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The optimization of the passivation process for oxide thin film transistors with high carrier mobility
was investigated. Hydrogen incorporation into oxide channels during the deposition of SiN, could
degrade device stability and uniformity, especially for high-mobility devices. A novel double-
layered passivation film structure composed of Al,03/SiN, was proposed, in which thin and dense
Al,Oj3 film prepared by atomic layer deposition was introduced underneath the SiN, layer. In-Ga-
Zn-O TFT passivated with the proposed double-layered films showed no significant negative shift
in turn-on voltage, even after passivation. The field-effect mobility and subthreshold swing were
typically measured as 27.7 cm® V~' s7' and 0.11 V/dec, respectively. Hydrogen doping was
effectively protected by the introduction of Al,Oj as thin as 15nm. © 2013 American Vacuum

Society. [http://dx.doi.org/10.1116/1.4789423]

. INTRODUCTION

Oxide semiconductor thin film transistors (TFTs) have
attracted attention as a promising backplane device for
large-area and high-resolution flat-panel displays (FPD).'~
Amorphous phase In-Ga-Zn-O (IGZO) is one of the most
typical oxide TFTs compositions due to its relatively high
field-effect mobility (urz) and superior u11iformity.4’5 LG
Display has released a 55-in. full-high-definition (FHD) or-
ganic light-emitting diode (OLED) TV employing an IGZO
oxide TFT active matrix (AM).® During the initial stage of
development, the prr of the oxide TFT, which is approxi-
mately 10 cm? V7' s7! for IGZO TFTs, was considered suf-
ficient for state-of-the-art ultra-definition (UD) TV panels
and higher-resolution mobile displays. However, recent
trends and situations in the FPD industry have led to the
rapid change to new phases, such as 4K8K panels and 3D
displays. As a result, further improvements in g and its
stability of the oxide TFT are urgently required to broaden
the potential applications. To drive those FPD panels and
integrate peripheral driving circuitry, the oxide TFTs with
tirx higher than 30 cm? V' s~ ! are required. In viewpoints
of oxide active channels, the methodologies to enhance the
Ure can be roughly classified as follows: (1) modification of
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the composition of IGZO in terms of its atomic ratio has pro-
duced large values of uyf, ranging from 24.2 to 46 cm> V!
s_1;7‘9 (2) new compositions, such as Zn—In—Sn—O,m_12 Al-
Sn-Zn—In-O,13 and In-Ge1-O,14’15 have been reported to show
ure values of 51.7, 31.9, and 43 cm? V! s_l, respectively;
and (3) double-stacked active layers composed of high- and
low-density carrier layers were also proposed as a promising
approach.'®!'” A common strategy for high mobility oxide
TFT is increasing the carrier amount within the active chan-
nel layer.'® It is important to note that the prescriptions
employed for the high uzz should not degrade device stabil-
ity and uniformity. A broad run-to-run or device-to-device
variations in important device parameters, including the
threshold voltage (V,;,), can have fatal effects on the integra-
tion of AM-FPD’s due to the narrow process window. The
detrimental variation in V/, is closely related to the passiva-
tion process, which is generally performed to protect the ox-
ide TFTs from the ambient. Al,O3 film deposited by atomic
layer deposition (ALD) has exhibited excellent passivation
capabilities for realizing the stable high-mobility oxide
TFTs,13 19 which has also been successfully demonstrated as
good gate insulator and/or protection layer for the oxide
active channel by ETRI (Korea).>*! Sony (Japan) reported
the high-mobility oxide TFTs passivated with the Al,O; film
deposited by reactive DC sputtering method, which was
selected in viewpoint of the process compatibility to large
panel size.”'? Spin-coated epoxy-based SU-8 resist was also

© 2013 American Vacuum Society 020601-1


http://dx.doi.org/10.1116/1.4789423
http://dx.doi.org/10.1116/1.4789423
http://dx.doi.org/10.1116/1.4789423
http://dx.doi.org/10.1116/1.4789423
http://dx.doi.org/10.1116/1.4789423
http://dx.doi.org/10.1116/1.4789423
mailto:shkp@etri.re.kr
mailto:sungmin@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4789423&domain=pdf&date_stamp=2013-01-24

020601-2 Park et al.: Double-layered passivation film structure

proposed as a potential passivation layer, with which a very
stable IGZO TFT with a mobility of 61 cm®* V™' 57! was
obtained.”> Some fabrication techniques have employed an
etch-stop layer (ESL) of SiO, prepared by plasma enhanced
chemical vapor deposition (PECVD).*!'* Although SiN,
films grown by PECVD have been employed for the
poly-silicon and organic TFTs owing to its excellent barrier
properties,”>?* there hardly been reports on the high-
mobility oxide TFTs passivated with SiN, film. In this work,
the importance of the passivation process producing an oxide
TFT with higher pzr and device stability were investigated.
In order to optimize the device structure of the high-mobility
IGZO TFT, a double-layered passivation film structure of
ALD-AL,O3/PECVD-SiIN, and a PL-incorporated bottom-
gate coplanar gate configuration was proposed. This simple
fabrication process was confirmed to be very promising for
obtaining a stable oxide TFT with a high pzg.

Il. EXPERIMENT

A bottom gate IGZO TFT with an ESL was first fabricated
as a controlled device in order to confirm the effect of the
SiN, passivation layer on the characteristics of the fabricated
TFT. A 150-nm-thick molybdenum-titanium (Mo-Ti) layer
patterned on a glass substrate was used as a bottom gate elec-
trode. For a gate insulator, SiO, (200nm) was deposited by
PECVD using SiH,; and N,O at 380°C. «-IGZO film with a
thickness of 25 nm was prepared by RF sputtering using a sin-
gle IGZO (In:Ga:Zn= 1:1:1 atomic ratio) target at room tem-
perature, followed by deposition of a SiO, (100nm) ESL by
PECVD at 300°C. The SiO, ESL and IGZO active channel
were patterned by dry and wet etching processes, respectively.
Mo-Ti source and drain (S/D) electrodes (150nm) were de-
posited by sputtering and patterned by wet chemical etching.
The controlled device was passivated by SiO,/SiN, double-
layered passivation films, in which SiO, (150nm) and SiN,
(150 nm) layers were prepared by PECVD at a temperature of
300 °C. A cross-sectional schematic diagram of the controlled
device is shown in Fig. 1(a).

The proposed device was fabricated as a bottom-gate bot-
tom-contact (coplanar) structure with a PL of Al,O5 substitut-
ing for the SiO, ESL, as schematically shown in Fig. 2(a).
Indium tin oxide (ITO, 150 nm) was patterned on a glass sub-
strate as a gate electrode. After Al,O3 (185 nm) was deposited
by ALD as the gate insulator using an Al precursor of trime-
thylaluminum and water vapor at a temperature of 200 °C, an
ITO film (150nm) was deposited by sputtering and was pat-
terned into S/D electrodes. An o-IGZO (30nm) active layer
and an AlL,O; (9nm) PL were successively prepared by RF
sputtering and ALD processes, respectively. In this fabrica-
tion, the composition of IGZO was controlled to produce high
mobility. The active patterns were defined by conventional
photolithography and patterned by wet chemical etching using
diluted hydrofluoric acid (HF) chemistry. The proposed de-
vice was passivated by double-layered films of Al,O3/SiN,, in
which AlLO3; and SiN, (200nm) layers were prepared by
ALD at 200°C and PECVD at 300 °C, respectively. The film
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Fic. 1. (Color online) (a) Schematic cross-sectional diagrams of the con-
trolled device with an etch-stop layer of SiO, and bottom-gate configuration
that was passivated using a double-layered structure of SiO,/SiN,. Ips-Vis
transfer characteristics of the fabricated IGZO TFTs (b) before and (c) after
the passivation process. The gate width and length of the evaluated device
were 40 and 20 um, respectively.

thickness of the Al,O5 layer was controlled by changing the
number of ALD cycles from 100 to 400.

The electrical characteristics of the fabricated 1GZO
TFTs were evaluated using a semiconductor parameter ana-
lyzer (Agilent BI500A) in a dark box at room temperature.
All devices were thermally annealed at 250 °C for 2 h before
electrical evaluation.
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FiG. 2. (Color online) (a) Schematic cross-sectional diagrams of the proposed device passivated by double-layered structure of Al,O5/SiN,.The /55-V s charac-
teristics of the IGZO TFTs when the number of ALD cycles of the Al,O3 were varied: (b) 400 and (c) 100 cycles. (d) Summary of the device parameters of

HrE, Von, SS, and their variations as a function of the number of ALD cycles.

lll. RESULTS AND DISCUSSION

Figures 1(b) and 1(c) show the drain current (/pg)-gate
voltage (V) transfer characteristics of the controlled device
before and after the passivation process, respectively. The
measurements were successively performed at drain voltages
(Vps) of 0.5 and 15.5V at forward and reverse sweeps of
Vs for each device with a gate width (W) of 40 and length
(L) of 20 um. Before the passivation process, the turn-on
voltage (V,,) of the TFT was measured at a Vg of approxi-
mately O V. The transfer curves exhibited good behaviors of
sufficiently low off-current and negligible hysteresis in the
trace of Ipg. However, the V,, of the passivated device
showed a drastic negative shift without the degradation of
any other properties of the device. The drawback of the
PECVD SiN, passivation layer is that hydrogen could be
incorporated into the active channel layer during the deposi-
tion process. Hydrogen incorporation induces a doping effect

JVST B - Microelectronics and Nanometer Structures

on the IGZO channel and abruptly increases the carrier con-
centration within the channel. Some TFTs fabricated on the
same substrate showed fully conductive behavior for the
evaluated Vg range (not shown here). This result suggests
that hydrogen incorporation during PECVD deposition
degrades the device-to-device uniformity and causes an
undesirable doping effect. Unlike SiNx, during the deposi-
tion of SiO,, a strong oxidation agent N,O can continuously
supply oxygen such that oxygen vacancies can be elimi-
nated, even during a PECVD process using a hydrogen con-
taining SiH, source. Therefore, passivation using PECVD
SiO; can be a promising alternative for preventing hydrogen
incorporation into the semiconducting channel of oxide
TFT.*® Eventually, the SiN, cannot be directly prepared on
the active channel layer of the oxide TFT, even though the
barrier property of SiN, is much superior to that of SiO,.
The main purpose of using the double-layered passivation
Si0,/SiN, film for the controlled device was to confirm the
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feasibility of its use in terms of its high impermeability to
ambient (SiN,) and its strong resistance to hydrogen doping
(SiO,). However, hydrogen incorporation could not be per-
fectly suppressed despite the introduction of an SiO, ESL
and the use of the first passivation layer of SiO, underneath
the second passivation layer of SiN,.

It is interesting to investigate the relationship between the
degree of negative shift in V,,, (or V;) and the carrier con-
centration of the active channel when a given amount of do-
nor is doped into the oxide channel. Figure 3 shows the
simulated results of the variations in the transfer characteris-
tics by donor doping when the carrier concentration of the
channel layer was varied. An ATLAS device simulator (Sil-
vaco) was employed for these simulations, and the important
material parameters required to electrically model the device
were adjusted. As shown in Fig. 3(a), while a certain amount
of donor doping did not significantly causes a negative shift
in V,, in the device with a relatively low carrier concentra-
tion, the device with a higher carrier concentration experi-
enced a larger negative shift. Since the carrier amount within
the channel increased with the film thickness of the channel
layer, the shifting rate of the transfer curve accelerated when
the film thickness increased from 25 [Fig. 3(a)] to 50 nm
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Fic. 3. (Color online) Simulation results of the transfer characteristics of TFTs
with active layer thicknesses of (a) 25 and (b) 50 nm. The variations in charac-

teristics were estimated for active channels with different carrier concentrations
when a certain amount of donor was doped into the active channel.
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[Fig. 3(b)]. Consequently, additional carriers incorporated
into the active channel by hydrogen doping could be ignored
for an oxide TFT with a moderate carrier density and moder-
ate mobility. However, we have to remind that the transfer
characteristics of the oxide TFT with a high carrier density
and higher value of mobility could be very sensitive to being
affected (negatively shifted) even by the incorporation of a
small amount of hydrogen. These estimates indicate that the
importance of the passivation process for the realization of a
stable high-mobility oxide TFT cannot be overemphasized.
There was further supporting evidence to show the effect
of hydrogen incorporation into oxide semiconducting thin
films on their electrical properties. Figures 4(a) and 4(b)
show the variations in sheet resistance (R;) measured at the
forward and reverse sweeps in temperature for the ZnO films
deposited on the thermal oxide and PECVD-SiO, layers,
respectively. As shown in Fig. 4(a), the R, decreased and
increased with increasing and decreasing temperature,
respectively, over 50-350°C, indicating that the prepared
ZnO film is capable of semiconducting behavior. Further-
more, the temperature dependence was nearly reversible,
and there was no marked variation among measured sam-
ples. Alternatively, the R, values of the ZnO films prepared
on the PECVD-SiO, layer exhibited large decreases with
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FiG. 4. (Color online) Variation in sheet resistance of ZnO thin film depos-
ited on (a) thermal oxide and (b) PECVD-SiO,, which was measured in situ
with temperature in both forward and reverse directions. The measurements
were repeated for four different samples for each condition in order to exam-
ine the uniformity and reproducibility of the obtained data.
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increased temperature and did not return to their initial val-
ues, even when the temperature was lowered. The residual
hydrogen in the PECVD SiO, layer may be incorporated
into the ZnO film at an elevated temperature and increases
the carrier concentration and electrical conductivity of the
ZnO surface. The large variation in the final Ry values among
the measured samples indicate that this kind of donor doping
may be uncontrollable and eventually degrade the run-to-run
uniformity of the oxide TFT.

Based on these investigations and the obtained results, a
double-layered Al,O3/SiN, was proposed as a novel passiva-
tion film structure for a high-mobility oxide TFT, as shown
in Fig. 2(a). This combined structure is designed to exploit
the high resistance of the ALD-grown thin Al,O3 (the first
layer) against undesirable hydrogen doping and the high bar-
rier property of the PECVD-SIN, (the second layer) from the
ambient. The carrier concentration and Hall mobility of the
IGZO active layer with modified composition were approxi-
mately 1.4 x 10" em ™ and 15 ecm? V! 57! before the for-
mation of PL. Figure 2(b) shows the Ips-V g characteristics
of the fabricated device when the second passivation layer of
Al,O3 was prepared by performing 400 cycles in the ALD
process. The pgg, V,, and subthreshold swing (SS) were
measured to be approximately 27.7 cm* V_' s, —0.10V,
and 0.11 V/dec, respectively. The proposed device exhibited
excellent TFT behaviors, including high prr and low off-
current. These characteristics were confirmed to show no
marked variation or degradation, even when the number of
ALD cycles was reduced to 100, which corresponded to a
thickness of approximately 15nm, as shown in Fig. 2(c).
Figure 2(d) summarizes the obtained device parameters of
Ures Vons SS, and their variations as a function of the number
of cycles (film thickness) during the ALD process for the
Al,Oj3 layer. The pr values were higher than 27 em 2 V!
s~ and were all within a small range from 27.7 to 28.3 cm?
Vsl It was also impressive that the V,, values did not
shift in the negative direction, even after the final SiN, passi-
vation process and that their values were in the range of
—0.7 to 0 V. This result clearly suggests that the introduction
of Al,O3 as thin as 15nm can effectively protect against
hydrogen incorporation during the SiN, deposition process.
This is the first demonstration on the methodologies with
which we can exploit the excellent barrier properties of SiN,
film without degrading the operational stability of oxide
TFTs, although there have been some reports on the process
providing the function of effective passivation for the oxide
TFTs so far.”'%12!322 The bias temperature stability of
the proposed device was also examined. Especially for the
high-mobility oxide TFTs, both processes of active channel
composition and passivation layer structure should compre-
hensively be controlled in order to effectively improve the
device stability. Although additional optimization will be
necessary for our device, the V,,,, shift could be suppressed to
be less than 0.6 V when a Vg of 420V was applied as a
positive bias stress at 60 °C for 10*s. The further investiga-
tions on the ageing effects with the evolution of time and
the device stabilities under light illumination with various
wavelengths would be also very important issues for the
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double-layered passivation film structure proposed in this
work. These characterizations are planned to be intensively
investigated and analyzed in a detailed manner as our next
publications.

IV. CONCLUSION

A novel double-layered passivation film structure com-
posed of Al,O3/SiN, for high-mobility oxide TFTs was
proposed. In order to realize the stable characteristics and
wide process margin for the oxide TFT with a higher mobil-
ity, the hydrogen doping effect should be carefully con-
trolled during the passivation process, which is generally
performed using a PECVD process with hydrogen-
containing SiH, sources. The incorporation of hydrogen into
the oxide channel caused an adverse negative shift in V,,,, (or
V) after the passivation process, and the oxide channel with
a higher carrier density was anticipated to be more sensitive
to this effect. Consequently, passivation processes for high-
mobility oxide TFT should be optimized, because devices
would experience a critical degradation in its stability and
uniformity even with a small amount of hydrogen incorpora-
tion. The proposed double-layered passivation films could be
expected to offer both high resistance against hydrogen dop-
ing (Al,O3) and high barrier properties against the ambient
(SiN,). The IGZO TFT fabricated using the proposed passi-
vation process showed excellent characteristics, including
V,n stability after the passivation, in which pgr and SS were
measured as 27.7 cm? V' s~ ! and 0.11 V/dec, respectively.
It was also confirmed that hydrogen incorporation can be
effectively prevented by the introduction of Al,O3 as thin as
15 nm. Although future investigations on the bias-stress sta-
bility, light-stress stability, and ageing effect will provide
more detailed insights on the designed process and structure,
the double-layered passivation film structure proposed in
this work can be concluded to present a potential strategy for
developing and optimizing the fabrication processes of
higher-mobility oxide TFTs as a promising driving force to
next-generation FPD industries.
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