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The instability phenomenon under negative bias illumination stress (NBIS) remains a major challenge for the appli-
cation of amorphous indium gallium zinc oxide (a-IGZO) thin-film transistors (TFTs) in active-matrix displays. In this
paper, we employ fluorine plasma treatment and a segmented metal cover line approach to enhance the stability of elevated
metal metal-oxide (EMMO) a-IGZO TFTs under NBIS. At room temperature, after 15 minutes of fluorine treatment, AVon
decreases from 5.53 V to 2.02 V. This improvement is mainly attributed to the fact that fluorine atoms fill the ionized
oxygen vacancies in a-IGZO, thereby reducing the density of defect states in the channel. Further adding 2.0 um wide
metal-covered wires reduces the AVgy to 0.35 V. Under 80 °C NBIS, the AVgy is limited to 3.79 V. This improvement is
mainly attributed to the light-shielding effect of the metal lines and the passivation of oxygen vacancies by fluorine, thereby

enhancing device stability under NBIS.
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1. Introduction

Amorphous indium gallium zinc oxide (a-IGZO) thin-
film transistors (TFTs) have had a significant impact in the
field of active-matrix flat-panel displays. This is attributed to
the amorphous nature of the active layer and a field-effect mo-
bility exceeding 10 cm?-V~!.s~!, combined with advantages
such as low off-state current, simple fabrication process, and
good uniformity.!!! These devices are primarily fabricated us-
ing either the back-channel etch (BCE) or the etch-stop layer
(ESL) structure. However, the BCE method may cause dam-
age to the back channel during the etching of the source/drain
structures, while the ESL approach complicates the manufac-
turing process.>® Against this backdrop, the elevated metal
metal-oxide (EMMO) TFT addresses the issues mentioned
above by elevating the metal source/drain electrodes above the
passivation layer and forming conductive source/drain regions
beneath the corresponding electrodes after annealing.!”!

Light exposure and increased temperature are unavoid-
Under
negative bias illumination stress (NBIS), a continuous nega-

able conditions in active-matrix flat-panel displays.

tive shift in the transfer characteristics of a-IGZO TFTs can
be observed. When the operating temperature increases, the
negative shift in the transfer characteristics of a-IGZO TFTs
after NBIS becomes more pronounced. Currently, annealing
the devices in an oxygen atmosphere can achieve relatively
good passivation of oxygen vacancy defects; however, signifi-
cant device degradation can still be observed under NBIS. [®]

Corresponding author. E-mail: dongli_zhang@suda.edu.cn
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Simply relying on annealing in an oxygen atmosphere
to achieve defect passivation is evidently insufficient. There-
fore, this paper proposes fluorine doping of the active layer
in EMMO TFTs via CF4 plasma treatment, with the fluorine
dosage controlled by adjusting the plasma treatment time.[°!
Since fluorine atoms can replace oxygen or occupy oxygen
vacancies, fluorine doping can reduce the defect state den-
sity and increase the carrier concentration, thereby improv-
ing the performance of TFTs.[!'%) Building upon fluorine dop-
ing, metal cover lines are introduced to effectively block inci-
dent light and reduce the light power density in a-IGZO. The
reason for using metal lines instead of a single metal plate
is that during heat-treatment processing, a large number of
oxygen vacancies may form under the metal light-blocking
layer. These oxygen vacancies enhance the electrical conduc-
tivity of the channel region and may eventually lead to the loss
of the device switching function. The combination of these
two methods can significantly enhance device stability. Based
on this, NBIS experiments were conducted on EMMO TFTs,
demonstrating the effectiveness of combining fluorine doping
with metal cover lines in suppressing device degradation under
NBIS.

2. Experiments

The device parameters of the EMMO TFTs used in the
experiment are as follows. The structure includes a 300 nm
molybdenum (Mo) gate electrode and a gate dielectric stack
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composed of 75 nm silicon nitride (SizN4) and 125 nm sili-
con dioxide (SiO,). The channel active layer of the EMMO
TFT is made of 20 nm a-IGZO. After the deposition of the
active layer, fluorine doping was performed on the a-IGZO
film for some samples using CF4 plasma treatment, with the
fluorine dosage controlled by adjusting the plasma treatment
time. In this study, based on the different fluorine treatment
durations, samples treated for 0 minute, 5 minutes, 10 min-
utes, and 15 minutes are labeled as FO-TFT, F5-TFT, F10-
TFT, and F15-TFT, respectively. After fluorine treatment, a
300 nm SiO, layer was deposited as the passivation layer.
Following the deposition of both the gate dielectric and passi-
vation layers, a separate dehydrogenation annealing step was
carried out at 400 °C in an oxygen atmosphere for 2 hours
to mitigate the potential impact of hydrogen on device perfor-
mance. For EMMO TFTs without metal cover lines (referred
to as W-TFTs), the source/drain metal electrodes are formed
using 35 nm Mo and 300 nm aluminum (Al). Additionally,
EMMO TFTs with segmented metal cover lines of 2.0 um
width, fabricated simultaneously above the channel passiva-
tion layer along with the source/drain electrodes, are referred
to as M-TFTs. Figure 1 presents the plane-view optical mi-
crographs of W- and M-TFTs. After annealing at 400 °C in
an oxygen atmosphere for 3.5 hours, conductive source and
drain regions were formed self-aligned beneath the respective
electrodes due to the good sealing property of the source/drain
metal electrodes.!!!l Figure 2 shows the cross-sectional dia-
grams and the corresponding simplified process flow of the
W-TFTs and M-TFTs.

(a)

Gate Electrode Gate Electrode

i &

42 pm Drain
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Source
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Source
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Fig. 1. Optical micrographs of (a) W-TFTs and (b) M-TFTs.

The apparent channel width and length of the devices
used in the experiment are 100 pm and 42 pm, respectively.
For M-TFTs, the metal line width is 2.0 um, the spacing be-
tween adjacent metal lines is 4.2 pm, and the total coverage of
the metal lines over the channel length is 28.99%. The stabil-
ity experiments are divided into three main groups: (1) NBIS
testing at room temperature of 24 °C on W-TFTs with differ-
ent fluorination times, referred to as W-FO TFT, W-F5 TFT,
W-F10 TFT, and W-F15 TFT; (2) NBIS testing at room tem-
perature on M-TFTs without fluorination (referred to as M-F0
TFT) and with a 15-minute fluorination treatment (referred to
as M-F15 TFT); (3) NBIS testing at 40 °C and 80 °C for W-FO0,
W-F15, M-F0, and M-F15 TFTs. The electrical characteristics
of the devices were measured using an Agilent 4156C semi-
conductor parameter analyzer. The NBIS test conditions were

as follows: a gate voltage of —20 V, 445 nm illumination with
an intensity of 5.9 mW-cm~2, and a stress duration of 5000 s.
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Fig. 2. Cross-sectional diagrams and the corresponding simplified pro-
cess flow of (a) W-FO TFT, (b) W-F15 TFT, (c) M-FO TFT, and (d) M-F15
TFT.

3. Results and discussions

The evolution of the transfer characteristics of W-TFTs
under NBIS is shown in Fig. 3. It can be observed that as the
fluorine incorporation time increases, the device degradation
gradually decreases, with the minimum degradation occurring
at 15 minutes of fluorine incorporation. As shown in Fig. 4, the
turn-on voltages (Von) for the pristine W-F0O, W-F5, W-F10,
and W-F15 TFTs are 0.2 V, 0.2 V, 0.3 V, and 0.3 'V, respec-
tively, and the corresponding Von degradations (AVpn) after
5000 s stress are 5.53 V, 4.48 V, 3.07 V, and 2.02 V. The thresh-
old voltages (Vtp) extracted from the linear region for the pris-
tine TFTs are 6.6 V, 5.6 V, 6.2 V, and 7.8 V, respectively, and
the corresponding Vg degradations (AVry) are 2.83 V, 2.75 V,
1.87 V, and 0.84 V after 5000 s stress.

The data demonstrate that all EMMO TFTs exhibit nega-
tive shifts in the transfer characteristics under NBIS, regard-
less of the fluorination treatment duration. However, with
increasing fluorination treatment time, both AVon and AVry
show a substantial reduction after 15-minute treatment com-
pared with the untreated device. This improvement is at-
tributed to the passivation of oxygen vacancy defects in the
a-IGZO film by fluorine atoms. Since NBIS results from the
combined effects of negative gate bias and illumination stress,
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fluorine doping in the a-IGZO layer leads to the passivation
and reduction of oxygen vacancy defects in the active layer.
Consequently, the number of ionized oxygen vacancy defects
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induced by NBIS that contribute to device degradation de-
creases, resulting in a reduced negative shift of the transfer
curve.[1?]
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Fig. 3. Evolution of the transfer curves for (a) W-FO0, (b) W-F5, (¢) W-F10, and (d) W-F15 under NBIS at 24 °C.
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Fig. 4. (a) Comparison of AVpy at different stress times and (b) AVry
after 5000 s stress for different W-TFTs under NBIS at 24 °C.

In a-IGZO, oxygen-related defects represent a significant
class of intrinsic defects. They act as acceptor-like and donor-
like trap states and can exist in different forms, i.e., interstitial
oxygen, neutral, singly ionized, and doubly ionized oxygen
vacancies. The energy levels of neutral oxygen vacancies lie
near the valence band maximum. Given that the bandgap of
a-IGZO thin films is 3.2 eV, ionizing neutral oxygen vacan-
cies into charged Vg or Vé+ states requires at least 2.3 eV
[13.14] Therefore, under blue light illumination with
a photon energy of approximately 2.7 eV in our experiments,

or more.

the conditions are sufficient to ionize neutral oxygen vacan-
cies and contribute free electrons to the conduction band of
a-IGZ0.I5 161 The energy levels of the ionized oxygen va-
cancies are located near the conduction band edge (E¢) and
are typically described using Gaussian or exponential distri-
butions representing donor-like defect states.

In this work, Silvaco Atlas was employed to fit the exper-
imental transfer characteristics of W-FO, W-F5, W-F10, and
W-F15 TFTs, both initially and after 5000 s NBIS. The spe-

cific defect density parameters are listed in Table 1. To ac-
curately simulate the transfer characteristics in both the sub-
threshold and above-threshold regions, Gaussian distributions
were selected to model the donor-like defect states within the
bandgap. Specifically, oxygen vacancies (V%*) with a Gaus-
sian peak located at 3.0 eV relative to the valence band edge
(Ev) were used to represent doubly charged oxygen vacancies,
while those at 2.7 eV from Ey were used to represent singly
charged oxygen vacancies (Vg). Figure 5 shows the fitting
results between the experimental and simulated transfer char-
acteristics of the initial TFTs and those after 5000 s NBIS.
The good agreement between the experimental and simulated
curves further confirms the influence of defect states at 3.0 eV
and 2.7 eV on the transfer characteristics, supporting the con-
clusion that oxygen vacancy defects are generated in a-IGZO
under bias—illumination stress.

As shown in Fig. 6, the initial density of Gaussian-
distributed donor-like defect states gradually decreases with
increasing fluorine treatment time. The reduction in these
trap states indicates a lower concentration of ionizable oxy-
gen vacancies. Consequently, as fluorine incorporation time
increases, the generation of V{ and V4" via ionization is sup-
pressed. The W-F15 TFT with the longest fluorine treatment
time exhibits the least degradation in transfer characteristics
because of the lowest defect state density due to passivation
of oxygen vacancies and the strongest capability to suppress
NBIS-induced degradation.!'’-1°1 After 5000 s of stress, it is
also evident that the sample with 15 minutes of fluorine in-
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corporation exhibits the smallest increase in Ngp, resulting in
minimal device degradation. Although a 15 minute fluorina-
tion treatment exhibits the most effective suppression of NBIS,
an evaluation of the overall device performance reveals that
increasing the doping duration from 10 minutes to 15 minutes

leads to a reduction in the on-state current and an increase in
the acceptor-like trap states near the conduction band. Conse-
quently, considering both stability and electrical performance,
a fluorine doping duration of 15 minutes is determined to be
the optimal condition.

Table 1. Parameters for the trap states in the a-IGZO of W-TFTs before and after 5000 s NBIS.

Value
a-IGZO:F0 a-IGZO:F5 a-IGZ0O:F10 a-IGZ0O:F15
Parameter Initial | NBIS | Imitial | NBIS | Initial | NBIS | Initial | NBIS
Nta (x10'8)
(cnre V) 7.0 7.0 7.4 74 7.8 9.5 8.2 8.0
(}:{?) 0.105 0.105 0.105 0.105 0.105 0.105 0.105 0.105
N (x1020)
(oareV) 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
W
(eV) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 |
Nea (x10'7)
(core V) 5.5 5.5 5.6 5.6 5.9 5.9 6.0 6.0
Eca
(eV) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
ca
(eV) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
T 18
NemCA0%) |4 33 6.3 0.15 52 0.1 2.4 0.1 11
(corleVY)
Ecm
(eV) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Wem
(eV) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
JV[;]}: ( %1018 )
(emeV ) 0.2 3.5 0.15 15 0.11 0.6 0.1 02
Ecp2
(V) 2.7 2.7 2.7 2.7 2.7 2.7 2.7 2.7
Wenz
(V) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
10°F () £ (b) transfer characteristics of M-FO and M-F15 TFTs under NBIS
2 W-F0 W-FS at 24 °C exhibit much reduced degradation. One can notice
£ 10t} in Fig. 8 that AVoxn is 0.35 V for M-F15 TFT and 1.68 V
=l
g for M-FO TFT after 5000 s stress. This demonstrates that the
= . . . .
E 101F A Measaredbefore 50005 advantage brought by fluorine doping remains evident. Fur-
=] Simulated-before s Simulated-before s . .
O Meseurodaner ot | easaredatie 59003 thermore, compared to the degradation of W-FO TFTs without
Simulated-after 5000 s Simulated-after 5000 s
1{)(-)1_§ L0 . metal cover lines, the metal cover line structure also demon-
F(0) F (d) . . . .
_ W-F10 WoF15 strates a clear effect in suppressing degradation. In conclusion,
§ . both fluorine incorporation and the metal cover line structure
= 10°F . C s . .
£ effectively inhibit NBIS-induced degradation and enhance de-
= . . g . . . .
- vice reliability. Their combination provides better NBIS sup-
= 1071 easured-before 5000 s f ] 1
5 e, O yomsncas  pression effects.
Measured-after 5000s easured-after 5000 s . . .
Simlted e 50005 O e ater 3000 At room temperature, superior reliability of the device un-
120 L L L L L L L L L L L L
W05 0 5 10 15 20-10 5 0 5 10 15 20 der NBIS was achieved with the incorporation of fluorine pas-

Gate voltage (V) Gate voltage (V)

Fig. 5. Fitting results for the transfer curves of (a) W-F0, (b) W-F5, (c) W-
F10, and (d) W-F15 TFTs before and after 5000 s NBIS.
For the M-TFTs, the metal cover lines function to block
incident light and reduce the light power density absorbed by
the a-IGZO thin film.[2%! Therefore, as shown in Fig. 7, the

sivation and illumination-shielding metal lines. NBIS degra-
dation is temperature-activated; therefore, the experimental
substrate temperature was increased to 40 °C and 80 °C to
evaluate the effectiveness of fluorine passivation and illumi-
nation shielding on the suppression of NBIS degradation. As
shown in Fig. 8, at 24 °C, the AVpn gradually decreases with
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increasing fluorination treatment time. After 15 minutes of
fluorination treatment, AVon decreases from 5.53 V t0 2.02 V,
representing a 63.5 % reduction in degradation. Since the
introduction of fluorine does not affect the reflection, refrac-
tion, or absorption of light in the TFT, its primary role is to
reduce the neutral oxygen vacancy density, thereby decreas-
ing the amount of newly ionized oxygen vacancies and conse-
quently reducing the impact on the TFT’s transfer character-
istics. When the metal line width is 2.0 pm, AVpy is reduced

from 5.53 V to 1.68 V, a 69.6 % reduction. This indicates that
the light-blocking effect of metal lines provides slightly bet-
ter NBIS inhibition than fluorine passivation. The better NBIS
inhibition effect of light-blocking becomes more obvious at
the higher stress temperatures of 40 °C and 80 °C. However,
as shown in Fig. 9, the effects of fluorination and metal line
light-blocking on NBIS degradation inhibition both become

less pronounced at higher temperatures.
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Fig. 8. AVon and AVry of W-FO, W-F15, M-F0O, and M-F15 TFTs after
5000 s NBIS at 24 °C, 40 °C, and 80 °C.
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Fig. 9. AVpN improvement ratio for W-F15, M-FO, and M-F15 TFTs over
W-FO TFTs at different stress temperatures.

Furthermore, we observed that the combined effect of
15 minutes of fluorination treatment and 2.0 um metal lines in
inhibiting NBIS degradation is not simply additive. The AVon
improvement ratio for the TFTs with fluorination for 15 min-
utes and 2.0 um metal lines over the TFTs without fluorination
treatment and metal lines is derived as the difference between
the AVon of TFTs without fluorination/metal lines and that of
TFTs with both treatments, divided by the AVon of TFTs with-
out these treatments. At 24 °C, 40 °C, and 80 °C, the AVpy im-
provement ratio reached 93.7 %, 86.7 %, and 69.9 %, respec-
tively. One can thus notice that the a-IGZO TFT with 2.0 pm
metal lines and 15 minutes of fluorination exhibits better NBIS
stability than those reported in Refs. [21-23].

4. Conclusion

EMMO TFTs with CF,; plasma treatment demonstrated
improved stability under NBIS at room temperature. As the
fluorine incorporation time increased to 15 minutes, the ability
to suppress instability was the strongest. When fluorine dop-
ing was combined with the metal cover line structure, it was
found that this combination provided an even greater advan-
tage in mitigating NBIS-induced degradation, outperforming
the cases with only fluorine doping or only the metal cover
line structure. Fluorine doping reduces the number of defects
in the pristine a-IGZO film, while the metal cover line low-
ers the light power density within the a-IGZO film. Therefore,
from the point of view of NBIS suppression, both the oxygen
vacancies and light power in the channel a-IGZO should be
minimized.
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