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(57) ABSTRACT

A thin film transistor (TFT) to control a light emitting diode
(LED) or an organic light emitting diode (OLED) includes
a channel region configured as a saddle channel extending
between the drain region and the source region of the TFT.
The saddle channel is formed by deposition of channel
material on a fin structure, and the contour of the saddle
channel is defined by the contour of the fin structure.
Deposition of the channel material for the saddle channel
may be performed by: (i) atomic layer deposition (ALD) of
amorphous silicon; (ii) ALD of amorphous silicon followed
by annealing to form polycrystalline silicon; or (iii) depo-
sition of indium gallium zinc oxide (IGZ0) material by one
of ALD, plasma-enhanced atomic layer deposition
(PEALD), chemical vapor deposition (CVD), or plasma-
enhanced chemical vapor deposition (PECVD).
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SADDLE CHANNEL THIN FILM
TRANSISTOR FOR DRIVING MICRO LEDS
OR OLEDS IN ULTRAHIGH RESOLUTION

DISPLAYS

TECHNICAL FIELD

[0001] Embodiments herein generally relate to thin film
transistors (TFTs) and particularly to TFTs for controlling
micro light emitting diodes (LEDs) or organic light emitting
diodes (OLEDs) for ultra-high resolution displays.

BACKGROUND

[0002] Ultra-high resolution displays (e.g., pixels per inch
(PPI)>2000) are required for virtual reality (VR), augmented
reality (AR), and hologram displays. Currently, for large-
area, active-matrix displays, lithographic techniques are
constrained to 0.5 to 1 um or larger features due to stringent
requirements regarding photo-etching precision, TFT yield,
costs, etc. Consequently, the advanced lithography for sub-
micron to nano integrated circuits processes is generally not
applicable to the production of large-are electronics, which
means the channel length of the TFT may be no shorter than
about 0.5 pm. This constraint is significant as modern trends
require TFTs with ever smaller footprint for increasing PPI
requirements for displays.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1a illustrates a layer sequence of a micro
display device including micro LEDs and TFT electronic
control circuit according to an embodiment.

[0004] FIG. 15 illustrates a top view of the micro display
including micro LEDs and TFT electronic control circuit
according to an embodiment.

[0005] FIG. 2 illustrates a block diagram of the connection
amongst driver circuits, TFT electronic control circuits, and
micro LEDs according to an embodiment.

[0006] FIG. 3 illustrates a logic flow of a method for
producing micro LEDs according to an embodiment.
[0007] FIGS. 4a-4h illustrate cross-sectional views of
component layers at different stages of manufacturing a
micro LED according to an embodiment.

[0008] FIGS. Sa-5i illustrate cross-sectional views of
component layers at different stages of manufacturing TFTs
of the TFT electronic control circuit according to an embodi-
ment.

[0009] FIG. 6a illustrates a cross-sectional view of com-
ponent layers of TFTs provided on top of the micro LED
layer according to an embodiment.

[0010] FIG. 6 illustrates a cross-sectional view of com-
ponent layers of TFTs provided on a glass substrate accord-
ing to an embodiment.

[0011] FIG. 7 illustrates a layer sequence of a micro
display device including micro OLEDs and TFT electronic
control circuit according to an embodiment.

[0012] FIG. 8 illustrates a cross-sectional view of an oxide
fin with IGZO deposit.

[0013] FIG. 9 illustrates a logic flow of a method for
producing a TFT of the TFT electronic control circuit
provided on top of the micro LED layer.

[0014] FIG. 10 illustrates a logic flow of a method for
producing a TFT of the TFT electronic control circuit
provided on top of a glass substrate.
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[0015] FIG. 11 illustrates a computer-readable storage
medium according to an embodiment.

[0016] FIG. 12 illustrates a system according to an
embodiment.

DETAILED DESCRIPTION
[0017] Various embodiments may be generally directed to

thin film transistors (TFTs) forming electronic control cir-
cuits for controlling micro light emitting diodes (LEDs) or
organic light emitting diodes (OLEDs), e.g., for ultra-high
resolution displays. In particular, the present disclosure may
be implemented to produce saddle channel TFTs. The saddle
channel TFTs may be provided in conjunction with micro
LEDs built on silicon or sapphire substrate, for example. The
saddle channel TFTs may also be provided in conjunction
with micro OLEDs. The ultra-high resolution displays may
include red, green, and blue micro LEDs or micro OLEDs,
for example, and the electronic control circuits include TFTs
with Indium gallium zinc oxide (IGZ0), or any other doped
zinc-oxide channels configured as saddle channels. Doping
of ZnO channel may include one or more of the following
elements: Ti, Al, Ga, In, Ta, or Hf.

[0018] FIG. 1a illustrates a layer sequence of a micro
display 1000 including micro LEDs and electronic control
circuits made of TFTs according to an embodiment. Starting
with a substrate wafer 1001, which may be silicon, silicon
carbide, or sapphire, for example, a micro LED layer 1002
is built on top of the substrate wafer 1001. The micro LED
layer 1002 includes red (R) micro LEDs 1004, green (G)
micro LEDs 1005 and blue (B) micro LEDs 1006, which
may be produced using nanowire or micro pyramid
approach, for example. It should be readily apparent that
multiple R, G, and B micro LEDs 1004-1006 may be
provided. It should be noted that R, G, and B colors for the
micro LEDs 1004-1006 are merely examples, and other
colors and shades may be readily implemented. For
example, yellow and cyan micro LEDs may be provided.
The examples are not limiting in this context. After the R, G,
and B micro LEDs 1004-1006 of the layer 1002 are pro-
duced on the substrate wafer 1001, an electronic control
circuit layer 1003 is produced above the micro LED layer
1002. The electronic control circuit layer 1003 includes
electronic control circuits 1007 made of TFTs, which elec-
tronic control circuits 1007 may be positioned at a laterally
different area from the micro LEDs 1004-1006 of the layer
1002 and paths of light emissions from the micro LEDs
1004-1006 to prevent light blocking by the TFTs of the
electronic control circuits 1007. This is also shown in FIG.
1B, which illustrates the relative lateral positions of the TFT
electronic control circuits 1007 and the R, G, and B micro
LEDs 1004-1006 as viewed from the top perspective.
[0019] FIG. 2 illustrates the connection of the TFT elec-
tronic control circuits 1007 to the R, G, B micro LEDs
1004-1006 and to driver circuits, e.g., scan driver 2002 and
data driver 2001, according to an embodiment. The TFTs of
the TFT electronic control circuits 1007 are connected to
associated R, G, B micro LEDs 1004-1006, as well as to data
lines 2003 and gates lines 2004, which data lines and gates
lines are in tum connected to data driver 2001 and scan
driver 2002, respectively. In this manner, the timing of the
TFT switching is controlled by the data driver 2001 and scan
driver 2002, which data driver 2001 and scan driver 2002
may be implemented by crystalline silicon complementary
metal-oxide-semiconductor (CMOS) integrated circuits.
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The number of TFTs depicted in FIG. 2 in connection with
R, G, B micro LEDs 1004-1006 is purely exemplary, and
different numbers of TFTs may be provided. For example,
the TFT electronic control circuit per micro LED may
include 4 TFTs. Examples are not limited in this context.
[0020] The process logic flow 3000 for manufacturing R,
G, and B micro LEDs on a wafer is described in greater
detail by reference to FIGS. 3 and 4a-4h. For the sake of
clarity, the process logic flow 3000 is summarized on the left
side of FIG. 3 as numbered blocks, and additional informa-
tion regarding each numbered block is shown on the right
side of FIG. 3. In addition, FIGS. 4a-4/ illustrate cross-
sectional views of component layers at various stages of
manufacturing R, G, B micro LEDs.

[0021] Inblock 3001 of FIG. 3, abuffer layer (4001 shown
in FIG. 4q) is formed on a substrate (1001 shown in FIG. 4a)
by metalorganic chemical vapor deposition (MOCVD) at
800-1100° C. In block 3002 of FIG. 3, Si;N, hard mask
(4002 shown in FIG. 4a) is formed on top of the buffer layer
(4001 shown in FIG. 4a) by plasma-enhanced chemical
vapor deposition (PECVD) at 500-600° C. In block 3003 of
FIG. 3, 0.1-5 pm width trenches (4003 shown in FIG. 4a) are
formed in the Si;N, hard mask by photolithography. Sub-
sequently, dry etching of Si;N, hard mask is performed in
block 3004 of FIG. 3, followed by block 3005 in which
N—@GaN pyramids (4004 shown in FIG. 4b) are formed by
metalorganic chemical vapor deposition (MOCVD) at 800-
1100° C. In block 3006, SiO, layer (4050 shown in FIG. 4¢)
is formed on top of the Si;N, hard mask and the N—GaN
pyramids by plasma-enhanced chemical vapor deposition
(PECVD) at 500-600° C., followed by chemical-mechanical
planarization (CMP) and photolithography.

[0022] After etching of the SiO, layer in block 3007 of
FIG. 3, blue multiple quantum well (MQW) (4005 shown in
FIG. 4¢) and P—GaN region (4006 shown in FIG. 4¢) are
formed in block 3008 on top of the N—GaN pyramid for the
blue micro LED by MOCVD at 500-700° C. In block 3009,
planarization of SiO, layer is repeated by PECVD at 500-
600° C., followed by CMP and photolithography. After
etching of the SiO, layer in block 3010 of FIG. 3, green
multiple quantum well (MQW) (4007 shown in F1G. 4d) and
P—GaN region (4008 shown in FIG. 44) are formed in
block 3011 on top of the N—GaN pyramid for the green
micro LED by MOCVD at 500-700° C. In block 3012,
planarization of SiO, layer is repeated by PECVD at 500-
600° C., followed by CMP and photolithography. After
etching of the SiO, layer in block 3013 of FIG. 3, red
multiple quantum well (MQW) (4009 shown in FIG. 4¢) and
P—@GaN region (4010 shown in FIG. 4e) are formed in block
3014 on top of the N—GaN pyramid for the red micro LED
by MOCVD at 500-700° C. Planarization of SiO, layer
(4050 shown in FIG. 4f) is repeated in block 3015 by
PECVD at 500-600° C., followed by CMP and photolithog-
raphy. Subsequently, contact trenches (4011 shown in FIG.
4g) are formed in block 3016 by etching, followed by
formation of transparent metal (4012 shown in FIG. 4%) in
the contact trenches by physical vapor deposition (PVD) in
block 3017 and metal etching in block 3018.

[0023] The layer configuration shown in FI1G. 4% corre-
sponds to the substrate 1001 and micro LED layer 1002
shown in FIG. 1a. The portion including red MQW 4009 and
P—GaN region 4010 in FIG. 4% corresponds to the red
micro LED 1004 shown in FIGS. 1a and 15; the portion
including green MQW 4007 and P—GaN region 4008 in
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FIG. 4/ corresponds to the green micro LED 1005 shown in
FIGS. 1a and 15; and the portion including blue MQW 4005
and P—GaN region 4006 in FIG. 4/ corresponds to the blue
micro LED 1006 shown in FIGS. 1 and 15. As noted above,
red, green and blue colors for the micro LEDs 1004-1006 are
merely examples, and other colors and shades may be
readily implemented.

[0024] After the layer configuration shown in FIG. 4%
(corresponding to the substrate 1001 and micro LED layer
1002 shown in FIG. 1a) has been produced, the electronic
control circuit layer 1003 including TFT electronic control
circuit 1007 schematically shown in FIG. 1@ may be pro-
duced on top of the micro LED layer. In order to fit all
transistors of the electronic control circuit 1007 associated
with a micro LED in a very small pixel required for
ultra-high PPI displays, use of small footprint TFTs is
necessary.

[0025] Some of the lateral TFT configurations include
back channel etch (BCE) TFT and self-aligned TFT. In the
traditional, lateral TFT configurations for pixelated active-
matrix imagers, each TFT occupies part of the pixel area as
a switch for the micro LED. As a result, the TFT size
imposes a limit to the array resolution, since the pixel fill
factor, defined as a ratio of the emissive element (micro
LED) area to the pixel area, diminishes rapidly as pixel pitch
is reduced below 50 pm.

[0026] In addition, to eliminate the dependence of the
channel length on the photolithography technique, a vertical
thin film transistor (VIFT) structure has been proposed
wherein channel material is oriented in the vertical direction.
Rather than being laid out laterally, components of a VIFT
are layered. In particular, a doped source ohmic contact layer
and a similarly doped drain ohmic contact layer are stacked
on either side of a dielectric in a sandwich structure. An
active channel layer is provided along the side of the
sandwich structure, and a gate is provided along the active
channel layer. The thickness of the dielectric is then the
determining factor for the length of the channel, rather than
lithographic techniques. Although the VTFT structure
allows the channel length to be scaled down, below that
allowed by lateral TFTs, there are several deficiencies. It is
not easy to manufacture VIFTs, and VTFTs suffer from high
off-state leakage due to short channel effects. In addition,
IGZO VTFTs exhibit large gate-to-drain and drain-to-source
capacitances.

[0027] FIGS. Sa-5i illustrate cross-sectional views of
component layers at different stages of manufacturing TFTs
of the TFT electronic control circuit on top of the micro LED
layer according to an embodiment in which the TFTs include
a channel configured as a saddle channel. Although FIGS.
5a-5i show the manufacturing process flow for two TFTs of
the TFT electronic control circuit for the sake of clarity, it
should be readily apparent that the illustrated manufacturing
process flow may be applied to different numbers of TFTs.
In addition, a process logic flow 500 for manufacturing the
TFTs of the TFT electronic control circuit on top of the
micro LED layer is shown in FIG. 9, which process logic
flow 500 corresponds to the manufacturing process flow
depicted in FIGS. 5a-5i.

[0028] As shown in FIG. 5@ and block 501 of FIG. 9,
substrate wafer 1001, which may be silicon or sapphire, for
example, is initially provided, followed by fabrication of R,
G, B micro LEDs of the micro LED layer 1002 on the
substrate wafer 1001 (as shown in FIG. 5a and block 502 of
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FIG. 9). Next, as shown in FIG. 5a¢ and block 503 of FIG.
9, oxide interlayer dielectric (ILD) layer 5002 is deposited
on top of the micro LED layer 1002 using, e.g., plasma-
enhanced chemical vapor deposition (PECVD) at a tempera-
ture <400° C. The oxide ILD layer 5002 may be HfZrO,
7rQ,, HfO,, Al,0;, Si0,, etc., and other suitable deposition
techniques for the ILD layer 5002 may be plasma-enhanced
atomic layer deposition (PEALD), chemical vapor deposi-
tion (CVD) or atomic layer deposition (ALD). At block 504
of FIG. 9, layer 5003 (e.g., SiO,, Al,O,, Si;N, or other
suitable dielectric) is deposited on the oxide ILD 5002
(shown in FIG. 5a) and patterned using a first mask to
generate oxide fins 50034 (shown in FIG. 5b). Subsequently,
as shown in FIG. 5¢ and block 505 of FIG. 9, channel layer
5004 is deposited on the oxide fins 5003a by a suitable
deposition technique, e.g., atomic layer deposition (ALD) at
a temperature <400° C. The channel layer 5004 may be Si,
Zn0, doped ZnO (e.g., ZnO doped with Indium, Gallium,
Aluminum, Titanium), or other suitable channel material.
One example of the saddle channel is IGZO channel depos-
ited using ALD at a temperature <400° C. In addition to
ALD, other suitable deposition technique for the channel
layer 5004 may be plasma-enhanced atomic layer deposition
(PEALD), chemical vapor deposition (CVD) or plasma-
enhanced chemical vapor deposition (PECVD). In the
example case of using Si for the channel, Si may be
amorphous (deposited using ALD), or polycrystalline silicon
formed by converting amorphous Si by crystallization
anneal. FIG. 8 shows a cross-sectional view of an experi-
mental demonstration of conformal deposition of IGZO
layer 5004 by ALD on an oxide fin 50034.

[0029] Next, as shown in FIG. 5d and block 506 of FIG.
9, gate dielectric 5005 is deposited on the channel layer 5004
by a suitable deposition technique, e.g., atomic layer depo-
sition (ALD) at a temperature <400° C. The gate dielectric
material 5005 may include a high-k dielectric, e.g., HfZrO,
710, HfO,, Al,O,, or TiO,, one or more of which may be
combined with Si, Si0,, and/or Si;N,. At block 507 of FIG.
9 (corresponding to FIG. 5e), metal gate electrode 5006 is
deposited by a suitable deposition technique, e.g., atomic
layer deposition (ALD) at a temperature <400° C. Metal gate
electrode 5006 may be Mo, W, Cu, etc. Subsequently, at
block 508 of FIG. 9, spacer material (e.g., Si;N,, SiOCN,
etc.) is deposited and etched using reactive ion etching to
form spacers 5007 on the side of the metal gate electrodes
5006 (as shown in FIG. 5f). Next, as shown in FIG. 5g and
block 509 of FIG. 9, individual TFTs 5100 and 5200 are
patterned using a second mask (patterned regions 5008
shown in FIG. 5g). As shown in FIG. 5% and block 510 of
FIG. 9, interlayer dielectric (e.g., Si0,, SiO,, SiOC, etc.)
5009 is then deposited on top of, and around, the TFTs 5100
and 5200. Next, at block 511 of FIG. 9, the source and drain
contacts are opened by photolithography and etching using
a third mask, followed by block 512 at which source and
drain metals are deposited, and block 513 at which drain
metal and source metal are patterned. The drain metal 5010
and source metal 5011 are shown in FIG. 5i, which illus-
trates a cross-sectional view taken along line A-A shown in
FIG. 5h. The resulting TFT electronic control circuit 1007
including TFTs on top of the micro LED layer is shown in
FIG. 5i, which figure shows the saddle channel region 50044
and the channel length. The TFT shown in FIG. 5i has a
top-gate structure. However, a bottom-gate structure may
also be implemented.
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[0030] FIG. 6b illustrates a cross-sectional view of TFT
electronic control circuit 1007 provided on top of glass
substrate 6001 according to an embodiment in which the
TFTs include a channel configured as a saddle channel. As
shown in FIG. 7, the TFT electronic control circuit 1007
provided on top of glass substrate 6001 may be used in
conjunction with a micro OLED layer 7001 which is pro-
vided on top of the electronic control circuit layer 1003
including the TFT electronic control circuit 1007, thereby
forming the micro display 7000. The micro OLED layer
7001 includes R, G, B micro OLEDs 7004-7006. The circuit
connection shown in FIG. 2 applies similarly to the case of
TFT electronic control circuit 1007 provided on top of glass
substrate 6001, i.e., the TFTs are operatively coupled to the
associated OLEDs and the driver lines. The manufacturing
process flow for manufacturing TFT electronic control cir-
cuit 1007 provided on top of glass substrate 6001 as shown
in FIG. 65 is substantially identical to the manufacturing
process flow illustrated in FIGS. 5a-5i, with the following
differences: (i) the micro LED layer 1002 shown in FIG. 5a
is not present in the case of the glass substrate embodiment;
and (ii) a micro OLED layer 7001 is provided on top of the
electronic control circuit layer 1003 containing the TFT
electronic control circuit 1007. The process logic flow 600
for manufacturing the TFTs of TFT electronic control circuit
1007 on top of glass substrate 6001 is shown in FIG. 10.

[0031] As shown in block 601 of FIG. 10, glass substrate
(6001 shown in FIG. 6b) is initially provided. Next, as
shown in block 602 of FIG. 10, oxide interlayer dielectric
(ILD) layer (corresponding to layer 5002 of FIG. 6b) is
deposited on top of the glass substrate (6001 shown in FIG.
6b) using, e.g., plasma-enhanced chemical vapor deposition
(PECVD) at a temperature <400° C. The oxide ILD layer
5002 may be HfZrO, 7rO,, HfO,, Al,O,, SiO,, etc., and
other suitable deposition techniques for the ILD layer 5002
may be plasma-enhanced atomic layer deposition (PEALD),
chemical vapor deposition (CVD) or atomic layer deposition
(ALD). At block 603 of FIG. 10, layer (corresponding to
layer 5003 of FIG. 5a) (e.g., Al,O5, Si0,, Si;N, or other
suitable dielectric) is deposited on the oxide IL.D 5002 and
patterned using a first mask to generate oxide fins (corre-
sponding to 5003a shown in FIG. 5b). Subsequently, at
block 604 of FIG. 10, channel layer (corresponding to 5004
shown in FIG. 5¢) is deposited on the oxide fins 50034 by
a suitable deposition technique, e.g., atomic layer deposition
(ALD) at a temperature <400° C. The channel layer 5004
may be Si, ZnO, doped ZnO (e.g., ZnO doped with Indium,
Gallium, Aluminum, Titanium), or other suitable channel
material. One example of the saddle channel is IGZO
channel deposited using ALD at a temperature <400° C. In
addition to ALD, other suitable deposition technique for the
channel layer 5004 may be plasma-enhanced atomic layer
deposition (PEALD), chemical vapor deposition (CVD) or
plasma-enhanced chemical vapor deposition (PECVD). In
the example case of using Si for the channel, Si may be
amorphous (deposited using ALD), or polycrystalline silicon
formed by converting amorphous Si by crystallization
anneal. FIG. 8 shows a cross-sectional view of an experi-
mental demonstration of conformal deposition of IGZO
layer 5004 by ALD on an oxide fin 5003a.

[0032] Next, at block 605 of FIG. 10, gate dielectric
(corresponding to 5005 shown in FIG. 5d) is deposited on
the channel layer (corresponding to 5004) by a suitable
deposition technique, e.g., atomic layer deposition (ALD) at



US 2018/0182831 Al

a temperature <400° C. The gate dielectric material 5005
may include a high-k dielectric, e.g., HfZrO, 7t0O,, HfO,,
Al, 0, or TiO,, one or more of which may be combined with
Si, 810,, and/or Si;N,. At block 606 of FIG. 10, metal gate
electrode (corresponding to 5006 shown in FIG. 5e) is
deposited by a suitable deposition technique, e.g., atomic
layer deposition (ALD) at a temperature <400° C. Metal gate
electrode 5006 may be Mo, W, Cu, etc. Subsequently, at
block 607 of FIG. 10, spacer material (e.g., Si,N,, SIOCN,
etc.) is deposited and etched using reactive ion etching to
form spacers (corresponding to 5007 shown in FIG. 5f) on
the side of the metal gate electrodes (5006 shown in FIG. 5f).
Next, at block 608 of FIG. 10, individual TFTs (correspond-
ing to 5100 and 5200 shown in FIG. 5g) are patterned using
a second mask (patterned regions 5008 shown in FIG. 5g).
Proceeding to block 609 of FIG. 10, interlayer dielectric,
which may be, e.g., SiO,, SiO,, SiOC, etc., is then deposited
on top of, and around, the TFTs 5100 and 5200. Next, at
block 610 of FIG. 10, the source and drain contacts are
opened by photolithography and etching using a third mask,
followed by block 611 at which source and drain metals are
deposited, and block 612 at which drain metal and source
metal are patterned. The drain metal and the source metal
correspond to drain metal 5010 and source metal 5011
shown in FIG. 5i, which illustrates a cross-sectional view
taken along line A-A shown in FIG. 54. The resulting TET
electronic control circuit including TFTs corresponds to TFT
electronic control circuit 1007 including TFTs shown in
FIG. 5i, which figure shows the saddle channel region 5004a
and the channel length. Finally, as shown in FIG. 7 and block
613 of FIG. 10, micro OLED layer 7001 including R, G, B
micro OLEDs 7004-7006 is provided on top of the TFT
electronic control circuit layer 1003 including the TFT
electronic control circuit 1007. It should be readily apparent
that multiple R, G, B micro OLEDs 7004-7006 may be
provided.

[0033] The saddle channel TFTs described above provide
several advantages. The footprint of the saddle channel TFT
with IGZO channel layer is approximately five times smaller
than conventional lateral TFTs with IGZO channel layer for
a given drive current. The saddle channel TFT provides
higher current driving capability than conventional TFTs.
The saddle channel TFT requires only four lithographic
masks to fabricate, which is significantly less complex and
less costly in comparison to low-temperature polycrystalline
silicon (LTPS) TFT fabrication. The saddle channel TFT
fabrication does not require any etch of IGZO material,
resulting in high reliability of the TFT. For the saddle
channel TFT, the IGZO channel layer is provided by atomic
layer deposition (ALD), resulting in higher quality IGZO
layer than in comparison to conventional IGZO channel
TFTs made with sputtered IGZ0, thereby providing better
reliability. In addition, IGZO layer fabrication on a large size
glass substrate is easier in comparison to LTPS, resulting in
lower manufacturing cost. Furthermore, the saddle channel
TFT may be used to drive both micro LED and OLED
displays.

[0034] Described below is an exemplary estimation of the
TFT footprint reduction factor based on typical values of
TFT dimensions for a given target drive current of the TFT.
FIG. 6q illustrates various dimensions of TFTs included in
the TFT electronic control circuit 1007 and provided on top
of the micro LED layer 1002, which layer 1002 is in turn
provided on top of substrate 1001 made of silicon or
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sapphire, for example. The device configuration shown in
FIG. 6a corresponds the device configuration shown in FIG.
5h. For the example case of saddle channel TFTs used to
fabricate displays on 300 mm silicon wafers, the lithography
technology can provide features as small as 250 nm. Table
1 lists the relevant parameters of the saddle channel TFT
(corresponding to the TFTs shown in FIG. 6a) and conven-
tional TFT for this example case:

TABLE 1
Saddle Conventional

Parameter chamnel TFT TFT
Oxide Fin Width (nm) = w 250
Oxide Fin Height (nm) = h 300
Gate Oxide Thickness (nm) = t, 30 30
Metal Gate Thickness (nm) = t;, 30
Channel (IGZO) Thickness (nm) =t 20
Spacer Thickness (nm) = tg 10
W foorine = Footprint Width (nm) 430 2140
Channel Length (nm) 250 250
W g= Effective Width (nm) 1070 2140
Effective Mobility (cm?/V-s) 20 10
VG-VT (V) 3 3
Drain Current (uA) 89 89
TFT Footprint (um?) 0.3 1.6
Footprint Reduction Factor 5.0

[0035] Footprint width (W,,,,,,,) and effective width
(W, of each TFT may be calculated as follows:

W,

rmorine W2 ctotisthy)

Wej: I/I/;’oomrint+2(h+[ C)

[0036] Using the parameters listed in Table 1, the calcu-
lated footprint area of the conventional TFT is 1.6 um?,
while the calculated footprint area of the saddle channel TFT
is 0.3 um? Therefore, for this example case, the saddle
channel TFT provides a footprint reduction factor of
approximately 3.

[0037] FIG. 64 illustrates various dimensions of TFTs
included in the TFT electronic control circuit 1007 and
provided on top of substrate 6001 made of glass, for
example. As shown in FIG. 7, the TFT electronic control
circuit 1007 provided on top of glass substrate 6001 may be
used in conjunction with a micro OLED layer 7001 which is
provided on top of the electronic control circuit layer 1003
including the TFT electronic control circuit 1007. For the
example case of saddle channel TFTs provided on glass
substrate, the lithography technology for large glass can
provide features as small as 1000 nm. Table 2 lists the
relevant parameters of the saddle channel TFT (correspond-
ing to the TFTs shown in FIG. 64) and conventional TFT for
this example case:

TABLE 2
Saddle Conventional
Parameter channel TFT TFT
Oxide Fin Width (nm) = w 1000
Oxide Fin Height (nm) = h 500
Gate Oxide Thickness (nm) = t, 30 30
Metal Gate Thickness (nm) = t,, 30
Chamnel (IGZO) Thickness (nm) =t 20
Spacer Thickness (nm) = tg 10
W fooiprine = Footprint Width (nm) 1180 4440
Channel Length (nm) 1000 1000
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TABLE 2-continued

Saddle Conventional
Parameter chamnel TFT TFT
W 5= Effective Width (nm) 2220 4440
Effective Mobility (cm?/V-s) 20 10
VG-VT (V) 3 3
Drain Current (UA) 46 46
TFT Footprint (um?) 3.5 133
Footprint Reduction Factor 3.8
[0038] Using the parameters listed in Table 2, the calcu-

lated footprint area of the conventional TFT is 13.3 um?,
while the calculated footprint area of the saddle channel TFT
is 3.5 um?®. Therefore, for this example case, the saddle
channel TFT provides a footprint reduction factor of 3.8.

[0039] FIG. 11 illustrates an embodiment of a storage
medium 2000. The storage medium 2000 may comprise an
article of manufacture. In some examples, the storage
medium 2000 may include any non-transitory computer
readable medium or machine readable medium, such as an
optical, magnetic or semiconductor storage. The storage
medium 2000 may store various types of computer execut-
able instructions e.g.. 2020). For example, the storage
medium 2000 may store various types of computer execut-
able instructions to implement techniques 3000, 500, and
600. For example, the storage medium 2000 may store
various types of computer executable instructions to imple-
ment technique 3000, 500, and 600, which instructions can
be executed by a specially programmed computer system
operably coupled to manufacturing tools to carry out the
micro display manufacturing techniques described herein.

[0040] Examples of a computer readable or machine read-
able storage medium may include any tangible media
capable of storing electronic data, including volatile
memory or non-volatile memory, removable or non-remov-
able memory, erasable or non-erasable memory, writeable or
re-writeable memory, and so forth. Examples of computer
executable instructions may include any suitable type of
code, such as source code, compiled code, interpreted code,
executable code, static code, dynamic code, object-oriented
code, visual code, and the like. The examples are not limited
in this context.

[0041] FIG. 12 is a diagram of an exemplary system
embodiment and in particular, depicts a platform 3000,
which may include various elements. For instance, this
figure depicts that platform (system) 3000 may include a
processor/graphics core 302, a chipset 304, an input/output
(I/O) device 306, a random access memory (RAM) (such as
dynamic RAM (DRAM)) 308, and a read only memory
(ROM) 310, display 320 (e.g., a micro display 1000 includ-
ing micro LEDs 1004-1006 and TFT electronic control
circuit 1007; or a micro display 7000 including micro
OLEDs 7004-7006 and TFT electronic control circuit 1007),
and various other platform components 314 (e.g., a fan, a
cross flow blower, a heat sink, DTM system, cooling system,
housing, vents, and so forth). System 3000 may also include
wireless communications chip 316 and graphics device 318.
The embodiments, however, are not limited to these ele-
ments.

[0042] As depicted, 1/0 device 306, RAM 308, and ROM
310 are coupled to processor 302 by way of chipset 304.
Chipset 304 may be coupled to processor 302 by a bus 312.
Accordingly, bus 312 may include multiple lines.
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[0043] Processor 302 may be a central processing unit
comprising one or more processor cores and may include
any number of processors having any number of processor
cores. The processor 302 may include any type of processing
unit, such as, for example, CPU, multi-processing unit, a
reduced instruction set computer (RISC), a processor that
have a pipeline, a complex instruction set computer (CISC),
digital signal processor (DSP), and so forth. In some
embodiments, processor 302 may be multiple separate pro-
cessors located on separate integrated circuit chips. In some
embodiments processor 302 may be a processor having
integrated graphics, while in other embodiments processor
302 may be a graphics core or cores.

[0044] Some embodiments may be described using the
expression “one embodiment” or “an embodiment” along
with their derivatives. These terms mean that a particular
feature, structure, or characteristic described in connection
with the embodiment is included in at least one embodiment.
The appearances of the phrase “in one embodiment” in
various places in the specification are not necessarily all
referring to the same embodiment. Further, some embodi-
ments may be described using the expression “coupled” and
“connected” along with their derivatives. These terms are
not necessarily intended as synonyms for each other. For
example, some embodiments may be described using the
terms “connected” and/or “coupled” to indicate that two or
more elements are in direct physical or electrical contact
with each other. The term “coupled,” however, may also
mean that two or more elements are not in direct contact
with each other, but yet still co-operate or interact with each
other. Furthermore, aspects or elements from different
embodiments may be combined.

[0045] It is emphasized that the Abstract of the Disclosure
is provided to allow a reader to quickly ascertain the nature
of the technical disclosure. It is submitted with the under-
standing that it will not be used to interpret or limit the scope
or meaning of the claims. In addition, in the foregoing
Detailed Description, it can be seen that various features are
grouped together in a single embodiment for the purpose of
streamlining the disclosure. This method of disclosure is not
to be interpreted as reflecting an intention that the claimed
embodiments require more features than are expressly
recited in each claim. Rather, as the following claims reflect,
inventive subject matter lies in less than all features of a
single disclosed embodiment. Thus the following claims are
hereby incorporated into the Detailed Description, with each
claim standing on its own as a separate embodiment. In the
appended claims, the terms “including” and “in which” are
used as the plain-English equivalents of the respective terms
“comprising” and “wherein,” respectively. Moreover, the
terms “first,” “second,” “third,” and so forth, are used
merely as labels, and are not intended to impose numerical
requirements on their objects.

[0046] What has been described above includes examples
of the disclosed architecture. It is, of course, not possible to
describe every conceivable combination of components and/
or methodologies, but one of ordinary skill in the art may
recognize that many further combinations and permutations
are possible. Accordingly, the novel architecture is intended
to embrace all such alterations, modifications and variations
that fall within the spirit and scope of the appended claims.
The detailed disclosure now turns to providing examples
that pertain to further embodiments. The examples provided
below are not intended to be limiting.
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Example 1

[0047] An apparatus, comprising: a thin film transistor
(TFT) to control at least one of a light emitting diode (LED)
or an organic light emitting diode (OLED), the TFT com-
prising: a gate region; a source region; a drain region; and a
channel region configured as a saddle channel extending
between the drain region and the source region.

Example 2

[0048] The apparatus of example 1, the TFT having a
top-gate structure, the gate region being positioned verti-
cally higher than the source region, the drain region, and the
saddle channel.

Example 3

[0049] The apparatus of example 1, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of Ti, Al, Hf, In, Ga, or Ta.

Example 4

[0050] The apparatus of example 2, the TFT further com-
prising: a dielectric layer provided between the gate region
and the saddle channel.

Example 5

[0051] The apparatus of example 4, the dielectric layer
including at least one of HfZrO, ZrO,, HfO,, Al,O,, or
TiO,.

Example 6

[0052] The apparatus of example 2, the TFT further com-
prising: a fin structure below the gate region, the saddle
channel being provided on the fin structure, and the contour
of the saddle channel being defined by the contour of the fin
structure.

Example 7

[0053] The apparatus of example 6, the fin structure
including at least one of Al,O;, Si0O,, or Si;N,,.

Example 8

[0054] The apparatus of example 6, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0O) chan-
nel, or a doped zinc oxide channel doped with at least one
of Ti, Al, Hf, In, Ga, or Ta.

Example 9

[0055] A system, comprising: at least one of a light
emitting diode (LED) or an organic light emitting diode
(OLED); and an apparatus, comprising: a thin film transistor
(TFT) operatively coupled to the at least one of the LED or
the OLED to cause the at least one of the LED or the OLED
to selectively turn on or off based on a control signal, the
TFT comprising: a gate region; a source region; a drain
region; and a channel region configured as a saddle channel
extending between the drain region and the source region.
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Example 10

[0056] The system of example 9, the TFT having a top-
gate structure, the gate region being positioned vertically
higher than the source region, the drain region, and the
saddle channel.

Example 11

[0057] The system of example 9, the saddle channel being
one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of T1, Al, Hf, In, Ga, or Ta.

Example 12

[0058] The system of example 10, the TFT further com-
prising: a dielectric layer provided between the gate region
and the saddle channel.

Example 13

[0059] The system of example 12, the dielectric layer
including at least one of HfZrO, ZrO,, HfO,, Al,O;, or
TiO,,.

Example 14

[0060] The system of example 10, the TFT further com-
prising: a fin structure below the gate region, the saddle
channel being provided on the fin structure, and the contour
of the saddle channel being defined by the contour of the fin
structure.

Example 15

[0061] The system of example 14, the fin structure includ-
ing at least one of Al,O,, Si0,, or Si;N,.

Example 16

[0062] The system of example 14, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZO) chan-
nel, or a doped zinc oxide channel doped with at least one
of Ti, Al, Hf, In, Ga, or Ta.

Example 17

[0063] The system of example 9, the TFT being opera-
tively coupled to the LED, and the TFT being provided
above the LED and laterally displaced from the LED.

Example 18

[0064] The system of example 9, the TFT being opera-
tively coupled to the OLED, and the TFT being provided
below the OLED.

Example 19

[0065] A method comprising: forming at least one fin
structure on a dielectric; and forming a channel region, a
drain region, and a source region of a thin film transistor
(TFT) by deposition of channel material on the at least one
fin structure, the channel region being configured as a saddle
channel extending between the drain region and the source
region of the TFT, and the contour of the saddle channel
being defined by the contour of the at least one fin structure.
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Example 20

[0066] The method of example 19, further comprising:
forming a gate region of the TFT, the gate region being
positioned vertically higher than the source region, the drain
region, and the saddle channel.

Example 21

[0067] The method of example 19, the saddle channel
being formed by one of: (i) amorphous silicon; (ii) poly-
crystalline silicon; (iii) zinc oxide; or (iv) zinc oxide doped
with at least one of indium, gallium, aluminum, and tita-
nium.

Example 22

[0068] The method of example 19, the saddle channel
being formed by one of: (i) atomic layer deposition (ALD)
of amorphous silicon; (ii) ALD of amorphous silicon fol-
lowed by annealing to form polycrystalline silicon; or (i)
deposition of indium gallium zinc oxide (IGZO) material by
one of ALD, plasma-enhanced atomic layer deposition
(PEALD), chemical vapor deposition (CVD), or plasma-
enhanced chemical vapor deposition (PECVD).

Example 23

[0069] The method of example 20, further comprising:
forming a dielectric layer between the gate region and the
saddle channel.

Example 24

[0070] The method of example 20, the TFT being formed
one of: (i) above a light emitting diode (LED) and opera-
tively coupled to the LED, the TFT being laterally displaced
from the LED; or (ii) below an organic light emitting diode
(OLED) and operatively coupled to the OLED.

Example 25

[0071] The method of example 22, the saddle channel
being formed by deposition of indium gallium zinc oxide
(IGZO) material by atomic layer deposition (ALD).

Example 26

[0072] The method of example 23, the dielectric layer
including at least one of HfZrO, ZrO,, HfO,, Al,O;, or
TiO,.

Example 27

[0073] The method of example 20, the at least one fin
structure including one of Al,O;, Si0,, or Si;N,,.

Example 28

[0074] A system, comprising: a light emitting means; and
an apparatus, comprising: a switching means operatively
coupled to the light emitting means to cause the light
emitting means to selectively turn on or off based on a
control signal, the switching means comprising: a gate
region; a source region; a drain region; and a channel region
configured as a saddle channel extending between the drain
region and the source region.
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Example 29

[0075] The system of example 28, the switching means
having a top-gate structure, the gate region being positioned
vertically higher than the source region, the drain region,
and the saddle channel.

Example 30

[0076] The system of example 28, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of T1, Al, Hf, In, Ga, or Ta.

Example 31

[0077] The system of example 29, the switching means
further comprising: a dielectric layer provided between the
gate region and the saddle channel.

Example 32

[0078] The system of example 31, the dielectric layer
including at least one of HfZrO, ZrO,, HfO,, Al,O;, or
TiO,,.

Example 33

[0079] The system of example 29, the switching means
further comprising: a fin structure below the gate region, the
saddle channel being provided on the fin structure, and the
contour of the saddle channel being defined by the contour
of the fin structure.

Example 34

[0080] The system of example 33, the fin structure includ-
ing at least one of Al,O,, SiO,, or Si;N,.

Example 35

[0081] The system of example 33, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of T1, Al, Hf, In, Ga, or Ta.

Example 36

[0082] The system of example 28, the switching means
being provided above the light emitting means and laterally
displaced from the light emitting means.

Example 37
[0083] The system of example 28, the switching means
being provided below the light emitting means.
Example 38
[0084] The system of example 33, the saddle channel
being an indium gallium zinc oxide (IGZO) channel.
Example 39

[0085] An apparatus, comprising: a switching means to
control a light emitting means, the switching means com-
prising: a gate region; a source region; a drain region; and a
channel region configured as a saddle channel extending
between the drain region and the source region.
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Example 40

[0086] The apparatus of example 39, the switching means
having a top-gate structure, the gate region being positioned
vertically higher than the source region, the drain region,
and the saddle channel.

Example 41

[0087] The apparatus of example 39, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of Ti, Al, Hf, In, Ga, or Ta.

Example 42

[0088] The apparatus of example 40, the switching means
further comprising: a dielectric layer provided between the
gate region and the saddle channel.

Example 43

[0089] The apparatus of example 42, the dielectric layer
including at least one of HfZrO, 7ZrO,, HfO,, Al,O;, or
TiO,.

Example 44

[0090] The apparatus of example 40, the switching means
further comprising: a fin structure below the gate region, the
saddle channel being provided on the fin structure, and the
contour of the saddle channel being defined by the contour
of the fin structure.

Example 45

[0091] The apparatus of example 44, the fin structure
including at least one of Al,O;, SiO,, or Si;N,,.

Example 46

[0092] The apparatus of example 44, the saddle channel
being one of an amorphous silicon channel, a polycrystalline
silicon channel, an indium gallium zinc oxide (IGZ0) chan-
nel, or a doped zinc oxide channel doped with at least one
of T1, Al, Hf, In, Ga, or Ta.

Example 47

[0093] A non-transitory, computer-readable medium stor-
ing instructions which, when executed on a computing
device, cause the computing device to carry out a method
according to any one of examples 19-27.

1. An apparatus, comprising;

a thin film transistor (TFT) to control at least one of a light
emitting diode (LED) or an organic light emitting diode
(OLED), the TFT comprising:

a gate region,

a source region;

a drain region; and

a channel region configured as a saddle channel extend-
ing between the drain region and the source region.

2. The apparatus of claim 1, the TFT having a top-gate

structure, the gate region being positioned vertically higher
than the source region, the drain region, and the saddle
channel.

3. The apparatus of claim 1, the saddle channel being one

of an amorphous silicon channel, a polycrystalline silicon
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channel, an indium gallium zinc oxide (IGZO) channel, or a
doped zinc oxide channel doped with at least one of Ti, Al,
Hf, In, Ga, or Ta.

4. The apparatus of claim 2, the TFT further comprising:

a dielectric layer provided between the gate region and the

saddle channel.

5. The apparatus of claim 4, the dielectric layer including
at least one of HfZrO, 7rO,, HfO,, Al,O;, or TiO,.

6. The apparatus of claim 2, the TFT further comprising:

a fin structure below the gate region, the saddle channel

being provided on the fin structure, and the contour of

the saddle channel being defined by the contour of the
fin structure.

7. The apparatus of claim 6, the fin structure including at
least one of Al,O;, Si0,, or Si;N,.

8. The apparatus of claim 6, the saddle channel being one
of an amorphous silicon channel, a polycrystalline silicon
channel, an indium gallium zinc oxide (IGZO) channel, or a
doped zinc oxide channel doped with at least one of Ti, Al,
Hf, In, Ga, or Ta.

9. A system, comprising:

at least one of a light emitting diode (LED) or an organic

light emitting diode (OLED); and

an apparatus, comprising:

a thin film transistor (TFT) operatively coupled to the
at least one of the LED or the OLED to cause the at
least one of the LED or the OLED to selectively turn
on or off based on a control signal, the TFT com-
prising:

a gate region;

a source region;

a drain region; and

a channel region configured as a saddle channel
extending between the drain region and the source
region.

10. The system of claim 9, the TFT having a top-gate
structure, the gate region being positioned vertically higher
than the source region, the drain region, and the saddle
channel.

11. The system of claim 9, the saddle channel being one
of an amorphous silicon channel, a polycrystalline silicon
channel, an indium gallium zinc oxide (IGZQ) channel, or a
doped zinc oxide channel doped with at least one of Ti, Al,
Hf, In, Ga, or Ta.

12. The system of claim 10, the TFT further comprising:

a dielectric layer provided between the gate region and the

saddle channel.

13. The system of claim 12, the dielectric layer including
at least one of H{ZrO, 7Zr0,, HfO,, AL,O;, or TiO,.

14. The system of claim 10, the TFT further comprising:

a fin structure below the gate region, the saddle channel

being provided on the fin structure, and the contour of

the saddle channel being defined by the contour of the
fin structure.

15. The system of claim 14, the fin structure including at
least one of Al,O;, Si0,, or Si;N,.

16. The system of claim 14, the saddle channel being one
of an amorphous silicon channel, a polycrystalline silicon
channel, an indium gallium zinc oxide (IGZO) channel, or a
doped zinc oxide channel doped with at least one of Ti, Al,
Hf, In, Ga, or Ta.

17. The system of claim 9, the TFT being operatively
coupled to the LED, and the TFT being provided above the
LED and laterally displaced from the LED.
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18. The system of claim 9, the TFT being operatively
coupled to the OLED, and the TFT being provided below the
OLED.

19. A method comprising:

forming at least one fin structure on a dielectric; and

forming a channel region, a drain region, and a source

region of a thin film transistor (TFT) by deposition of
channel material on the at least one fin structure, the
channel region being configured as a saddle channel
extending between the drain region and the source
region of the TFT, and the contour of the saddle channel
being defined by the contour of the at least one fin
structure.

20. The method of claim 19, further comprising:

forming a gate region of the TFT, the gate region being

positioned vertically higher than the source region, the
drain region, and the saddle channel.

21. The method of claim 19, the saddle channel being
formed by one of: (i) amorphous silicon; (ii) polycrystalline
silicon; (iii) zinc oxide; or (iv) zinc oxide doped with at least
one of indium, gallium, aluminum, and titanium.
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22. The method of claim 19, the saddle channel being
formed by one of: (i) atomic layer deposition (ALD) of
amorphous silicon; (ii) ALD of amorphous silicon followed
by annealing to form polycrystalline silicon; or (iii) depo-
sition of indium gallium zinc oxide (IGZ0) material by one
of ALD, plasma-enhanced atomic layer deposition
(PEALD), chemical vapor deposition (CVD), or plasma-
enhanced chemical vapor deposition (PECVD).

23. The method of claim 20, further comprising;

forming a dielectric layer between the gate region and the

saddle channel.

24. The method of claim 20, the TFT being formed one of:
(i) above a light emitting diode (LED) and operatively
coupled to the LED, the TFT being laterally displaced from
the LED; or (i) below an organic light emitting diode
(OLED) and operatively coupled to the OLED.

25. The method of claim 22, the saddle channel being
formed by deposition of indium gallium zinc oxide (IGZ0)
material by atomic layer deposition (ALD).
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