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Abstract

Amorphous InGaZnO (a-IGZO) TFTs become mainstream at the forefront of display backplanes and are actively expand-
ing their area for next-generation optoelectronic devices such as flexible and transparent displays. For flexible displays, low
temperature processed passivation technology is required to keep the reliability of the electrical properties in a-IGZO TFTs
without damaging flexible plastic substrates. Here, we proposed a low-temperature passivation process using a dual-chamber
system. A high-quality passivation layer composed of octadecyl-trichlorosilane was formed at 140 °C under vacuum on the
back-channel of a-IGZO TFTs using the system. The thermally deposited self-assembled monolayers (SAMs) enable the
formation of hydrophobic surfaces on a-IGZO TFTs, leading to the protection of the back-channel against water and oxygen
efficiently. As a result, the electrical characteristics such as the threshold voltage shift, hysteresis, field-effect mobility, and
negative bias stress of the SAM treated TFTs were significantly improved compared to those of the control TFTs.
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Amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs)

have been successfully commercialized in the flat-panel
display market owing to their outstanding electrical and
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flexibility, and high transparency compared to conventional
hydrogenated amorphous silicon (a-Si:H) and low-temper-
ature polycrystalline silicon (LTPS) TFTs [1-7]. Moreover,
a-IGZO TFTs are recently at the forefront of backplane
electronics and are actively trying to expand their area to
ultra-high-resolution, flexible, and transparent display appli-
cations for next-generation optoelectronic devices [5, 8—13].

From the practical point of view, one of the challenges in
a-1GZO TFTs is the passivation technology to achieve a reli-
able electrical characteristic to supply a uniform electrical
current/bias to individual pixels, along with a low process
temperature for flexible electronic applications. However,
a-IGZO TFTs are typically very sensitive to moisture and
oxygen, which readily give rise to a continuous increase in
threshold voltage (V) or degradation of subthreshold slope
(SS) in the transfer characteristics of the devices [8-10,
14-16]. Therefore, an efficient protective or passivating layer
is quite necessary to keep the reliability of the electrical
properties in a-IGZO TFTs. The conventional passivating
layers are mostly composed of inorganic materials such as
SizNy, Si0,, and Al,O5 [17, 18]. However, they inevitably
induced the degradation of device properties by plasma
damage due to ion bombardment [18-20], and also have the
disadvantage to make flexible electronic devices based on
plastic substrates due to the high process temperature.

Self-assembled monolayer (SAM) consisting of a proper
head, tail, and functional end group is a good alternative for
the damage-free passivating layer under low process tem-
perature because the SAM process is typically mild, plasma
free, chemically stable, and has a strong cohesion on the
IGZO surface [19-24]. Therefore, a smooth and densely
packed SAM-layer can be formed on the IGZO back-chan-
nel, which can efficiently protect it against moisture and
oxygen by generating a hydrophobic surface on the IGZO
TFTs. Furthermore, SAMs actively react with hydroxide
(—OH) bonds, so that they can also effectively passivate the
charge-carrier trap sites on the channel surface of a-IGZO
TFTs. However, the fabrication processes for the formation
of a SAM-passivating layer have been restricted to solution-
based technologies such as spin casting, dip-coating, and
immersive method, leading to the formation of disordered
or clumpy SAM layers on the IGZO channel [25-27]. In
this case, the quality of the SAM layer strongly depends on
the purity of the solvent and the treated environment dur-
ing the process. As a result, the previous solution-processed
technologies are not compatible with the conventional oxide
TFT technology for large-area electronics and has a practical
challenge for mass production.

In this work, a high-quality SAM passivating layer was
formed by thermal evaporation using a homemade vacuum
chamber. This method eliminates the direct contact of IGZO
TFTs with the SAM solution as well as any other contami-
nation components like water and oxygen. As a result, the
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surface of the IGZO TFTs was successfully passivated by
an octadecyl-trichlorosilane (OTS) SAM layer forming
a hydrophobic surface on the back-channel of TFTs. The
IGZO TFTs with the SAM layer showed improved reliability
in electrical performances compared to the control TFTs,
even when exposed to water directly.

2 Experiment

The device structures of control and SAM-treated IGZO
TFTs are shown in Fig. 1a. The devices have a bottom-gate
and top-contact configuration. Highly doped Si substrates
with a thermally oxidized 100-nm-thick SiO, insulating layer
were precleaned with acetone and isopropanol for 10 min
in an ultrasonication bath. After drying the substrates, UV-
Ozone treatment was performed for 10 min. Then, a 30-nm-
thick IGZO (In,05:Ga,05:ZnO =1:1:1) was deposited by
radio-frequency (RF) magnetron sputter at 100 W for 185 s
under mixed gas Ar:0,=09:1 at 2 mTorr for working pres-
sure condition. The sample is annealed at 400 °C for 1 h in
a box furnace. For source and drain electrodes, 50-nm-thick
tungsten was deposited by DC sputtering and patterned by
a lift-off process. The channel width (W) and length (L) of
the IGZO TFTs are 250 and 50 pum, respectively. Some of
them were additionally treated with OTS to form a SAM
passivation layer on the IGZO TFTs. All the samples were
measured by Agilent 4155C semiconductor analyzer at room
temperature in a dark chamber under an air ambient condi-
tion. For the stability test against water, both control and
SAM treated TFT devices were dipped into deionized (DI)
water for 6 h before the measurement.

3 Results and Discussion

The SAM passivating layer was formed by a thermal
evaporation process under vacuum using a homemade
self-assembled monolayer deposition (SAMD) system, as
depicted in Fig. 1a. The SAMD system consists of two
parts. One is a heating stage to convert a liquid-phase of
the SAM material to a vapor phase, and the other is a dep-
osition stage to achieve a passivation layer on a target sur-
face. This dual-chamber system can completely isolate the
target surface from a SAM solution and keep TFTs clean
against oxygen and water as well as any solvent before
the growth of the SAM layer under vacuum. The detailed
process of the SAM deposition is as follows. As a SAM
material is evaporated on the upper stage at a high temper-
ature, the vapor phase of the SAM material flows into the
bottom side due to a vacuum pump underneath. When the
vapor phased SAM materials reach and interact with the
target surface, densely grown SAM passivation layers can
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Fig. 1 a Schematic diagram of (a)
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deposition (SAMD) system
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Contact Angle: 49°

be formed eventually on it. For the passivation process,
we preheated the chamber to be 140 °C. Then, we put a
drop of ODTS (100 pl) on a glass plate placed on the upper
stage and put the IGZO TFTs on the bottom stage simul-
taneously. Once we switched on the vacuum valve, the
deposition of the SAM layer started. After the passivation
process, contact angle measurements were conducted on
the surface of the control as well as the SAM treated IGZO
TFTs using deionized water, as shown in Fig. 1b, c. While
the control devices have an average water contact angle of
49°, the SAM-passivated devices have a higher average
contact angle of 90° compared to the control devices due
to the long alkyl chains in ODTS, which efficiently induce
the hydrophobic surface. The results indicate that ODTS
was well deposited and formed on the surface.

The effect of the SAM passivation layer was confirmed
by measuring the electrical properties of the TFT devices.
Figure 2 presents the transfer and output characteristics of
the control and passivated devices. Notably, the SAM pas-
sivation layer contributes significantly to enhance the electri-
cal performance of the IGZO TFTs since the layer keeps the
surface clean from the water and oxygen [26]. Furthermore,
we investigate that 20 SAM-TFTs yield an average mobility
Hpp=7.40+0.173 cm®* V7' 57!, vV, =—0.20+0.115 V, and
AV =0.57+0.053 V, as shown in Fig. 2¢, d, and Table 1.
However, 20 control-TFTs show an average mobility
Hpe=5.87+0.500 cm? V™' 7!, vV, =—0.34+0.107 V, and
AV =0.92+0.142 V. The results indicate that the thermally
deposited SAM passivation layer is well developed on the

Contact Angle: 90°

Octadecyl-trichlorosilane
(OTS)

back-channel of the IGZO TFTs, and the layer protects the
surface efficiently against a harmful environment.

Figure 3 shows the transfer and output curves of both the
control and SAM treated IGZO TFTs after dipping them into
DI water for 6 h. Without the SAM passivation, the IGZO
TFTs presented the destruction of the hysteresis character-
istics, attributing to the absorption of the water molecules
on the oxide back-channel surface [8-10, 14]. Meanwhile,
the hysteresis characteristics of the SAM treated TFTs are
slightly affected by the water molecules since the SAM pas-
sivation layer effectively prevents the penetration of the
water molecules into the oxide back-channel. The results are
consistent with the water contact angle measurement before
and after the SAM passivation shown in Fig. 1.

The degradation of the IGZO TFTs was further inves-
tigated under negative bias stress (NBS) condition
(Vg=-15 V), as shown in Fig. 4. The control devices
without the SAM passivation layer show the abrupt shift of
the threshold voltage toward negative bias depending on the
measurement time. The value of the threshold shift, AV,
is estimated to be —7.88 V after 3600 s in control TFTs, as
shown in Fig. 4a. This result is owing to the field-induced
water absorption on the oxide back-channel, leading to the
increment of the electron donors on the surface [26-28]. The
generated donor states create electron traps considerably on
the surface, which makes the hysteresis severe in control
TFTs. On the other hand, the Vy; shift of the SAM treated
TFTs under the NBS condition is significantly reduced to
—1.22 V after 3600 s (Fig. 4b), which indicates that the
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Table 1 Summary of the

. : Surface treatment Vi (V) Hysteresis (AV) Field effect mobility,  Saturation
electrical properties of control ppg (em? V1571 mobility, 1,
and SAM treated IGZO TFTs (em? Vs

Untreated —0.34+0.107 0.92+0.142 5.87+0.500 3.72+0.280
SAM treated —0.20+0.115 0.57+0.053 7.40+0.173 4.80+0.117

SAM passivation does improve the NBS reliability of the
IGZO TFTs by preventing the water absorption on the
back-channel.

4 Conclusion

In summary, we proposed the low-temperature passiva-
tion process for the stability enhancement of the IGZO
TFTs using the thermal-deposition passivating system.
Using the system, the octadecyl-trichlorosilane, SAM
material, was successfully formed on the IGZO TFT back-
channel at 140 °C under vacuum. Notably, the thermally
deposited SAM passivation layers efficiently protected
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the back-channel of the IGZO TFTs against moisture and
oxygen. The TFTs with the SAM passivation layer showed
improved V,,, mobility, and hysteresis characteristics com-
pared to control TFTs without the layer. Furthermore, the
SAM layer significantly enhanced the NBS reliability of the
IGZO TFTs. These results are attributed to the formation
of the high-quality passivating layer, which keeps the oxide
back-channel clean against harmful contamination compo-
nents. The process has the advantage of being able to create
a high-quality passivation layer at a low temperature com-
pared to other passivation processes. We believe this process
is compatible with the conventional oxide TFT technology
on large-area and flexible electronics for mass production.
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Fig.3 a The transfer and b output curves of both the control and
SAM treated IGZO TFTs after dipping them into deionized water for
6h
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