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Abstract— Performance and reliability comparison of
oxide-based thin-film transistors fabricated at a maxi-
mum process temperature of 115 °C is presented. A fully
patterned and passivated process was successfully eval-
uated and implemented using polycrystalline Zn0 and
amorphous indium—gallium-zinc—oxide (IGZ0) as an active
layer in glass substrates. Saturation mobilities of 14.2 and
9.0 em?2.V-1.s~1 were obtained for ZnO and IGZ0, respec-
tively, with threshold voltages of 2.2 and 2.0 V, an on oFfF
ratio = 1 x 10%, and an lgff < 1 x 10~ 12 A, The small mobility
change in IGZ0 with gate voltage is due to its amorphous
character. Longer variation is observed in polycrystalline
Zn0 due to its grain boundaries. Reliability studies show a
threshold voltage shifting of 0.4 and 1.8 V for Zn0 and IGZ0
devices, testing after 1200-s stress. Devices were success-
fully implemented in Zn0- and 1GZ0-based inverters using
saturation and zero-drive structures, showing a maximum
dec gain of 2.4- and 25-V/V, respectively.

index Terms— Inverters, passivation, photolithography,
reliability, thin-film transistors (TFTs).

. INTRODUCTION

ETAL-OXIDE-SEMICONDUCTORS have received
a lot of attention due to their relatively high car-
riecr mobility and low process temperature compared with
hydrogen-doped amorphous silicon, a-Si:H, that is the material
most often used in display circuit technology [1]. Recently,
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indium—gallium—zinc—oxide (IGZ0) has being used in liguid
crystal display (LCD) with ultrahigh pixel density [2].

Most of the oxide-based thin-film transistors (TFTs)
reported in the literature use an inverted staggered structure
with a common gate and/or a common semiconductor using
shadow mask or liftoff processes to pattern source and drain
(5-D) contacts [3]-[7]. Although these methods are simple
and allow a faster evaluation of the materials, there are some
drawbacks including the following.

1) Semiconductor is continuously exposed during the
fabrication process, where changes in the atmosphere,
chemicals, and plasma cleanings can influence the free
carrier concentration negatively impacting device perfor-
mance and stability of the TFTs [8], [9].

2) Features patterned using shadow masks are usually large
(= 40 pm), making the fabrication of smaller feature
size difficult,

3) The gap between the shadow mask and the substrate is
difficult to control producing shadowing effects resulting
in nonuniform shapes and material thicknesses, reducing
yield.

4) Usually, these structures show gate currents comparable
with the measured drain current, which reduces the
confidence of the extracted TFT parameters [10], [11].

Implementation of these devices in complex circuits requires
patterning the semiconductor layer to better isolale transistors
while allowing to be individually addressed by the TFT
gates. Fully patterned fabrication processes for TFTs using
Zn0 and 1GZ0 have been exiensively reported [12]-{19].
These reports show the ability to deposit the materials over
large areas, mobilities larger than 1 cm®V—'s~!, and small
geometrical dependence. However, plasma-assisted processes
and temperatures above 200 °C are normally required during
the fabrication process, which increase the production time
and cost, that can make the process incompatible with differ-
ent substrates and applications. Moreover, high-temperature
processing and some atmospheres can damage the metal-
oxide—semiconductor [20], [21]. For these reasons, it is imper-
ative to maintain a low-temperature fabrication process that
allows fully patterning the devices, while protecting the semi-
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Fig. 1. {a) Cross section of a TFT. (o) Top view of a TFT wath Vs (V)

W =40 um and L = 20 um. The 3D vias are 5 pm wide with 5-D
metal overap of 2.5 m for alignment tolerance.

conductor from the chemicals and ambient normally used
in the fabrication process, and its subsequent operation and
storage. Furthermore, establishing a comparison with the
most used metal-oxide—semiconductors, Zn0 and 1GZ0, and
understanding their performance difference and limitations
while being fully patterned and fabricated under the same
conditions and temperatures are the key for their selection
and implementation in further electronic applications. In this
article, a comparison of fully patterned and passivated amor-
phous 1GZ0C and nanocrystalline Zn0 TFT's is presented with a
maximum process temperature of 115 °C. In addition to device
performance comparison, the electrical stability under bias
stress is also reported to quantify the robustness of the devices
for digital electronics. To demonstrate and compare the inte-
gration capabilities of the obtained oxide-based TFTs, basic
digital circuits including saturation and zero-drive inverters are
fabricated on the same sample used for the TFT performance
COmparison.
Il. TFT FABRICATION

TFTs with the staggered bottom-gate/top-contact structure
are fabricated using a seven-mask level conventional pho-
tolithography process, including the passivation level and an
additional level for transparent material alignment. Fig. 1(a)
shows a cross-sectional view of the fabricated TFTs. A glass
with 135 nm of indium—tin—oxide (TTO) from Luminescence
Technology Corp., New Taipei City, Taiwan, is used as the
substrate and the gate electrode. Transparent materials are
difficult to align when photolithography is used; for that
reason, 30 nm of chromium is used as the reflective layer
on the top of the alignment marks. The gate dielectric consists
of 17.5-nm Al>0; deposited by atomic layer deposition (ALD)
at 100 °C. Then, a 45-nm-thick semiconductor is deposited by
pulsed laser deposition (PLD) at 100 °C and at an oxygen (O2)
pressure of 20 mTorr. Either Zn0 or IGZ0 (In:01:Gaz0q:Zn0
= 2:2:1 at.%) targets, with a purity of 99.99%, are used.
The energy density to ablate the target is calibrated to 1
Jiem®. A layer of 250 nm of poly-p-xylylene-C (Parylene-C)
is deposited by chemical vapor deposition at room temperature

Fig. 2 Representative transfer characteristics for (a) Zn0- and
() IGZ0-based TFTs, respactively. Inset” IV, output characteristics
for the respective TFT.

(RT) to protect and passivate the top surface of the oxide
semiconductor from the subsequent photolithography steps
[protective layer (PL) in Fig. I{a)]. After patterning the first
Parylene layer, the second layer of 250 nm of Parylene-C is
deposited as hard mask (HM) [HM in Fig. 1(a)] to protect
the sides and fully encapsulate the semiconductor. Before
patterning the 5-D contacts, this second Parylene layer is pat-
terned to extend 20 gm from the edges of the semiconductor.
5-D vias are defined using oxygen-based reactive-ion etching.
Finally, 150 nm of Al is deposited and patterned to define 5-D
contacts. Fiz. 1(b) shows a top-view optical image. The active
channel material (ZnO or 1GZ0) is the only variation in the
fabrication process. The transfer characteristics of the devices
were measured al BT in the dark using a probe station and a
Keithley 4200-5CS meter.

. RESULTS

No sharp feature is observed in the X-ray diffrac-
tion (XRD) pattern obtained for 1GZ0/Al:03/Glass, indicating
the amorphous structure. According to JCPDS # 36-1451,
ZnWAlO3/Glass film shows (0002) preferential orientation
of the wurtzite structure. The mean crystallite size of the
Zn0 film is 45 £ 1.2 nm, calculated by means of Scher-
rer [22] equation and corroborated using transmission electron
microscopy. The measured thicknesses for the different film
used, as evaluated by ellipsometry, were 18 £ 0.1, 45 = 0.8, 44
+ 0.5, 2589 + 0.4, and 294 + 0.4 nm for Al; 04, Zn0, 1GZ0,
first Parylene PL, and second-layer Parylene HM, respectively.
The thicknesses, as measured by profilometry, for ITO and
aluminum were 135 + 1.5 and 154 4+ 0.6 nm, respectively.
Fig. lib) shows an optical image of the resulting TFTs. The
designed channel lengths (L) were 10, 20, 40, 60, and 80
pm and the channel widths (W) were 40, 80, and 160 pm.
No apparent damage from the processing is observed.

Fig. 2{a) and (b) shows the output characteristics and trans-
fer curves of the fabricated Zn0O and IGZ0 TFTs, respectively.
Following the simplest analytic model for field-effect tran-
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Fig. 3 Extracted saturation mobility, saturation threshold voltage, and
55 as a funclion of the device aspect ratio. Dashed lines reprasent the
average value. The horizontal trend sugoests devices behaving normally
with negligible parasitic effects.

sistors [23], the drain current in saturation can be expressed
using (1), where Cgy is the gate dielectric capacitance per unit
area and pigar is the saturation mobility. By extrapolating IB‘SS
versus Vigs plot under the condition of Vps = Vigs— Via_sat.
the Vry_sar is obtained from the intercept with the x-axis of
the fitted line and calculated the samration mobility (ugar)
from the slope. Coyx; is obtained from capacitance versus volt-
age (C-V) measurements on metal-insulator—semiconductor
(MIS) and metal-insulator-metal (MIM) capacitors fabricated
in the same sample. Cox agrees with the expected parallel
plate capacitor capacitance by using the obtained thickness and
a dielectric constant of 9. More details are provided in [14]
Ins = M(VGE — Virn_sar)’- (1
2L

Three devices with the same geometry were measured using
this method, for a grand total of 45 measured devices per
sample. The threshold voltage was calculated to be 2.2 +
0.1 and 2.0 £+ 0.07 V for Zn0 and 1GZO, respectively. The
saturation mobilities were 14.2 £ 0.9 for ZnO and 9.0 £+
1.0 em® V157! for IGZO. At Voir = 0 V and V,,, = 6 V, the
current ratio was =1 % 10° for both the oxide semiconduciors.
Drain current in the oFe-state (Ips o) is as low as 10-12A
for both the semiconductors. The summary of the Vg _sar,
ptsar, and subthreshold swing (55) obtained for Zn( and
1GZ0 is shown in Fig. 3 as a function of the TFT aspect
ratio. The stability of the TFT performance as a tunction of
the device geometry demonstrates the reproducibility and yield
of fabricated devices.

S5 was extracted from the maximum slope obtained trom
the derivative of the transfer curve using (2). The calculated
55 for devices with Zn0 and 1GZ0 was 130 &£ 10.1 and 140 +
15.3 mV/decade, respectively. Such values ensure a low gate
driving voltage tfor TFTs, which reduces the overall power
consumption in circuits

dVis
~ d(10g Ips) | a

Fig. 4 compares the linear scale plots of (W/L)x Ipg versus
Vs for ZnO and IGZ0 at Vpg = 0.1 V. As explained in [14],

al constant Vpg. {2)
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Fig 4. Comparison of normalized Ipg versus Veg at Vog = 001 for
S and G20 at different channel lengths

Zn0 TFTs have small series resistance and mobility might
increase with Vigg due to the nanocrystalline character of Zn0.
This explains the increase in the slope of Ipg versus Vgg of
Zn0. On the other hand, IGZ0 is amorphous, so mobility
does not increase with Vgs and the slope of fpg versus Vgs
is constant for long-channel IGZ0 TFT (L = 80 gm). The
slope of Ips versus Vgg for IGZ0 decreases at large Vs for
short-channel TFTs (L = 40 gm) because of the 1GZ0 series
resistance. The 5-D series resistance (R;) was investigated
using the method by Kazuo and Hiroki [24]. For TFTs with
W = 160 gm, the series resistance was 0.2 + 0.05 k£ for Zn0
and 122 + 3.9 k€ for IGZ0O. The transfer lengths obtained
using this method were 1.1 and 2.6 um for ZnO and 1GZO0,
respectively. The large R, obtained for IGZO might be due to
oxygen migration al the 5/D [19]. This oxygen migration can
induce the formation of a thin Al2O4 layer that might increase
the series resistance [23].

Gate and drain positive bias siress was used to evaluate the
threshold voltage instability (A Vry_sar) after electrical stress
to determine the reliability of the devices when implemented
in digital circuitry. Gate and drain positive bias siress is
performed by holding Vigs and Vps at 6 WV for a total of
1200 s and interrupted periodically to measure the transter
characteristics. The representative transfer characteristics after
stress are shown in Fig. 5(a) and (b) for Zn0 and 1GZ0,
respectively. A Vry_sar is calculated as the difference between
the threshold voltages extracted at each stress time step and the
imitial value at = 0 s. Fig. 6 shows the indoced A Vry_sar.
55, and psar as a function of the stress time.

For both the semiconductors, the transfer curves shift toward
positive direction monotonically by incrementing the positive
gate bias stress time, whereas S5 does not show a clear change
for Zn0O and up to 740 s for the case of 1GZO. At the end
of the stress, AVrp_sar is about 0.4 and 1.5 V for Zn0 and
1GZ0, respectively. Saturation mobility slightly decreases as
a function of stress time.

Two main mechanisms for the AVry_sar have been
identified in the literature. One is the carrier trapping at the
channel/dielectric interface [26], and the other the creation
of additional states in the deep-gap states at or near the
channel/dielectric interface [27]. The change in 55 is directly
proportional to the change in the dielectric—semiconductor
interface defects [28]: therefore, we can analyze the trap
change as a function of different stress times by monitoring the
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change in 55. Before stress, the 85 is 130 and 138 mV/decade
for Zn0 and 1GZO, respectively. After 1 s of stress,
58 decreases to 103 and 106 mV/decade, respectively. At the
end of the stress time (1200 s), the 55 increases to 115 and
188 mV/decade for ZnO and 1GZ0, respectively. In both cases,
the decrease in 55 indicates that the defects already present
in the semiconductor—dielectric interface are being filled [29].
Consequently, the positive AVry_sar can be explained by
negative charge screening of the applied gate bias [30].

Previous reports tor a-1GZ0 TFTs have shown that the oxy-
gen vacancy in a-1GZ0 can cause a decrease in film resistivity
and a decrease in TFT subthreshold properties [31], [32].
These reported phenomena are similar to the a-1GZ0 -V
properties observed after long stress times (=740 s). However,
the exact physical origin of this phenomenon is still unclear.
Some authors suggest the meta-stable oxygen vacancies could
be induced near the semiconductor/dielectric interface by
prolonged stress [33]. Table | shows a comparison of the TFT
parameters for each semiconductor.

The aging of the devices was smdied by comparing the
pristine TFT performance with that after six months of fab-

TABLE |
Zn and 1GS0 TET Parameter Comparison
Zn0D IGZ0

Vasar (V) 22=01V 20+0.07

UHeaT {cmi.-r\-"' &) 142209 20£1.0

58 (mV/DEC) 130+ 10.1 140+ 15.3

Ipz at Vge=Voe=6 V (LA) 55122 2909+£1.1

Vrgsar, - (V) 0.54 20

R (kL) 02£005 122+£1319

Ragpon (KEXO) 47.1+£1.3 51622
_R“{,ﬂ- (GLYO) 40094322 6902 + 30,1

Fin 7 Representative transfer characteristics comparison of pristine
and 6 months after fabrication for (a) Zn0 and (b) 1IGZ0 TFTs.

rication [Fig. 7(a) and (h)]. For the case of Zn0, there is a
small decrease of 2.8%, 3.4%, and 2.6% in psar. Vru—sar
and S8, respectively. For 1GZ0, pgar increases to 0.8%,
despite Vry_sar and SS decreasing to 5.4% and 23%, respec-
tively. These results suggest that the protective and passivation
layers (Parylene-C) are effective barriers against oxygen and
water [34], even when they were deposited at RT. However,
the improvement of 58 and Vrp_sar in IGZ0 might be
related to structure relaxation. Therefore, a soft-post IGZ0 and
Zn0 deposition anneal in oxygen could be further analyzed
to minimize the aging effect and enhance the overall device
stability.

A. Inverters

To demonstrate the potential implementation and stability of
the devices in digital electronics, active-load and saturation-
load inverters were fabricated. The TFT dimensions for satu-
ration load are 400/20 gm for drive and 20/20 um for load
(W/L). In the case of active load (zero drive), the load TFT
dimension is 400/20 and 20/20 gm for the drive. The voltage
transfer characteristics (VTCs) for the different inverter con-
figurations are shown in Fig. %(a) and (b)),

The output voltage gain (—dVoyr/dViy) is similar for
both semiconductors: ~2.4 and ~25 V/V for saturation load
and active load configurations, respectively. The input and
output voltages at the high-state (Vi and Vo), low-state
(VL and Vi), and the undefined logic (NMy = Vou — Vi
and NM; = Vp — VL) regions are shown in Table 1l The
output voltage at the high state and the low state were ~3.9 and
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TABLE Nl
INFUT AND OUTPUT WOLTAGES AT HIGH AND LOW STATES

Sat-Load  Act-Load  Sat-Load  Act-Load

Zn0 Zn0 IGZO 1GZ0

Vi 30 22 30 225
Vi 1.7 1.85 1.8 1.95
Vou 55 59 3.6 3.9
Voo 0.25 0.3 0.27 0.3

NMy 2.5 37 2.6 3.65
NM;, 1.45 1.55 1.53 1.65
DC Gain 2.4 24 23 26

0.3 V for active load and 5.5- and 0.25-V for saturation load.
For each configuration, the inverting characteristic is similar
regardless of the semiconductors; therefore, a more detailed
analysis is required.

The saturation-load inverter uses a TFT as a load resistor
in the saturation regimen (Vpp = Vis). The load resistor
remains in saturation regimen for all the inverting stages.
During the low-input region (Vpy <= Vi), the load and drive
TFTs are operating in the saturation regimen. In this regimen
and for 0 = Vgs = Vry—sar. the channel Rgy of the
drive decreases with Vi (Viw = Vgs) causing a drop in
Vour with increasing Viy. Moreover, the transition region,
ViL = Vin = Vi, is dominated by the aspect ratio or geometry
ratio of the inverter (Kp = Wprive LLoad/WLoad LDrive ). The
larger the K g, the sharper the VTC. Nevertheless, the increase
in Ky increases the area occupied by the inverter. A value
of Kp = (400/200,/(20,/20) = 20 is not clear enough to
provide a sharp inverting transition for both semiconductors,
as shown in Fig. 2(h). The combination of low Kg and
subthreshold operation of the drive make Vi to be independent
of ¥ry_sar. In the high-input region, Vg = Vi, the drive
TFT is in the linear regimen. Therefore, Voyur is dependent
on the linear-threshold voltage, Vyg. Vrp can be obtained
with the transconductance method [28], which uses the linear
extrapolation of g, — Vgs(Vps = 0.1 V) characteristic at its
maximum first derivative point. The calculated Vg values
are 1.72 4+ 0,12 and 1.76 + 0,12 V for Zn0 and 1GZ0,
respectively. Since both semiconductors have similar Vg, Vig
is expected to be similar, as shown in Fig. 8(b). The calculated
value of Vyy is similar to the value experimentally obtained for
both the semiconductors of ~3 V. The calculated value of Vi,

is 1.7 and 1.8 V for ZnO and 1GZO, respectively. However,
because of the problems mentioned previously, this value is
difficult to extract directly from the measured VTC.

The active load configuration provides an inverter with a
higher gain having a sharper VTC, and hence increased noise
margins. The low-input and high-input regions can be analyzed
considering the load transistor in the linear region and the
saturation, respectively. Similarly, the drive TFT is in the
saturation region for the low-input region and in the linear
regimen for the high-input region. The fast transition from
Vi, to Viy makes the regimen of the TFT to sharply change.
Therefore, Vi, and Viy are dominated by the combination
of Vrg and Vry_sgar. and not necessarily Vg or Vry_sar,
independently. The calculated Vi are 1.9 and 2.0 V, and
Vi are 2.25 and 228 V for Zn0O and 1GZ0, respectively.
Calculated values are similar to measured valoes, as shown in
Table 11.

The fact that inverters behave alike even when IGZ0 has
larger Vyy shifting, larger contact resistance, and smaller
mobility than Zn0 means that the overall dc performance of
the inverters is relatively immune to the differences in the TFT
performance, mainly due to range levels imposed on digital
electronics. However, for continuous operation (f — 00),
the circuit designer should consider the limits found previously
for AV, ac(0.58 V for Zn0 and 2.0 V for IGZO), since this
threshold shifting may compromise the electrical performance
of the designed digital circuitry.

Being able to fabricate inverters (basics building blocks
of digital electronics) immune to the TFT performance at
such high yield and uniformity on the large substrate area
is an advantage in the development of more complex digital
circuitry involving more than two transistors, and even onto
flexible substrates due to the low temperatures used for the
fabrication process.

IV, CONCLUSION

A comparison of low-temperature fully patterned and pas-
sivated fabrication processes for oxide-based TFTs has been
demonsirated. The fabricated TFTs demonstrated high yield
and uniform TFT performance. The maximum process tem-
perature of 115 “C makes this process suitable for flexible
substrates. 1GZ0 mobility is not largely dependent on gate
voltage likely due to the lack of grain boundaries, which
makes mobility dependent on Vgg for polycrystalline Zn0.
The positive AVry_gar obtained from reliability results is
explained by negative-charge screening of the applied gate
bias due to the filling of interface traps. The fully patterned
fabrication process allows the fabrication of inverlers (basic
circuitry for digital electronics).
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