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Improvement in the electrical performance and bias-stress stability of
dual-active-layered silicon zinc oxide/zinc oxide thin-film transistor”
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Si-doped zinc oxide (SZO) thin films are deposited by using a co-sputtering method, and used as the channel active
layers of ZnO-based TFTs with single and dual active layer structures. The effects of silicon content on the optical transmit-
tance of the SZO thin film and electrical properties of the SZO TFT are investigated. Moreover, the electrical performances
and bias-stress stabilities of the single- and dual-active-layer TFTs are investigated and compared to reveal the effects of
the Si doping and dual-active-layer structure. The average transmittances of all the SZO films are about 90% in the visible
light region of 400 nm—800 nm, and the optical band gap of the SZO film gradually increases with increasing Si content.
The Si-doping can effectively suppress the grain growth of ZnO, revealed by atomic force microscope analysis. Compared
with that of the undoped ZnO TFT, the off-state current of the SZO TFT is reduced by more than two orders of magnitude
and itis 1.5x107'2 A, and thus the on/off current ratio is increased by more than two orders of magnitude. In summary, the
SZ0/ZnO TFT with dual-active-layer structure exhibits a high on/off current ratio of 4.0x 10 and superior stability under

gate-bias and drain-bias stress.
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1. Introduction

Zinc oxide (ZnO)-based semiconductors that are used as
active channel layers for thin film transistors (TFTs) have
recently attracted a great deal of attention due to their ad-
vantages such as high field-effect mobilities, good unifor-
mities, high transparencies in the visible light range, com-
patibility with the conventional a-Si TFT fabrication pro-
cess, and low-temperature deposition process used for flexi-
ble electronics.!!=3] These excellent characteristics could meet
the requirements for faster switching speed, lower power con-
sumption and higher resolution for next-generation active-
matrix liquid-crystal displays (AMLCDs) and active-matrix
organic light-emitting diode (AMOLED) displays. Over the
past two decades, most of the high-performance ZnO-based
TFTs are based on indium-incorporated oxide semiconduc-
tors, e.g., indium zinc oxide (IZO),™* indium zinc tin oxide
(IZTO),! indium hafnium zinc oxide (IHZO),[®! and indium
gallium zinc oxide (IGZO).!”) However, indium is relatively
rare in Earth’s crust, which makes those technologies easily
subject to a material shortage. Some researchers have re-
cently reported some new oxide semiconductors free of in-
dium, which may be used as alternative channel materials for
oxide TFTs, including aluminum zinc tin oxide (AZTO),8!
zinc tin oxide (ZnSn0),®! and silicon zinc oxide (SZ0).[10]
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Among these elements, silicon (Si) is an abundant element in
the Earth, and an appropriate Si content in ZnO-based film can
not only achieve stable and dense films, but also suppress the
formation of oxygen vacancies efficiently, due to its high oxy-

(11 Tn addition, a dual-active-layer struc-

gen bonding ability.
ture was adopted to achieve both better electrical performance
and bias stability by combining two semiconducting thin film
channel layers having different compositions.!'>"'41 In this
work, active single and bilayer structure TFT with silicon-
doped ZnO (SZO) thin film employed as the channel layer are
fabricated by using a co-sputtering method. Effects of silicon
content on optical transmittance of the SZO thin film and elec-
trical properties of the SZO-TFT are investigated. Moreover,
the electrical performances and bias stabilities of the single-
and dual-active-layer TFTs are investigated and compared to
reveal the effects of Si doping and dual-active-layer structure.

2. Experimental details

The schematic TFT structure is shown in Fig. 1. To fab-
ricate the devices with the most commonly-used bottom-gate
top-contact structures, 150-nm SiO, was thermally grown as
the gate dielectric layer on the top of a heavily-doped n-type
Si wafer, which acted as both the substrate and gate contact.
Three different types of active layer configurations were em-
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ployed for the TFTs. The first one consisted of a single ZnO
layer, and the second one had a single layer of SZO with dif-
ferent Si contents, each with a nominal thickness of 30 nm, as
illustrated in Fig. 1(a). The last type was a bilayer active stack
comprised of a ZnO film (nominal thickness of 15 nm grown
directly on the gate dielectric) with a layer of SZO film (nom-
inal thickness of 15 nm) on the top of the ZnO film as shown
in Fig. 1(b). The individual active layers were deposited by
sputtering at a base pressure of 5x10~% Pa. The ZnO films
were deposited by DC sputtering a ZnO target (99.995%, pu-
rity) at a substrate temperature of 350 °C. During the sput-
tering, the mixing gas ratio of Oy/Ar was 1 with a working
pressure of 1 Pa, and the DC power was 30 W. The SZO films
were deposited by using a co-sputtering method with ZnO tar-
get (99.995%, purity) and intrinsic Si target (99.998%, purity).
The co-sputtering process was carried out at a substrate tem-
perature of 150 °C. The mixing gas ratio of O/Ar was 1/3 with
a working pressure of 1 Pa. The DC power applied to the ZnO
target was 30 W, and the radio-frequency (RF) powers applied
to the Si target were 20 W, 30 W, and 60 W, respectively, so
as to vary the Si content of the SZO thin film. After the ac-
tive layer was deposited, aluminum was thermally evaporated
through a shadow mask to form the source/drain (S/D) elec-
trodes of the transistors. The channel width (W) and length
(L) of the device on the mask were 600 um and 50 pum, re-

spectively.
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Fig. 1. Schematic diagram of TFT devices preparing (a) ZnO or SZO
thin film as a single active layer, (b) SZO/ZnO thin film as a double
active layer.

The thickness values of the silicon oxide and active layers
were measured by spectroscopic reflectometer (Ocean Optics,
NanoCalc-2000). The optical transmittancies of the SZO and
ZnO films were measured by using a UV/visible spectroscope
(Agilent, Cary 60). The values of electrical resistivity (p) of
the films were measured by using a four-point probe resistivity
measurement system (Four Probes Tech., RTS-9) and the re-
sults are shown in Table 1. X-ray photoelectron spectroscopy
(XPS) measurements were performed to analyze the relative Si
content distributed in the SZO film by using Cu-Ka radiation
(Bruker, D8 Advance diffractometer). The atomic percentages
of Si in the SZO film were calculated to be 2.3%, 3.8%, and
7.9% for the RF powers of 20 W, 30 W, and 60 W respectively.
The structural properties of the SZO films were investigated by
using an atomic force microscope (AFM) (Ben Yuan CSPM
4000 SPM). The electrical characterizations and stabilities of

the TFTs were performed at room temperature in the dark by
using a semiconductor parameter analyzer (Agilent 4156C).

3. Results and discussion

In order to analyze the optical transmittancies of the SZO
thin films with different Si content in the visible light range,
the ZnO and SZO films are deposited on the top of a glass
slide. Figure 2 shows the variations of optical transmittance
with wavelength of the SZO films in the UV-to-visible range.
The average transmittance of the SZO films is about 90% in
the visible light region of 400 nm—-800 nm, and higher than
that of the undoped ZnO film, indicating that SZO film is more
suitable for applications in transparent electronic devices. In
addition, the near-band-edge wavelength, at which light trans-
mittance starts to occur, is approximately 380 nm for the ZnO
film without Si. As the Si incorporated into the ZnO film in-
creases, a blue shift of the absorption region edge can be ob-
served, indicating that the optical band gap (E;) of the SZO
film also gradually increases with the increase of Si content.
The optical band gap of the SZO film can be calculated from

Fig. 2 from the following formulal'>!
he 1.24
Ey == ) (1)
A A

where A (in unit wm) is the long-wavelength cutoff of the ab-
sorption edge of the SZO film, corresponding to the band gap
E of the semiconductor, and the results are shown in the inset
of Fig. 2. For the ZnO film without Si, the optical band gap is
3.29 eV, but increases to 3.86 eV for the SZO film with 7.9%
Si content.
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Fig. 2. (color online) Optical transmission spectra of the SZO thin films
with different Si contents. The inset shows the direct optical band gaps
of the SZO films.

Figures 3(a)-3(c) show the AFM images of the SZO thin
films for 2.3%, 3.8%, and 7.9% Si content, respectively. It can
be seen that the SZO film shows a clear polycrystalline struc-
ture at low Si content, and an inferior polycrystalline charac-
teristic for high Si content. The grain size of the SZO films are
about 85 nm, 40 nm, and 20 nm for the 2.3%, 3.8%, and 7.9%

088503-2


zhk
铅笔

zhk
铅笔


Chin. Phys. B  Vol. 25, No. 8 (2016) 088503

Si content, respectively, indicating that the Si-doping can ef-
fectively suppress the grain growth of ZnO. In addition, the
RMS roughness values of the SZO films are about 13.4 nm,

100 nm

(a) (b)

9.3 nm, and 6.1 nm for the 2.3%, 3.8%, and 7.9% Si content
by three-dimensional (3D) analysis of Figs. 3(a)-3(c), respec-
tively.

1
00 nm (©) 100 nm

Fig. 3. AFM images of the SZO thin films for Si content values of (a) 2.3%, (b) 3.8%, and (c) 7.9%.

Figure 4(a) shows the output characteristics of a Si-doped
ZnO TFT, which exhibits clear current saturation. The transis-
tor has good ohmic contact at the Al/channel interface because
no current crowding at low Vpg is found. Figure 4(b) shows
the transfer curves of the SZO TFTs (at a drain-source voltage
Vbs of 30 V), which exhibit quite different electrical proper-
ties depending on the Si content. The on-state current largely
decreases with increasing Si content in the SZO thin film, but
the off-state current presents a dramatic decrease when a small
amount of silicon is added in the ZnO active layer. The thresh-
old voltage (V) and field effect mobility (upg ) are calculated
from the curve of drain current (Ip) 1/2 versus Vgs (gate bias)
by the following equation:

w
Ip = Z#FECi(VGS - Vth)z, (@)

where C; is the capacitance per unit area of the gate insulator.
The subthreshold swing (SS), defined as the necessary Vgs to
increase Ip by one decade, is calculated by

B dlog(Ip) -1
ss<dVGS> . 3)

Therefore, the electrical parameters of the SZO TFTs can be
readily extracted from the transfer curves and summarized
in Table 1. The undoped ZnO TFT shows a relatively high
field-effect mobility (~ 1.06 cm?/V-s), but the off-state cur-
rent is large (~ 0.66 nA) and thus a low on/off current ratio
(~ 1.0 x 10%), which is too low for application in active-matrix
flat-panel displays. Compared with that of the undoped ZnO
TFT, the threshold voltage of the SZO TFT shifts towards the
negative direction with increasing Si content and the off-state
current is reduced by more than two orders of magnitude with
a minimum of 1.5 pA for 2.3% Si content. However, the field-
effect mobility of the SZO TFT decreases monotonically from
1.06 cm?/V-s to 1.5 x 10~* cm?/V-s with increasing Si con-
tent, leading to a decrease of the on-state current. Therefore,
only a very small amount of Si can increase the on/off current
ratio, e.g., for the SZO TFT with 2.3% Si content, the on/off
current ratio is increased by more than two orders of magni-
tude and reaches up to 7.9 x 10°. The decrease in the off-state

current is related to the resistivity of the SZO film gradually
increasing with the augment of Si content. The field-effect
mobility decrease of the SZO TFT can be explained as fol-
lows. First, the bandgap increase of the SZO film caused by Si
doping results in a reduction of energy band width which leads
to the increase of electron effective mass, and thus lowering
the electron mobility. Second, the grain size of the ZnO film
decreases with increasing Si content, resulting in the decrease
of carrier mobility. Third, the decrease of carrier mobility is
attributed to the low carrier concentration caused by Si acting
as a carrier suppressor in the film and carrier scattering effect
of the Si doping. This is because during the SZO film deposi-
tion, the Si and O in the plasma state can easily combine with
each other due to the relatively high bond strength of Si-O
(799.6 kJ/mol) compared with Zn—O (395 kJ/mol).[!1]
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Fig. 4. (color online) (a) Output characteristics of the SZO TFT with
2.3% Si content, (b) transfer characteristics of the SZO-TFTs with dif-
ferent Si content at Vpg=30 V.
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Table 1. Main performance parameters of the SZO-TFTs with different Si content for single active layer and the SZO/ZnO TFT for double

active layer.
Active layer p/Q-cm Togi /A Ion /It Vil V SS/V-Dec™! u/em?.V—lg~!
7.9% SZO 6.1x10% 3.4x10712 9.4x103 1.2 6.8 1.5x10~*
3.8% SZO 5.8%10? 46x10712 2.1x10° 15 2.3 3.8x1073
2.3% SZO 40.5 1.5x10712 7.9x10° 13.5 22 0.12
No-doped ZnO 24 6.6x10710 1.0x10° 18.4 35 1.06
SZ0/ZnO 1.3x10~1 4.0x10° 18.5 2.6 1.02

In order to suppress the reductions of carrier mobility and
on-state current caused by Si doping in the single-layered SZO
TFT, an SZO/ZnO TFT with a double-active-layer structure as
shown in Fig. 1(b) is fabricated. The top layer is SZO thin
film with 2.3% Si content, and the bottom layer is undoped
ZnO thin film. Figure 5 shows the transfer characteristics of
the SZO/ZnO TFT at a drain bias of 30 V, together with those
of ZnO TFF and SZO TFT for comparison purposes. The elec-
trical parameters can be extracted from Fig. 5 and summarized
in Table 1.
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Fig. 5. (color online) Transfer characteristics of ZnO-based TFTs with
single- and dual-active-layer structures at Vpg =30 V.

Among the three types of active layer structures, the
SZ0/ZnO TFT exhibits the best device performance. Com-
pared with that of the 2.3% SZO TFT, although the off-state
current of the SZO/ZnO TFT increases by one order of mag-
nitude, the carrier mobility and on-state current both increase
by one order of magnitude, and thus the on/off current ratio
remains relatively high (at 4.0x 10%). Compared with that of
7ZnO TFT, the off-state current of the SZO/ZnO TFT decreases
from 0.66 nA to 13 pA, and thus the on/off current ratio in-
creases 40 times. Moreover, there is no reduction in the car-
rier mobility. Therefore, the SZO/ZnO dual-active-layer struc-
ture can achieve significant improvements in low-power op-
eration and current-drive capability. Lower off-state current
in the SZO/ZnO TFT with no reduction in carrier mobility
can be explained as follows. A homojunction is formed be-
tween the SZO and ZnO layers due to their different energy
bandgap structures, and thus forming an energy barrier at the
SZ0/Zn0O interface for suppressing the off-state current. In
addition, since the ionic potential of Si*t is higher than that
of Zn>* 1% silicon oxide is formed more easily than zinc ox-
ide in the sputtering process to suppress the oxygen vacancy
and charge carrier, thus resulting in less oxygen vacancy and

denser structure in the SZO film than in the ZnO film. There-
fore, in the SZO/ZnO structure, the top SZO film can effec-
tively protect the bottom ZnO channel from being influenced
by the oxygen and water vapor in the air.

The electrical stabilities of the TFTs with single- and
double-active layer structures are examined under positive
gate-bias stress (PBS) and positive drain-bias stress (DBS),
respectively. A gate bias Vgs of 20 V is applied to the gate
electrode, with the source and drain electrodes connected to
the ground (0 V) during the PBS, while a drain-bias Vpg of
20 V is applied to the drain electrode, with the source and
gate electrodes grounded during the DBS. Figure 6 shows the
evolutions of transfer characteristics for the ZnO-based TFTs
with single- and double-active layer structures at a drain bias
of 30 V after being subjected to a positive gate-bias voltage
of 20 V for different stress times at room temperature. It can
be observed that for the three kinds of active layer structures,
there is a shift in the transfer curve in the positive direction.
The off-state current decreases with increasing stress time be-
cause the defect states in the channel occupied by electrons
during stressing (which do not emit immediately after stress-
ing) cause a reduction in effective defect states. In addition,
the SS and carrier mobility remain basically unchanged after
the transistor has undergone the gate-bias stressing. It has been
reported that the positive shift in V4, during the PBS can be ex-
plained by using a simple charge trapping or defect creation

1.117-191 Here, the SS value is not significantly affected

mode
during the PBS. This result suggests that charge trapping in
the gate dielectric is more dominant than the creation of de-
fects in the TFT.['7-201 However, it is worth mentioning that the
bilayer-structure SZO/ZnO TFT shows better gate-bias stress
stability with smaller threshold voltage shift (AVy,) (+1.07 V)
than the single-layer-structure SZO TFT (+5.1 V) and ZnO
TFT (45.06 V) after being stressed for 120 min. The supe-
rior stability of the bilayer-structure SZO/ZnO TFT could be
attributed to not only the reduction of trap sites by the passi-
vation of the porous ZnO thin film due to the SZO layer, but
also the formation of the interface between the ZnO and SZO
layers. Previous researches have reported that such an inter-
face with the captured free electrons contributes to a weak-
ened electric field under gate-voltage stress.>!??) Therefore,
the bilayer structure SZO/ZnO TFT has a good stability under
the PBS due to reduced interaction between the exposed back
surface and the oxygen in ambient atmosphere, as well as the

reduction of trap sites.
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Fig. 6. (color online) Transfer characteristics of the ZnO-based TFTs
with single- and dual-active-layer structures at Vpg = 30 V under a gate-
bias stress of 20 V. Panel (a) is for the single-layered ZnO structure,
panel (b) the single-layered SZO structure, and panel (c) the double-
layered SZO/ZnO structure.

Figure 7 shows the variations of transfer characteristics of
the ZnO-based TFTs for single- and double-active-layer struc-
tures at a drain bias of 30 V after being subjected to a drain-
bias voltage of 20 V for different stress times at room temper-
ature. Obviously, for the three kinds of active layer structures,
the transfer curves shift toward the negative direction with in-
creasing stress time, and the off-state currents increase slightly
with increasing stress time. Similarly, the SS and carrier mo-
bility are almost unchanged with increasing stress duration,
indicating that the creation of defect states at the semiconduc-
tor/dielectric interface is not significant. However, the bilayer
structure SZO/ZnO TFT shows better drain-bias stress stabil-
ity with smaller threshold voltage shift (AVyy) (—1.60 V) than
the single-layer structure SZO TFT (—6.33 V) and ZnO TFT
(—=5.5 V) after being stressed for 120 min. The negative Vth
shift under the DBS can be explained below. Under the DBS,
the lateral electric field near the drain depletion region is so
high that electrons accelerated near the drain depletion region
collide with and ionize the neutral deep donors such as oxy-
gen vacancies, which are considered to exist abundantly in

the active layer.[>3] The positively ionized oxygen vacancies
(Vo?*) near the drain side can remain after the DBS because
they are located above the conduction-band bottom,?* and
thus electrons in the active layer accumulate there for the con-
servation of charge neutrality. However, in the bilayer struc-
ture SZO/ZnO TFT, the higher-resistivity SZO layer and the
energy barrier at the SZO/ZnO interface can reduce the lateral
electric field caused by the DBS, and thus lowering the possi-
bility of the Vo>* generation and reducing the electron accu-
mulation in the active layer. Therefore, the bilayer structure
SZO/ZnO TFT displays better stability than the single-layer
structure SZO TFT and ZnO TFT under the DBS. In addition,
it is possible that the SZO film with less oxygen vacancy and
denser structure can effectively block the oxygen and water va-
por in the air because the H,O adsorption at the back channel
of TFT may induce an electron accumulation layer below the
active surface,!>! and thus accelerating the device degradation
under the DBS. However, further investigations are needed to
probe the physical mechanism.
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Fig. 7. (color online) Transfer characteristics of the ZnO-based TFTs
with single- and dual-active-layer structures at Vps = 30 V under a
drain-bias stress of 20 V. Panel (a) is for the single-layered ZnO struc-
ture, panel (b) the single-layered SZO structure, and panel (c) the
double-layered SZO/ZnO structure.
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4. Conclusions

Active single- and bilayer structure thin-film transistors
(TFTs) with Si-doped zinc oxide (SZO) and undoped zinc
oxide (ZnO) thin film layers are fabricated by using a co-
sputtering method. The doping of Si in the ZnO TFT reduces
effectively the off-state current by more than two orders of
magnitude and increases the on/off current ratio by more than
two orders of magnitude due to the decrease of carrier con-
centration in the active channel layer, although the mobility
is degraded. Compared with the active single-layer structure
TFT with SZO and ZnO thin film, the active bilayer structure
TFT with the combination of SZO and ZnO thin film layers
exhibits a better electrical performance with both high on/off
current ratio and high carrier mobility. On the other hand, the
active bilayer structure TFT also shows a superior stability un-
der gate- and drain-bias stresses, which is suitable for its ap-
plication to AMLCD and AMOLED backplanes.
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