementation of high‐resolution

display panels. The VST device with a channel length of 1 μm showed a high

field effect mobility of more than 50 cm2/Vs and low subthreshold slope of

78 mV per decade. It also shows a high uniform electrical characteristic over

the entire 6‐in. wafer. The development of a new pixel architecture is expected

to enable the implementation of 1‐μm‐pixel‐pitch high‐resolution displays such

as spatial light modulators for digital holograms.
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1 | OBJECTIVE AND BACKGROUND

Recently, one of the blue chips in the display market is a
three‐dimensional (3D) display that is beyond conven-
tional two‐dimensional displays such as televisions or
smart phones. A few global information technology (IT)
companies have reported on cutting‐edge displays, such
as augmented reality (AR), virtual reality (VR), and holo-
grams, for public use over the past several years,1–4 and,
therefore, advanced displays have been paid considerable
attention. To do this, the fabrication of high‐resolution
backplanes providing high‐quality images with a large
number of pixels per inch (PPI) is necessary to develop
these display technologies. Moreover, a narrow pixel
- - - - - - - - - - - - - - - - - - - - - - - - - -
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pitch is very crucial in holograms because the pixel pitch
determines the viewing angle as well as the resolution of
the image5; therefore, achieving high PPI with a narrow
pixel pitch is a very important issue. Therefore, many
researches have been conducted on the reduction of the
pixel size and the pixel pitch of the display panel. In this
sense, liquid crystal on silicon (LCoS) was considered a
good candidate for a switching part of the display panel
because a narrow pixel pitch can be defined on the basis
of the silicon technology.6,7 As a spatial light modulator
(SLM) for an electrical hologram, an LCoS panel with
the finest pitch of 3.74 μm was manufactured by Jasper
Display Corporation.8 Nevertheless, one of the weak-
nesses of the LCoS system is the breakdown of the driving
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transistor. As the channel length of the driving transistor
is decreased to obtain a narrow pixel pitch, the break-
down voltage can also be decreased, causing a failure.
Therefore, although LCoS systems have the advantage
of being able to define a narrow pattern, there is a limita-
tion on the reduction of the size of the pixels because of
the reduction of the breakdown voltage.

In contrast, oxide thin‐film transistors (TFTs) can
guarantee the good immunity for short channel effects
because there is no p‐n junction in the device structure
and the channel material has a wide bandgap.9,10 To
obtain a high‐PPI panel based on the oxide TFT system,
the back‐channel‐etched (BCE) TFT has been widely
adopted because of its small footprint, and we have
reported display panels based on the SLM for digital
holography experiencing a 10° viewing angle based on
the 7‐μm‐pixel‐pitch and the 3‐μm‐pixel‐pitch backplanes
with the BCE scheme.11–13 First, we fabricated the first
SLM panel with a 20‐μm pixel pitch in 2014. The second
SLM panel with a 7‐μm pixel pitch was fabricated in 2016
via process improvements. The exposure system was
changed from the contact aligner to the i‐line stepper.
The etching process was improved from solution‐based
wet etching system to a dry etching system to define a
narrow critical dimension (CD). The third panel with a
3‐μm pixel pitch was obtained in 2018 by reducing the
size of the main components: switching TFT, signal line
and space, and contact hole. Figure 1 shows the scale
down of the pixel pitch of the fabricated SLM panels
and the corresponding viewing angle of the holographic
images. The specifications of each SLM panel are summa-
rized in Table 1.13
Beyond these sizes, the fabrication of the 1‐μm‐pixel‐
pitch panel is essential to obtain a considerably higher‐
resolution image and a wider viewing angle of more than
30°. However, it is considered quite difficult to integrate
signal lines and switching transistors in a 1‐μm‐pitch
pixel in the same manner as that of a conventional pixel
configuration of 3‐μm‐pitch‐pixel fabrication. Figure 2A
shows the simplified schematics for the top and cross‐
sectional views of a BCE TFT in a pixel. A design rule
for one pixel with the BCE TFT–based switching part
can be defined as 3F + LCH = pixel pitch, where F is
the minimum feature size such as the signal line and
space, and LCH is the channel length of the switching
TFT. Except LCH, at least 3F is required for the signal
line and space. The relationship between the feature
size and the channel length in a 1‐μm‐pitch pixel
(3F + LCH = 1) is depicted in Figure 2B. When we
reduce the width of the data lines to a very narrow value
(eg, F = 0.1 μm) to obtain a sufficient channel length, the
resistance of the data line and the resulting resistive‐
capacitive (RC)‐delay increase. In contrast, a very narrow
channel length (eg, LCH = 0.1 μm) makes it difficult to
guarantee a reliable switching operation. The require-
ment for narrow‐pitch pixel integration is contrary to a
stable driving condition. The vertical oxide TFT with a
very small footprint was reported as one of the solu-
tions.14–17 However, further in‐depth studies are required
to optimize the device performance and reliability. In this
paper, we report a new pixel architecture for 1‐μm‐pitch
pixel realization to integrate all the main components
without the drawbacks of an RC‐delay and a switching
operation. By using this pixel structure, we could not only
FIGURE 1 The scaling down of the

pixel pitches of spatial light modulator

(SLM) panels for digital holography and

its corresponding viewing angle of the

holographic images



TABLE 1 The summary of panel specifications for various pixel pitches10

1st SLMoG 2nd SLMoG 3rd SLMoG

Pixel pitch 20 μm (H) × 60 μm (V) 7 μm (H) × 21 μm (V) 3 μm (H) × 9 μm (V)

Panel size 1.89 in. 1.87 in. 2.16 in.

Resolution (mono) 1920 (H) × 480 (V) 5760 (H) × 1080 (V) 15600 (H) × 3200 (V)

Critical dimension 3 μm 1 μm 0.5 μm

Switching TFT channel size 6 μm (H) × 6 μm (V) 2 μm (H) × 2 μm (V) 1 μm (H) × 1 μm (V)

Lithography tool Contact aligner Stepper + projection aligner Stepper + projection aligner

Abbreviations: SLMoG, spatial light modulator on glass; TFT, thin‐film transistor.

FIGURE 2 A, Top and cross‐sectional

view of a pixel based on the conventional

back‐channel etched thin‐film transistor

(BCE TFT) and its minimum feature size,

F. B, The relationship between the F and

the channel length of the conventional

BCE TFT for the fabrication of 1‐μm‐pitch

pixel
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maximize the width of the data line but also simulta-
neously ensure a sufficient channel length, thereby
enabling a stable panel operation.
2 | EXPERIMENTAL

2.1 | New pixel structure

The new pixel structure, named vertically stacked TFT
(VST), is similar to the conventional BCE TFT, but
the data line of the pixel is embedded in the lowest layer
in a pixel, and all the layers except the horizontal gate
signal line are vertically stacked on the data line within
the pixel area. Figure 3 shows a comparison of the unit
pixels adopting the conventional BCE TFT and VST
structures.

In the case of a pixel with the conventional planar
BCE TFT, the current flow is formed in the transverse
direction, and the LCH of the TFT directly affect the
horizontal pixel pitch. The data line is placed on the left
side of the pixel. The channel of the switching transistor
is formed next to the data line. Furthermore, the storage
capacitor is formed away from the data line. Because
the source and the drain (S/D) are formed simulta-
neously by the same mask, a wide space along the
horizontal direction is inevitably required to define the
patterns and spaces in a pixel. In contrast, the required
space can be minimized with the VST structure,
although VST includes the conventional BCE TFT
scheme. The data line is embedded at the bottom in a
pixel, which allows a significant amount of space to be
reduced. Therefore, only 2F is required for the integra-
tion of a pixel with the VST scheme. Therefore, 1‐μm
pixel pitch can be realized with the CD of 0.5 μm by
adopting the VST pixel configuration. Most of all, as
the current flow is the same as the longitudinal direc-
tion of the data line because the source and the drain
are stacked on the data line, which is formed in the ver-
tical direction, the pixel pitch in the horizontal direction
is affected by the channel width, not the LCH. Therefore,
in the VST‐based backplane, it is possible to design a
sufficient channel length of the switching element in a
very narrow pixel, thereby enabling a stable switching
behavior.

The cross‐sectional views of unit pixels are described
in Figure 4A,B. Although the switching transistor and
the storage capacitor in a VST pixel are very similar to
that of conventional BCE TFT because the VST includes
a conventional BCE TFT structure, it is distinct from
the perspective of the direction of the transistor and the
current path, as shown in Figure 3. Most of all, the data



FIGURE 4 Cross‐sectional views of A,

the conventional pixel and B, the vertically

stacked thin‐film transistor (VST) pixel

FIGURE 3 The comparison of the unit

pixel structures. The conventional pixel

(left) and the vertically stacked thin‐film

transistor (VST) pixel (right). The reflector

layer is not shown here to comprise two

architectures clearly
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line is embedded in the lowest layer, isolated from the
gate by an inter‐layer dielectric (ILD), and the drain of
the VST is connected to the data line through the metal
contact 1 (MC1). In addition, the drain electrode of the
VST is connected to the data line through metal contact
hole, and the reflector at the top of the backplane is con-
nected to the source of the VST through the VIA hole.
Thus, the current flow from the data line to the reflector
takes a vertically‐zigzag form.
2.2 | Fabrication of VST pixel

The fabrication process for the VST pixel is almost the
same as that of the conventional planar oxide TFT except
the addition of the data and the ILD layers, which is a sig-
nificant advantage of the VST scheme. It is possible to
realize a 1‐μm pixel pitch through only a change in a
pixel structure by using the VST concept without a large
portion of the manufacturing process change.
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150‐nm‐thick DC‐sputtered molybdenum was used for
the data and gate electrodes. For the S/D and the reflector
layer, titanium‐tungsten (TiW) was used to fill the very
small metal contact and the VIA hole. The CD was
0.5 μm for the metal layers. Silicon nitride (Si3N4) grown
by using the plasma‐enhanced chemical vapor deposition
(PECVD) method at 400°C was used as the data and gate
spacer. Silicon dioxide (SiO2) grown by using the PECVD
process at 380°C was used as an ILD and a gate insulator
with a thickness of 200 and 100 nm, respectively. More-
over, 100‐nm‐thick SiO2 grown by using the PECVD
method at 300°C was used for the passivation layer, and
50‐nm‐thick aluminum‐doped indium‐tin‐zinc‐oxide (Al‐
InSnZnO) deposited by RF sputtering was used for the
channel layer. An oxygen partial pressure of 40% (O2/
(Ar + O2)) and a process pressure of under 0.07 Pa were
used for high‐quality channel material deposition. For
the planarization process, a polyacrylate polymer was
used. After the spin‐coating process, the planarization
layer was baked at 200°C for 1 hour. The CD was
0.4 μm for MCs and the VIA hole. All the layers were pat-
terned by using i‐line stepper‐based photolithography
(Nikon, NSR2205i12D) and the dry‐etching process to
define a very fine pattern shape. The process steps for
the VST pixel fabrication are depicted in Figure 5. The
data spacer process is not depicted in the figure, because
it is not formed in this direction of the cross‐sectional
view. After the backplane fabrication, the VSTs were
annealed at 200°C for 2 hours under vacuum conditions.
The electrical characterization was obtained using an
Agilent B1500A semiconductor parameter analyzer. The
FIGURE 5 Fabrication process of the vertically stacked thin‐film tran
field‐effect mobility (μFE) in the linear region was
extracted at a gate voltage corresponding to Von + 12 V
by using the transconductance method. The subthreshold
slope (SS) was calculated as a minimum of dVG/dlog (ID)
in the range of VG > Von. Von was defined as VG at ID
(VG) = WCH/LCH × 10 pA at VD = 0.1 V when Von, VG,
VD, and ID are the turn‐on voltage, gate bias, drain bias,
and drain current, respectively. For an in‐depth analysis
of the fabrication results, the structural images were
obtained using a focused ion beam scanning electron
microscope (FIB‐SEM).
3 | RESULTS AND DISCUSSION

Figure 6A shows the fabricated unit VST device structure
for application to 1‐μm‐pixel‐pitch pixel integration. All
the patterns including data, S/D, and channels, except
the horizontal gate line, were designed and fabricated to
have a width of 0.5 μm to meet the requirement of
1‐μm pixel pitch. Figure 6B,C show the cross‐sectional
views along the gate line in the channel region and the
MC hole region along the data line (A − A' and B − B′ in
Figure 6A), respectively. The gate pattern is well isolated
to the data by ILD, and the channel is placed at the center
of VST. It is clearly shown that the drain is connected to
the data through MC1 and MC2.

Figure 7 shows the transfer curves of VSTs with fixed
WCH of 0.5 μm for various LCH. The VST with LCH of
5 μm showed μFE of 38.5 cm2/Vs, SS of 100 mV per
decade, and Von of 0.16 V. The VST with LCH of 2 μm
sistor (VST) pixel



FIGURE 6 The focused ion beam

scanning electron microscope (FIB‐SEM)

images of A, the fabricated unit vertically

stacked thin‐film transistor (VST) device.

Its cross‐sectional views B, along the gate

line from A to A′ in figure A, and C, along

the data line from B to B′ in figure A,

FIGURE 7 The electrical characteristics of the vertically stacked thin‐film transistor (VST) devices for the various LCH with the fixed WCH

of 0.5 μm

FIGURE 8 The tendency of field‐effect mobility and turn‐on

voltage for the various LCH
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showed μFE of 49.6 cm2/Vs, SS of 108 mV per decade, and
almost zero Von of −0.05 V. The VST with LCH of 1 μm
showed high μFE of 57.2 cm2/Vs, very low SS of 78 mV
per decade, and Von of −0.1 V. The Von difference
between the condition of VD = 0.1 V and VD = 5 V, which
was easily observed in short‐channel TFT, was almost
zero for all the cases. Among three devices, the 1‐μm‐

channel VST device showed the best electrical character-
istics, as shown in Figure 8. Furthermore, although the
LCH of the VST can be even longer than the horizontal
pixel pitch, it is unsuitable because a very long channel
unnecessarily increases the longitudinal pixel pitch.
Therefore, it is important to choose the appropriate chan-
nel dimension in terms of the switching performance and
device fabrication. For this reason, further device mea-
surements were conducted with the 1‐μm‐channel VST.



FIGURE 9 The reliability

characteristics of the vertically stacked

thin‐film transistor (VST) device for A,

positive‐bias stress (PBS) and B, negative‐

bias stress (NBS) for 1 hour
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In spite of the short channel length and width, the 1‐μm‐

channel VST exhibited excellent switching characteris-
tics. Furthermore, it exhibited reliable instability results.
Figure 9A,B shows the positive‐bias stress (PBS) instabil-
ity and the negative‐bias stress (NBS) instability charac-
teristics, respectively. Von was shifted by 0.03 V in the
positive direction by a gate bias stress of +10 V for 1 hour.
For the NBS test, Von was shifted by 1.28 V in the nega-
tive direction with a gate bias of −10 V.

Figure 10A shows the uniformity characteristics of 20
planar BCE TFTs with LCH of 0.5 μm. Since the LCH is
very narrow, the Von of each TFT is dispersed. The Von

distribution for 20 TFTs was more than 3.8 V. Unfortu-
nately, note that the LCH should be further decreased
for the 1‐μm‐pixel‐pitch integration if the conventional
BCE TFT is used as a switching transistor. If so, it is clear
that a stable switching and display operation cannot be
guaranteed. The uniformity of the electrical behavior of
the VST devices, which can be implemented within the
1‐μm pixel, is in contrast to that of the conventional
BCE TFTs, as shown in Figure 10B. The Von distribution
was only 0.8 V for 20 VST devices, and the On current
level was very uniform. This implies that the VST scheme
FIGURE 10 Comparison of the

electrical characteristics uniformity of 20

devices between A, the conventional back‐

channel etched thin‐film transistors (BCE

TFTs) with LCH of 0.5 μm and B, the

vertically stacked thin‐film transistors

(VSTs) with LCH of 1 μm
can be integrated in a narrower area with a longer and
larger channel size than the conventional BCE TFT.
Figure 10 shows how the VST structure is an indispens-
able and powerful method for the realization of a 1‐μm‐

pixel‐pitch high‐resolution display. Figure 11A‐D show
the uniformity of the device parameters of the 1‐μm‐

channel VST. Each box in an individual figure represents
a value for the corresponding position of the device
parameter in the 6‐in. wafer. The value in the colored
area represents the average value and distribution. The
display panel, which will be fabricated later, is considered
smaller than the colored area because of the signal line
wiring. The turn‐on, On/Off, and switching characteris-
tics were very uniform, although the LCH was very nar-
row. In the case of μFE, slightly lower values than the
average were detected at the upper edge of the color
region. This was attributed to the non‐uniformity of the
etch rate of the dry etching equipment inducing the dif-
ference in the level of the unintentional etch of the back
channel during the S/D dry etching process in the
device having the BCE shape. This issue can be overcome
by the use of mass‐production equipment other than a
research and development (R&D)‐level equipment.



FIGURE 11 The uniformity of device

parameters of the vertically stacked thin‐

film transistors (VSTs) with the LCH of

1 μm. A, Von. B, On/off ratio. C,

Subthreshold slope (SS). D, Field‐effect

mobility (μFE)

FIGURE 12 Comparison between A,

the 3‐μm‐pixel‐pitch array based on the

conventional back‐channel etched thin‐

film transistor (BCE TFT) and B, the

1‐μm‐pixel‐pitch array based on the

vertically stacked thin‐film transistor

(VST) at the same magnification. Red

boxes and arrows in each figure indicate a

unit pixel and the direction of the current

flow in the pixel, respectively
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Finally, a 1‐μm‐pixel‐pitch test array was successfully
fabricated on the basis of the VST architecture.
Figure 12A,B clearly show the structural difference
between the 3‐μm‐pixel‐pitch array based on the conven-
tional BCE TFT and the 1‐μm‐pixel‐pitch array based on
the VST. In particular, the width of the data lines for both
the arrays was 0.5 μm. The main differences were that the
current flow changed in the vertical direction as in the
case of the data line, and the design rule for the pixel
pitch decreased from 3F + LCH to only 2F . This implied
that the VST enabled very narrow pixel fabrication
without any change in the CD. On the basis of this array
technology, it was feasible to realize a high‐definition
SLM for digital holography with a wide viewing angle.
4 | CONCLUSION

We developed a new pixel architecture for the realization
of a 1‐μm‐pixel‐pitch ultra–high‐resolution display.
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Unlike recent reports for small‐pixel‐pitch integration,
this new VST scheme allows the main components of
the pixel to be integrated within a very narrow pixel area.
The recent VR and AR market trends are divided into
glass‐based large VR panels with low PPI and silicon‐
based small AR panels with high PPI.18 It is surely
expected that the VST structure developed in this study
will meet the requirements of both display markets as a
glass‐based high‐resolution display panel with more than
10 000 PPI based on a 1‐μm pixel pitch. In particular,
the VST configuration can play a significant role in
bringing about a breakthrough in the field of digital
holography.
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