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ABSTRACT The mobility enhancement and the positive bias stress of top-gate self-aligned TFTs using
the a-IGZO channel with a front barrier are investigated. The a-IGZO front barrier can keep electrons in
the a-IGZO channel away from the top-gate oxide to significantly enhance the electron mobility at the
top gate operation. The parasitic channel induces a hump in the transfer characteristics. The positive bias
stress shifts the hump to the negative voltage abnormally. The H,O in the polymer film on array layer
is responsible for the abnormal shift. The H,O diffuses into the top-gate insulator and is electrolyzed
to create HT, which forms a parasitic channel with a negative shift of threshold voltage, leading to the
abnormal hump. The abnormal humps are increasingly significant with the increasing channel width and
the decreasing channel length. The channel width dependence on positive bias stress is due to the inverse
narrow width effect caused by the fringe electric field. The channel length dependence on positive bias
stress is due to the H™ diffusion toward the center of the parasitic channel from both the source and
drain sides.

INDEX TERMS Positive bias stress (PBS), a-IGZO, hump, polymer film on array (PFA).

I. INTRODUCTION

Thin film transistors (TFTs) are used for the state-of-
the-art displays [1]. With the increasing demand on the
frame rate and the resolution of displays, TFTs with high
mobility are required [2]. Nevertheless, the traditional hydro-
genated amorphous silicon (a-Si:H) TFTs show low mobility
(< 1 cm?/V-s) [3] and poor stability [4], making it difficult
for advanced applications. In recent years, amorphous indium
gallium zinc oxide (a-IGZO) has attracted much attention
to be the promising channel material of TFTs for next-
generation displays due to the high mobility (> 10 cm?/V-s),

high on/off current ratio, good uniformity in large area, low
process temperature (< 400 °C), and low manufacturing
cost [5]-[8]. Up to now, the a-IGZO TFTs with several
structures have been fabricated, such as a bottom gate struc-
ture with etch-stop layer [9], [10], a bottom gate structure
with back-channel-etch (BCE) type [11], and a top-gate self-
aligned (TG-SA) coplanar structure [12], [13]. The bottom
gate structures have the merit of the simple fabrication pro-
cess. However, the overlap between gate and source/drain
(S/D) electrodes causes parasitic capacitance, which reduces
the operation speed of the TFT circuits. Therefore, a-IGZO
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TFTs with TG-SA coplanar structure are developed to mini-
mize the parasitic capacitance. With the advantages of small
parasitic capacitance and channel length scalability, a-IGZO
TFTs with TG-SA coplanar structure can meet the require-
ments of high-pixel density, high-speed response, and large
panel size [13]-[15].

In addition to mobility enhancement, the reliability of
TFTs is also important for the mass production. a-IGZO itself
is sensitive to light, bias stress, and environment [16]-[18].
Humps have serious influence on pixel brightness during
the operation [19]. The hump occurs due to the exis-
tence of parasitic channels. Abnormal humps have been
reported in metal-oxide-semiconductor field-effect transis-
tors (MOSFETs), silicon-on-glass (SiOG) TFTs and low
temperature polysilicon (LTPS) TFTs [20]-[22]. Normally,
the positive bias stress (PBS) leads to the positive threshold
voltage (V;) shift by trapping electron into gate insulator.
The abnormal hump is the occurrence of the negative V
shift under PBS.

In this work, we take advantage of the band disconti-
nuity of the double-layer a-IGZO to enhance the mobility
by the front barrier. The band alignment ensures the car-
rier confinement. The comparison between the TFTs with
and without polymer film on array (PFA) shows that the
PFA is responsible for the abnormal hump. The PFA is
used as the planarization for pixel electrodes and reduces
the parasitic capacitance between gate bus lines and pixel
electrodes [23]. The dependence of channel width and chan-
nel length on humps is also investigated. Note that the
double-layer a-IGZO channel in a BCE TFT with a front
barrier was demonstrated to enhance mobility and reliability
reportedly [7].

Il. EXPERIMENTS

The schematic diagram of the top-gate self-aligned coplanar
a-IGZO TFT (not scaled) is shown in Fig. 1. The sput-
tered 100-nm-thick Al/Mo layer was patterned as the bottom
gate electrode, and the 320-nm-thick bottom gate insulator
(GI, SiNx/SiOx) was deposited by plasma-enhanced chemi-
cal vapor deposition (PECVD). The 40 nm a-IGZO channel
and the 20 nm a-IGZO front barrier were deposited by a
radio frequency magnetron sputter with the Ar/O, flows
of 50 sccm/6 sccm and 50 sccm/14 scem, respectively.
After patterning the channel, the post deposition anneal-
ing (PDA) was performed at 400 °C in air for one hour. The
120-nm-thick SiOx was deposited as the top GI by PECVD
at 260 °C, followed by the 280-nm-thick Ti/Al/Mo layer
sputtered on the top GI as the top gate electrode. The top
gate and the bottom gate insulators should be thick enough
to reduce the parasitic capacitance between the gate bus lines
and the data bus lines [24]. After the top GI and metal were
patterned, the 300-nm-thick SiOx layer was deposited as
an interlayer dielectric (ILD) by PECVD at 260 °C with
high silane flow rate to increase the hydrogen content in
ILD, which induces hydrogen diffusion from ILD into a-
IGZO S/D regions to form conductive S/D [25]. Afterwards,
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FIGURE 1. (a) Schematic diagram (not scaled) of self-aligned top-gate
coplanar a-1GZO TFTs. PFA (polymer film on array) and SiNy passivation
layers protect from moisture permeation. ILD is SiOy. (b) After 90 degrees
rotation about Z axis from (a). (c) Cross-sectional view along the channel
width.

the S/D contact holes were formed, and the 370-nm-thick
Mo/Al/Mo was sputtered as the S/D metal. The additional
200-nm-thick SiOx was deposited as the passivation (PV)
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layer by PECVD. An organic photo resist polymer film on
array (PFA) is used as the planarization for pixel electrodes
and reduces the parasitic capacitance between gate bus lines
and pixel electrodes [23]. The SiNx layer was deposited
finally to protect the a-IGZO TFT from exterior atmosphere.

lIIl. RESULTS AND DISCUSSION

The role of hydrogen not only acts as a defect passivator
to reduce electron traps, but also acts as a shallow donor
in a-IGZO [26], [27]. Hydrogen diffusing into the a-IGZO
channel first passivates the defect, then excess hydrogen as
donors can increase electron density [28]. When the suffi-
cient hydrogen in a-IGZO acts as shallow donors, it can
raise the Fermi level (Eg) of a-IGZO [29], [30]. There are
more carriers in a-IGZO:H, lowering the effective barrier
height in the conduction path [29], [31]. Thus, hydrogen can
make the conductive n* a-IGZO as the S/D contact regions
(Fig. 1(a) and (b), Fig. 1(c) is the cross-sectional view of
Fig. 1(b)).

To investigate the effectiveness of the front barrier, the
band alignment was measured as shown in Fig. 2. 100-nm
a-IGZO films were deposited on glass substrates for the mea-
surements of optical bandgaps, X-ray photoelectron spec-
troscopy (XPS), and Kelvin probe force microscopy (KPFM).
The optical bandgaps are measured by UV-visible (UV-Vis)
using Tauc method (Fig. 2(a)). The valence band offsets
(Ep-Ev) are obtained by XPS to extrapolate the binding
energy of the O 2p features (Fig. 2(b)). The work functions
are measured by KPFM (Fig. 2(c)) [7]. Note that the work
function of a-IGZO (50:6) and a-IGZO (50:14) is differ-
ent but very close (~0.002 eV). The carrier concentration
measured by Van der Pauw method is higher in a-IGZO
(50:6) than in a-IGZO (50:14) (Fig. 2(d)). The band align-
ment shows that the conduction band discontinuity (AEc) is
over 3kT (Fig. 2(e)), indicating that the electrons are mostly
confined in the a-IGZO, deposited with the Ar/O; flow of
50 sccm/6 sccm, where the main channel is located [7]. The
Ar/O; flow of 50 sccm/14 sccm was used for the deposition
of the front a-IGZO barrier. The Weibull plot shows that the
field effect mobility (L) at Voy = 2 V (Fig. 3(a)) and
Vov = 0.5 V (Fig. 3(b)) are significantly higher at the top
gate operation than the bottom gate operation. The values
of wrg at the Weibull zero point represent the 63% devices
with the mobility lower than the specific value. The Wwgg
was extracted by the following equation:

_ L@Ip/dVoy) 0
HrE WCoxVps

where Cox is the oxide capacitance and the Voy is the
overdrive voltage (Voy = Vgs — V¢). L and W represent
channel length and channel width, respectively. In perco-
lation conduction, the mobility increases with increasing
carrier concentration [34], leading to mobility at Voy =2 V
(Fig. 3(a)) higher than 0.5 V (Fig. 3(b)). The conduction band
offsets between the BG GI/channel and barrier/TG GI are 2.9
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FIGURE 2. (a) lllustration of («hv)'/2 versus photon energy to obtain the
optical bandgaps of a-1GZO by Tauc method. (b) XPS valence band spectra
of a-1GZO. (c) Distribution of CPD in the scan region. (d) Carrier
concentration of a-IGZO by Van der Pauw method. (e) The band alignment
of the a-1IGZO double layers. Ar and O, flow rates shown in the
parentheses are in order.

and 2.79 eV, respectively, in our simulation. For circuit oper-
ation, the voltage-based design is sometimes preferred. The
electron densities (Fig. 3(c)) are obtained by simulation at
Vov =2 V and 0.5 V for the top gate and bottom gate oper-
ation. Note that the thicknesses of the top gate insulator and
the bottom gate insulator are different. The mobility at the
top Voyv = 0.5 V is higher than the mobilities at the bottom
Vov = 0.5 Vand 2 V (Fig. 3(a) and (b)), while the density at
the top is 3E10 cm~2 (Fig. 3(c)) between the densities at the
bottom Voy = 0.5 V and 2 V. The a-IGZO with the Ar/O;
flow of 50 sccm/14 sccm was deposited as the front barrier to
keep electrons away from the gate oxide/a-IGZO interface to
enhance the mobility for the top gate operation (Fig. 3(d))
by reducing the Coulomb scattering, similar to the back-
channel-etch TFT [7]. The bottom gate operation (Fig. 3(e))
has no barrier, and thus has low effective mobility. The
coulomb scattering is mainly due to the Dj; at a-IGZO/oxide
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distributions and (d) band diagrams of top gate operation and (e) bottom
gate operation by TCAD simulation.

interface and the charge in the boarder of the gate insula-
tor. Therefore, oxide thickness is the second order effect on
mobility.
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TABLE 1. Extracted device parameters of TFTs with and without PFA.

w/o PFA w/ PFA
Subthreshold Swing (S.S.)
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FIGURE 4. Evolutions of transfer characteristics of the a-IGZO TFTs under
PBS of Vygs = 30V, (a) no PFA layers and (b) with PFA layers. The width is
10 pum, and the length is 8 pm.

There is no hump in the transfer characteristics of the TFT
without PFA under the PBS (Vygs = 30 V with the drain,
source, and bottom gate grounded), while there are humps for
the one with the PFA layer (Fig. 4). The PFA layer can be a
barrier to prevent the H atoms from the SiNx to the a-IGZO
channel. Thus, the device without PFA leads to a less defect
density due to hydrogen passivation and has a better S.S.
(Table 1). Due to the large bandgap (~3eV) of IGZO, the off-
state currents are too low to be measured (Fig. 4(a) and (b)).
The PFA is used as the planarization for pixel electrodes
and reduces the parasitic capacitance between gate bus lines
and pixel electrodes [23]. The hump indicates that the V;
of the parasitic channel is more negative than that of the
main channel. The PFA layer contains water molecules [23],
and the SiOx passivation layer cannot resist the moisture
sufficiently [35]. The H>O diffusing from the PFA through
the ILD into the SiOx (GI) via the gap between the S/D
metal and the gate metal (red dashed arrow in Fig. 1(a))
can be electrolyzed by the electric field to create HT to
affect the reliability [36]. The larger top gate bias leads to
the more negative V; shift since more H™ ions are created
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FIGURE 5. Evolutions of transfer characteristics of the a-IGZO TFTs
applying PBS of different Vg =20V, 30 V, and 40 V.

by the larger electric field (Fig. 5). Since the on-state current
is composed of the main channel and the parasitic channel
currents, the more negative V shift of the parasitic channel
results in its higher current due to higher Vovy, and the
add-on of parasitic channel current into the main channel
leads to the increase of on-state current (Fig. 5 and 7(a)).
The electric field strength required to electrolyze the H,O
is difficult to be quantitatively measured, but our simulation
shows the E-field in our device is 1.6E6 to 3.3E6 V/cm.
Fig. 6(a) shows the width dependence on PBS with the
fixed L of 8 wm, which is different from the previously
reported result that the abnormal hump has no width
dependence [37], [38]. In our work, the negative V shift is
more serious with increasing channel width. The proposed
mechanism of the hump is plotted in Fig. 6(b), a cross sec-
tion of Fig. 1(b). With applying positive bias on the top gate,
more HT ions electrolyzed from H,O in the GI. The created
H™ ions move toward the a-IGZO channel and can penetrate
the a-IGZO barrier [39], and the OH™ ions move toward the
gate metal [40]. Since the OH™ ions move toward the top
gate metal, the OH™ ions near the gate metal have little
effect on V; shift. Thus, we focus on the HT ions which
move toward the a-IGZO channel. The H* can be trapped
in the oxygen vacancy sites in a-IGZO and formed posi-
tively charged centers [41], [42]. It is our hypothesis that
the H™ ions drift toward the channel and then segregate at
the bottom a-IGZO via oxygen vacancies to form a parasitic
channel since the underneath SiOx has much fewer oxygen
vacancies than a-IGZO [43] and has no preference to trap
H™ ions. The channel width dependence can be explained by
the inverse narrow width effect [44]. The extra fringe elec-
tric field (Fig. 6(b)) makes the effective area Cox smaller in
the device with larger channel width (Fig. 6(c)), leading to
the more negative V; shift. Therefore, the negative V¢ shift
increases with increasing channel width. Note that

. qND tch

AVt =
Cox

2

where Np is the total ionized charge density including HY,
tcn is the channel thickness, and Cox is the areal capacitance.
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FIGURE 6. (a) Transfer characteristics of the fresh and stressed a-1GZO
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capacitance extracted by TCAD simulation.

After PBS, the AV, between the channel widths of 10 pwm
and 100 pm is around 1.9 V, and the AV, between the
channel widths of 40pm and 100 pm is around 0.7 V. Based
on the simulated Cox (Fig. 6), the Np is estimated to be
~6E18 cm™ assuming the t., of the parasitic channels is
20 nm.
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FIGURE 7. Evolutions of normalized (lp x L/W) transfer characteristics of
the a-1GZO TFTs with channel length of (a) 6 um, 8 um, and 15 um under
the PBS of Vy¢gs = 30 V. (b) Proposed mechanism and H* and H along the
channel length. (c) Band diagrams for short channel vs long channel. Blue
dashed lines are fresh condition for main channels (no humps) due to H
diffusion, and red solid lines are after PBS for parasitic channels due to
H* diffusion. Note that the parasitic channel has small barrier lowering in
the long channel than the short channel.

The fresh V, of the main channel before PBS is more neg-
ative for the shorter channel (solid symbol lines in Fig. 7(a))
due to additional hydrogen atoms diffusion during the for-
mation of the conductive S/D [45], as indicated by blue H
in Fig. 7(b). The H diffusion from S/D reduces the barrier
more significantly for the shorter channel (dashed lines in
Fig. 7(c)). After PBS, the H™ is created and almost has no
effect on the main channel because the electric field makes
the HT move toward the bottom parasitic channel. Some
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FIGURE 8. (a) Schematics of H* diffusion to form parasitic channel during
PBS. (b) Schematics of H* diffusion profile in the parasitic channels.

H™ ions are trapped in the oxygen vacancy sites at the bot-
tom a-IGZO channel, while some are not be trapped. These
untrapped H™ ions diffuse laterally to the center of para-
sitic channels due to the concentration gradient from both
the source and drain sides (Fig. 8(a) and (b)). The para-
sitic channel of the TFT with the shorter channel has the
larger V¢ shift (open symbol lines in Fig. 7(a)). The HT
can reach closer to the center of the parasitic channel in
the shorter channel device from both the source and drain
sides (Fig. 7(b)). In consequence, the effective barrier height
lowering is more serious at the center with the shorter chan-
nel after PBS (red solid lines in Fig. 7(c)). Fig. 7 (c¢) is
the common conceptual diagram to explain short channel
effects [46], and this hydrogen effect on negative V; shift
due to the barrier height lowering recently reported in the
IGZO TFT [29]. Therefore, the negative V; shift increases
significantly with decreasing channel length. Note that the
V; of the main channel with L = 15 wm (Fig. 7(a)) has the
slightly positive shift after PBS due to the small HT effect
in the long channel device, leading to the normally positive
V. shift by trapping electron into the gate oxide.

Based on our width (Fig. 6) and length (Fig. 7) depen-
dence on V; shift of the parasitic channels, it seems that
the diffusion length of HT for the stress time of 10000 s
is around 15pum/2 = 7.5um because the hump of the TFT
with L = 15 wm and W = 10 pm is very mild (Fig. 7(a)),
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FIGURE 10. Evolutions of transfer characteristics of the a-IGZO TFT under
PBS of Vygs = 30 V by bottom gate operation with PFA layers. The width is
10 um, and the length is 8 pm.

i.e., at the edge of parasitic channel formation. All devices
in Fig. 6(b) have the L = 8 pum, the H* diffusion profile
(Fig. 8) merges from both the source and drain sides to form
a complete parasitic channel.

Since the ILD SiOx is far away from the bottom gate
insulator (Fig. 1(a), Ls/p = 10 pm), the H,O cannot reach
the bottom gate insulator. There is no negative V shift after
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PBS stress (Vegs = 30 V with the drain, source, and bottom
gate grounded) (Fig. 9). The positive shift is smaller by
top gate operation (Fig. 9(a)) than bottom gate operation
(Fig. 9(b)) since the front barrier can reduce electron traps
into the top SiOx.

There are negative V; shifts without humps after PBS
of Vrgs = 30 V by bottom gate operation (Fig. 10). This
indicates that the created H ions in the top gate insulator
move to the bottom channel, where electrons and H ions are
close to each other to form one channel, no parasitic. For the
gate operation, there are electrons near the top channel to
form the main channel, while some electrons are attracted by
H ions at the bottom channel to form the parasitic channel.
This supports our hypothesis of the H ion penetration.

IV. CONCLUSION

The mobility can be enhanced (2.1X) with a front barrier.
The abnormal hump is attributed to the H>O in the organic
PFA layer. Under applying PBS, the H™ ions are created to
form the parasitic channels, resulting in the abnormal humps.
The negative V shift of the humps increases with increasing
channel width and decreasing channel length.
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