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a b s t r a c t   

Developing high-resolution displays to achieve realistic images have been in a great demand recently re
gardless of the display size. However, in the backplane technology, the channel-shortening effect is a serious 
obstacle in realizing oxide thin film transistors (TFTs) with short channel lengths. In this study, we in
vestigated the channel-shortening effect of Al-doped InSnZnO (Al:ITZO) thin-film transistors (TFTs) with Mo 
and Mo-based alloy Cu diffusion barriers and proposed Mo‒Al alloy as a Cu diffusion barrier to effectively 
reduce the channel-shortening effect. The TFTs with the Mo (Cu diffusion barrier) exhibited negative Von 

shifts and a channel-shortening length (ΔL) of 3.52 µm at an annealing temperature of 290 °C, although no 
chemical reaction occurred at the Mo/Al:ITZO interfaces. In addition, the TFTs with the Mo‒Ti (Cu diffusion 
barrier) showed the largest ΔVon and ΔL values at various annealing temperatures. The material and 
electrical analysis results confirmed that the hydrogen diffusion from the source/drain region is the main 
cause of the channel-shortening effect. Thus, the TFTs with the Mo‒Al (Cu diffusion barrier) exhibited ex
cellent characteristics against the channel-shortening effect by forming a uniform and thin Al2O3 layer at 
the Mo‒Al/Al:ITZO interface and preventing the hydrogen diffusion. The ΔVon remained almost unchanged, 
and the ΔL was 1.61 µm up to an annealing temperature of 290 °C. This study suggests a highly beneficial 
method for producing oxide TFTs, while suppressing the channel-shortening effect by tailoring the interface 
between source/drain and active layer using an appropriate Cu diffusion electrode. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

Recently, amorphous oxide semiconductor (AOS) thin-film tran
sistors (TFTs) have attracted considerable attention owing to their 
advantages such as high transparency, low off-current, good uni
formity, and scalability [1–3]. Therefore, AOS TFTs are promising 
candidates for the backplane technologies of flat panel displays 
(FPDs). Many studies have been conducted recently on active layers, 
gate dielectrics, and metal electrodes. For example, for high capaci
tance and low operating voltage, hafnium-based high-k gate dielectric 
materials have been studied for the application to the MOSFET [4–7]. 
Above all, with the development of displays towards large size and 
high resolution, it has become important to have fast response times 

for switching TFTs to reduce the charge/discharge time of capacitors. 
Hence, there have been many studies on oxide TFTs with high mo
bility materials such as indium zinc oxide (IZO) [8], indium oxide 
(In2O3) [9], indium tin zinc oxide (ITZO) [10], and N or Al-doped in
dium tin zinc oxide (Al:ITZO) [11–14]. Cho et al. reported backchannel 
etch (BCE) oxide semiconductor TFTs using Al-doped tin-zinc-indium 
oxide (Al:ITZO), that showed high mobility and high etch selectivity in 
PAN-based wet chemical etchant [11]. Among the various types of 
oxide TFT structures, self-aligned top gate (SA-TG) coplanar TFTs offer 
the advantages of low parasitic capacitance based on negligible gate 
to source/drain overlap and better channel length scalability. This 
enables a much faster display operating frame rate compared to the 
bottom gate staggered structures, which is desirable for high-re
solution active-matrix organic light-emitting diode (AMOLED) display 
applications [15–17]. Since, copper (Cu) has lower resistivity than 
aluminum (Al), it is generally preferred for electrodes to minimize the 
resistor-capacitor (RC) delay [18,19]. Although both Cu and Al 
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electrodes with metal-oxide layer show good ohmic contact property, 
Cu exhibits advantages over Al in terms of resistance to the electro
migration (transport of atoms caused by high current densities) and 
mechanical stress endurance because of higher atomic mass. In ad
dition, Cu shows good solderability and low cost compared to Al  
[20–24]. However, Cu easily diffuses into the adjacent active layer, 
degrading the device characteristics [24,25]. Thus, molybdenum and 
molybdenum alloys are often used as Cu diffusion barriers by in
serting layers between the Cu electrode and active layer to suppress 
the Cu diffusion [26,27]. Another important issue related to high-re
solution displays is maximizing the aperture ratio for the pixel 
downsizing. Therefore, realizing TFTs with short channel lengths is 
crucial for high-resolution displays. However, there are some issues to 
be resolved in downsizing oxide TFTs owing to the channel-short
ening effect ( due to the carrier diffusion from other 
layers [17]. The origin of carrier diffusion is known to be the combined 
effects of Vo generation at the interface of the S/D and active layer and 
H diffusion from the passivation layer or inter-layer dielectric (ILD)  
[28–31]. Although there have been many studies on the channel- 
shortening effect of oxide TFTs, only few studies have reported the 
effects of S/D electrodes on the effective channel length. In particular, 
the origin of the channel-shortening effect of molybdenum (the most 
commonly used electrode) is still controversial because no chemical 
reaction occurs at the interface between molybdenum and the IGZO 
active layer [32–34]. Since there is no oxide layer at the Mo/IGZO 
interface, no oxygen vacancies (Vo) get formed; thus, the investigation 
on the source of channel-shortening remains unclear. Furthermore, 
most of the research on the channel-shortening effect is related to 
IGZO-based TFTs than high-mobility oxide TFTs [17,29,35]. Because a 

high-mobility oxide semiconductor such as Al-doped ITZO has a 
higher carrier concentration than IGZO, the effective channel length 
( can be easily reduced even with a slight diffusion of 
carriers. Therefore, the control of the channel-shortening length is 
particularly important in high-mobility oxide TFTs. 

In this study, we investigated in detail the ΔL ( ) of high 
mobility Al-doped amorphous ITZO top gate coplanar self-aligned TFTs 
using different Cu diffusion barriers (Mo, Mo‒Ti, Mo‒Al) with a stacked 
Cu/Cu barrier S/D electrodes. First, the ΔL of the Mo and Mo-Ti (Cu 
diffusion barriers) was exhibited by the transmission line method (TLM) 
at different annealing temperatures. Through various analysis methods, 
we demonstrated the effect of the S/D electrodes (Cu/Cu diffusion 
barriers) on the channel-shortening effect, and the most influential 
factor was identified. Considering the investigated origin of the channel- 
shortening effect, as an appropriate Cu diffusion barrier material, Mo‒Al, 
was employed to suppress the cause of ΔL. With Mo‒Al, as a Cu dif
fusion barrier, ΔL reduced significantly and hardly altered under the 
annealing conditions. This method has significant advantages of con
trolling the channel-shortening effect by simply changing the Cu dif
fusion barrier electrodes. This suggests a simple manufacturing method 
for TFTs that works reliably with a short channel. 

2. Experimental method 

2.1. Fabrication process of top gate coplanar self-aligned Al:ITZO TFTs 

Fig. 1a shows a schematic image of top gate coplanar self-aligned 
TFTs. First, Al-doped ITZO was deposited by RF sputtering, followed 
by patterning as an active layer. SiO2 and molybdenum were 

Fig. 1. (a) Schematic image of top gate self-aligned structured TFT and (b) XRD results of Cu diffusion barriers (Mo, Mo-Ti, Mo-Al). AFM topography image of (c) Mo, (d) Mo-Ti and 
(e) Mo-Al films. 
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deposited by plasma-enhanced chemical vapor deposition (PECVD) 
and sputtering for the gate insulator (GI) and gate electrode, re
spectively. After patterning the gate electrode, the exposed SiO2 gate 
insulator was dry-etched using the gate electrode as a mask. The 
exposed Al:ITZO section of the source/drain region was treated with 
Ar plasma for 60 s at 100 W to form n + -doped source/drain exten
sion regions. A 200 nm thick SiO2 film as an inter-layer dielectric 
(ILD) was then deposited by PECVD, followed by dry etching for the 
source/drain contact hole. Next, copper and copper diffusion barriers 
were deposited and patterned as the source/drain electrodes. In this 
work, molybdenum (Mo, Device A), molybdenum-titanium (Mo-Ti, 
Device B), and molybdenum-aluminum (Mo‒Al, Device C) were used 
as the copper diffusion barriers. Finally, Al2O3 was deposited by 
thermal ALD (T-ALD) as the passivation layer. To deposit the Al2O3 

layer, trimethylaluminum (TMA) precursor and H2O were used as 
the aluminum and oxygen sources, respectively. After the fabrication 
of self-aligned TFTs, the samples were annealed from 230 °C to 
290 °C to observe the changes in Von and channel-shortening length 
with different S/D Mo alloy Cu diffusion barriers. 

2.2. Characterization of self-aligned TFTs with different Mo alloys as Cu 
diffusion barriers 

To measure the electrical properties of Al:ITZO self-aligned TFTs, 
a precision LCR meter (Agilent 4284 A) and semiconductor para
meter analyzer with a probe station (HP 4156 A) were used. X-ray 
diffraction (XRD) measurements were performed with an X′Pert- 
PRO MRD diffractometer at a film thickness of 30 nm. To measure the 
topography image and RMS roughness, AFM measurements were 
carried out at ambient conditions (23–24 ℃ and 46–50% relative 
humidity) using a Park XE-100 (Park Systems) instrument. Besides, a 
field emission transmission electron microscope (JEM-2100F HR) 
was used to examine the cross-sectional images between Cu diffu
sion barriers (Mo, Mo-Ti, Mo‒Al) and Al:ITZO layers at different 
annealing temperatures. X-ray photoelectron spectroscopy (XPS) 
measurements were performed under ultra-high vacuum (10−9 Torr) 
equipped with an Al Kα X-ray source (Thermo VG Scientific). The 
chemical bonding states of the Mo, Mo‒Ti, and Mo‒Al/Al:ITZO in
terfaces were investigated by XPS depth profiling with Ar ion sput
tering. To determine the hydrogen diffusion from Al2O3 layer to 
Al:ITZO film, a secondary ion mass spectrometry, MS-SIMS (IMS 7f, 
CAMECA) was used with a Cs+ primary ion beam with a current of 
15 nA and raster size of 250 µm × 250 µm. 

3. Results and discussion 

Fig. 1b shows the XRD patterns of the three different Cu diffusion 
barriers under the investigation. All barrier films were polycrystal
line and exhibited only body-centered cubic (bcc)-related peaks of 
molybdenum. This indicated that all thin films consist of mo
lybdenum-based solid solutions. It was observed that compared to 
the diffraction peaks of the Mo films, the Mo-Ti films peaks shifted to 
lower diffraction angles, indicating an increase in the lattice para
meter of the Mo-Ti films. In contrast, the diffraction peaks of the 
Mo‒Al films shifted to higher diffraction angles, showing a reduction 
in the lattice parameter owing to the replacement of molybdenum 
by aluminum with a smaller atom size. Fig. 1(c)-(e) show AFM to
pography image of Cu barrier materials of Mo, Mo‒Ti and Mo‒Al 
films with the thickness of 30 nm, respectively. RMS (root-mean 
square) roughness of Mo, Mo-Ti and Mo‒Al films is 0.16, 0.41 nm, and 
0.35 nm, respectively. SIMS results in Fig. S1 show the Cu diffusion 
property in the Al:ITZO film before and after the annealing process at 
290 °C. Regardless of the annealing process, a negligible intensity of 
Cu was observed in the Al:ITZO film with the Mo, Mo‒Ti, and Mo‒Al 
films, indicating excellent Cu diffusion barrier properties. 

To investigate the electrical properties of the top gate coplanar 
self-aligned Al:ITZO TFTs, the transfer characteristics are measured, 
as shown in Fig. 2. The applied VDS was 0.1 V and the channel width 
(W) and length (L) were set to 8 µm and 4 µm, respectively. Devices 
with Cu diffusion barriers of Mo (device A), Mo‒Ti (device B) and 
Mo‒Al (device C) exhibited high field-effect mobilities (more than 
30 cm2 V−1s−1), low subthreshold swing (Vdec−1), and low hysteresis 
(V) in the as-fabricated condition. The representative transfer para
meters of each device are listed in Table 1. 

The field effect mobility (μFE) was calculated at a VDS of 0.1 V in 
the linear region by the following equation 

where W and L are the channel width and length, respectively, and 
gm is the transconductance at a low drain voltage. The turn-on 
voltage (Von) was determined by the Vgs where at a 
VDS of 0.1 V and subthreshold swing (SS) value was extracted by the 
following equation 

Fig. 2a and b show the transfer characteristics of the devices A 
(Mo) and B (Mo-Ti) after annealing at different temperatures. The 
device B shows more Von shifts in the negative direction with in
creasing annealing temperature than device A (Mo) does, as shown 
in Fig. 2b. The large Von shift along the subsequent annealing process 
indicated an increased carrier concentration in the channel region. 
Considering that all TFTs were fabricated in the same process except 
for the materials of Cu diffusion barrier electrodes in the source/ 
drain regions, the differences in Von shifts originated from the Cu 
diffusion barrier electrodes deposited in the source/drain extension 
regions. Therefore, device B getting conductive after annealing at 
250 ℃ indicated that the carrier concentration in the channel in
creased drastically, resulting in the TFT to lose gate control ability. 
The output characteristics were measured at small VD (VD = −1 V ~ 
1 V) to observe the ohmic contact resistance of device A (Mo) and B 
(Mo-Ti). It showed the typical behavior of the output curve 
with no current crowding, indicating good ohmic contact properties 
(Fig. 2c and d). 

To quantitatively investigate the channel-shortening length (ΔL) 
due to lateral carrier diffusion from source/drain extension regions, 
the transmission line method (TLM) was employed. It is a widely 
used method for extracting the channel-shortening length, contact 
resistance, and channel resistance [36–38]. The I-V characteristics of 
TFT is expressed as following equation: 

ID, W, Leff (= L-ΔL), μ, COX, VG, VT, and VD indicated the drain 
current, channel width, effective channel length, mobility, gate oxide 
capacitance, gate voltage, threshold voltage, and drain voltage, re
spectively. The channel resistance (Rch) can be expressed as 

Because the total resistance (Rtot) is the sum of the channel re
sistance and the contact resistance, 

, Rtot is expressed by the following equation: 
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In the TLM results, VGS-VON was used instead of VGS-VT. The fitted 
line for each VGS-VON converges at one point, where the X and Y 
coordinates are ΔL and contact resistance (RC), respectively. 

Fig. 3 shows width-normalized total resistance with re
spect to channel length set at 4, 6, 10, and 20 µm, measured at VDS 

= 0.1 V for various VGS-VON (= 3, 4, 6, 8, 10, and 12 V). Fig. 3a, b, and c 
show the width-normalized total resistance (RT ×W) as a function of 
L and VGS-VON for device A (Mo) at different annealing temperatures. 
The measured ΔL for the as-fabricated device and device annealed at 
250 °C and 290 °C were 0.94, 1.4, and 3.52 µm, respectively. On the 
contrary, device B (Mo‒Ti) exhibited ΔL of 1.54 µm for as-fabricated 
device, and already 3.8 µm for the device annealed at 230 ℃, in
dicating a short effective channel length than the device A (Mo) 
(Fig. 3a, b, and c). Because the device B (Mo‒Ti) exhibited conductive 
characteristics above the annealing temperature of 250 °C, the TLM 
was only calculated up to a temperature of 230 °C. Considering that 
the channel-shortening length (ΔL) is due to the lateral carrier dif
fusion from the S/D extension region, the degrees of change in Von 

(Fig. 2a and b) and channel-shortening length (Fig. 3a, b, c, d, and e) 
with annealing temperature showed a similar behavior. 

To investigate the differences in ΔVon and ΔL for devices A and B, 
high-resolution TEM (HRTEM) images were obtained for the inter
face between the Cu diffusion barriers (Mo, Mo-Ti) and Al:ITZO 
layers. Fig. 4 shows the TEM images of the Mo/Al:ITZO interface of 
the as-deposited and annealed samples at 290 °C. The cross-sec
tional HRTEM images in Fig. 4a and b clearly demonstrate that no 
chemical reaction occur between the Mo and Al:ITZO interface for 
as-deposited and annealed sample at 290 °C. Because the formation 
energy of Mo oxide (MoO2 (ΔHMoO2 = −533.2 kJ/mol)) is higher than 
that of In2O3 (ΔHIn2O3 = −925.8 kJ/mol), Mo does not form a com
pound with Al:ITZO film at the Mo/Al:ITZO interface even after the 
annealing process. XPS depth profiling was performed to investigate 
in detail the interfacial reaction at the Mo/Al:ITZO interface. The Mo 
3d core-level spectra of the Mo and Al:ITZO interfacial regions for 
the as-deposited and annealed samples are shown in Fig. 4c. The 
binding energies of Mo 3d3/2 and 3d5/2 doublets were 227.7 eV and 
231.0 eV, respectively, indicating the only peak of a molybdenum 
metal. This revealed that Mo oxide does not exist at the Mo/Al:ITZO 
interface [39]. The cross-sectional HRTEM images and XPS depth 
results show no clear evidence of molybdenum forming an oxide 
between the Mo and the Al:ITZO layer. However, as shown in Figs. 2a 
and 3a, b, and c, the Von shifts to the negative direction and ΔL in
creases with increasing annealing temperature for device A even 
without the Mo oxide formation. This means that the oxygen va
cancy (Vo) is not the origin of the channel-shortening effect in device 

Table 1 
Electrical characteristics parameters of each device (Device A, B, C).       

(cm2V−1s−1) Von (V) S.S (Vdec−1)  

Device A (Mo)  33.99  -0.5  0.09 
Device B (Mo-Ti)  32.31  -0.75  0.11 
Device C (Mo-Al)  34.46  -0.5  0.11 

Fig. 2. Transfer characteristics of (a) device A (Mo barrier) and (b) device B (Mo-Ti barrier). Output characteristics of (c) device A (Mo barrier) and (d) device B (Mo-Ti barrier).  
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Fig. 3. TLM analysis of device A (Mo barrier) for the (a) as-deposited and (b) annealed at 250 ℃ and (c) 290 ℃. TLM analysis of device B (Mo‒Ti barrier) for the (d) as-deposited and 
(e) annealed at 230 ℃. 

Fig. 4. Cross-sectional TEM images of the (a) as-deposited Mo/Al:ITZO interfaces and (b) Mo/Al:ITZO interfaces annealed at 290 ℃. (c) Mo 3d level spectra of the XPS depth profiles 
measured at Mo/Al:ITZO interfaces for as-deposited and annealed at 290 ℃. (d) Arrhenius plot of diffusion coefficient obtained from the ΔL results of device A (Mo barrier). 
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A, rather other carrier sources are injected into the active layer. To 
scrutinize this further, we extracted activation energy from the dif
fusion coefficient. Using the extracted ΔL from the TLM measure
ment as shown in Fig. 3a, b, and c, the diffusion coefficient is 
calculated from the diffusion length expressed as . Be
cause ΔL indicated the channel length reduction from both sides, ΔL/ 
2 was used as the diffusion length. The diffusion coefficients for 230, 
250, 270, and 290 °C were 7.6 × 10−13, −1.3 × 10−12, −4.4 × 10−12, 
−8.6 × 10−12 cm2/s, respectively. The diffusion coefficient was plotted 
as a function of annealing temperature by using the Arrhenius 
equation, . From the slope of graph in Fig. 4d, the 
activation energy ( ) can be obtained. The extracted activation en
ergy was 0.44 eV, which was comparable to the activation energy of 
the hydrogen diffusion coefficient (0.3 – 1.2 eV) surrounded with Zn 
atoms [40,41]. This suggested that the hydrogen diffusion from S/D 
region is the main reason for the channel-shortening effect of 
device A. 

In addition to Mo, the TEM images and enlarged TEM lattice 
images were also acquired to measure the reaction between the Mo- 
Ti (Cu diffusion barrier) and Al:ITZO. Fig. 5a shows a TEM image and 
enlarged lattice image of the as-deposited Mo-Ti/Al:ITZO interface. 
In the TEM image, a crystalline phase was observed at the Al:ITZO 
region indicating that certain chemical reactions occurred at the Mo- 
Ti/Al:ITZO interface. The enlarged TEM lattice image indicated the 
inter-planar spacing value (d-value) of 0.28 nm (2.8 Å), which is close 
to the d-value of indium and tin metal for the (111) and (200) plane, 
respectively. (JCPDS card No. 05–0642, 04–0673). The formation 
energy of TiO2 is (ΔHTiO2 = −944.0 kJ/mol) lower than that of In2O3 

(ΔHIn2O3 = −925.8 kJ/mol). Therefore, TiOX can be formed at the in
terfacial region between Mo‒Ti and Al:ITZO layers by taking oxygen 
from Al:ITZO, resulting in indium and tin metal lattice fringe. The 
TEM and enlarged lattice images in Fig. 5b represent the Mo-Ti/ 
Al:ITZO interface annealed at 290 °C. The annealed Mo-Ti/Al:ITZO 
interface also exhibited crystallinity at the Al:ITZO region, and a d- 
value of 0.28 nm (2.8 Å) was observed in the enlarged lattice image, 
same as that in Fig. 5a. However, compared to the as-fabricated Mo- 
Ti/Al:ITZO sample (Fig. 5a), a region with the crystalline phase was 
more widely observed in the Al:ITZO film annealed at 290 °C. This 
indicated the titanium diffusion into the Al:ITZO layer by taking the 
oxygen bound to the indium and tin atoms during the annealing 
process. Thus, the Al:ITZO layer was reduced by titanium oxidation.  
Fig. 5c shows Ti2p level spectra of XPS depth profiles obtained from 
the as-fabricated and annealed Mo‒Ti/Al:ITZO interfaces. The 
binding energies of Ti2p3/2 and Ti2p1/2 were observed at 458.8 eV 
and 464.1 eV, respectively, corresponding to the Ti2p core level 
spectra of titanium oxide (TiO2) [42]. These results correspond to the 
TEM results, wherein titanium oxide (TiO2) is formed at the interface 
between the Mo-Ti and Al:ITZO layers through a chemical 
reaction [34,39]. 

According to other studies, the formation of titanium oxide at the 
Mo-Ti/Al:ITZO interface contributes to the increased carrier con
centration in the Al:ITZO layer due to the oxygen vacancies (Vo)  
[28,39,43]. Therefore, we obtained the XPS O1s spectra of the Mo/ 
Al:ITZO and Mo-Ti/Al:ITZO interfaces annealed at 250 °C (Fig. 6a 
and b). The O1s spectra were deconvoluted into three sub-peaks as 
Gaussian distributions. The three different sub-peaks correspond to 

Fig. 5. (left) Cross-sectional TEM images, (right) enlarged TEM images for the selected areas in the TEM images of Mo‒Ti/Al:ITZO interfaces for the (a) as-deposited and (b) 
annealed at 290 ℃. (c) Ti 2p level spectra of the XPS depth profiles measured at Mo‒Ti/Al:ITZO interfaces for the as-deposited and annealed at 290 ℃. 
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metal-oxygen bonds (M–O, 530.15  ±  0.02 eV), oxygen-deficiency 
(Vo, 531.01  ±  0.04 eV), and oxygen–hydrogen bonds (O–H, 
532.03  ±  0.02 eV) [44,45]. The Mo-Ti/Al:ITZO sample annealed at 
250 °C exhibited only a 2.35% increase in the area related to the 
oxygen-deficient (Vo) region compared to the Mo/Al:ITZO sample 
annealed at 250 °C. Nevertheless, as shown in Fig. 2b, even at the 
annealing condition of 250 ℃, the device B (Mo‒Ti) become con
ductive, while the device A (Mo) exhibit −1.25 V of ΔVon. Considering 
that the ΔVon and ΔL differences between the devices A (Mo) and B 
(Mo‒Ti) are too large, the contribution of oxygen vacancy (Vo) to the 
increased carrier concentration is relatively small. As previously 
explained from the results of device A (Mo), the channel-shortening 
effect can ascribe to the hydrogen diffusion from the S/D region. 

To investigate the hydrogen diffusion from the S/D metal to the 
Al:ITZO layer, the depth profiles of the H and OH contents were in
vestigated using SIMS measurements. The depth profile of the H 
(Fig. S2) content of a film with the same stack sequence as the S/D 
region of the transistor indicated almost the same amount of hy
drogen in the Al:ITZO layer regardless of the type of Cu diffusion 
barrier. In contrast, the -OH compositions varied significantly with 
annealing temperatures between the samples with Mo and Mo-Ti 
(Fig. 6c, d, and e). As the annealing temperature increased, the -OH 
content in the Al:ITZO layer with the Mo-Ti (Cu diffusion barrier) 
rapidly increased compared to the sample with the Mo (Cu diffusion 
barrier). The hydrogen diffused into Al:ITZO layer from S/D region 
and bonded with O in the form of hydroxyl group (OH) during the 
annealing process. The incorporation of hydrogen results in electron 
doping by the following reaction [46,47]: 

Thus, electrons created by –OH bonds increase the carrier con
centration in the Al:ITZO layer. Since Ti is well known to have the 
ability to store more hydrogen than other metals, large amounts of 
hydrogen in Mo-Ti alloys are considered to affect the increase of –OH 
in the Al:ITZO layer [48]. To investigate the hydrogen content in the 
Cu diffusion barrier metals, elastic recoil detection (ERD) with 
2.0 MeV was conducted as shown in Fig. S3. The calculated amount 
of hydrogen indicates Mo-Ti alloy has one order of magnitude higher 
than Mo and Al:ITZO. Therefore, hydrogen in Mo-Ti alloy diffuses 
into the Al:ITZO layer, which can be accelerated by heat treatment. 
However, the amount of hydrogen in Mo shows a similar value to 
that of Al:ITZO, so that the diffusion of hydrogen from Mo to Al:ITZO 
will hardly occur. Therefore, we consider the Al2O3 passivation layer 
as a hydrogen source because it contains large amounts of hydrogen 
originating from H2O reactant during the thermal ALD (T-ALD) de
position process [49]. To investigate the effects of Al2O3 passivation 
layer on hydrogen diffusion into the active layer, the depth profile of 
the amount of -OH was investigated using SIMS measurement as 
shown in Fig. S4. The film was prepared with a same stack sequence 
as S/D region without Al2O3 passivation layer. At the annealing 
temperature of 250 ℃, the amount of -OH in the Al:ITZO layer with 
Mo-Ti (Cu diffusion barrier) is increased. However, it is decreased 
again at the temperature of 290 ℃ while Al:ITZO layer having Mo (Cu 
diffusion barrier) exhibits a similar amount of -OH regardless of 
annealing temperatures. Fig. S5 indicates the transfer characteristics 
of the self-aligned TFTs without Al2O3 passivation layer. Almost no 
change of Von was observed in the TFTs with Mo (Cu diffusion bar
rier). Considering the results of Fig. 2a that device A (Mo) which has 
Al2O3 passivation layer shows negative ΔVon with annealing tem
peratures, we assume Al2O3 passivation layer serves as the source of 

Fig. 6. XPS O1s peaks and de-convoluted peaks of (a) Mo/Al:ITZO interface and (b) Mo‒Ti/Al:ITZO interface annealed at 250 ℃. Depth profile of –OH element in (c) as-deposited 
stacked film and after thermal annealing process at a temperature of (d) 250 ℃ and (e) 290 ℃. 
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hydrogen. However, TFTs with Mo‒Ti (Cu diffusion barrier) shows 
about negative −7 V of Von shifts at the temperature of 250 ℃, and 
positive 3.5 V of Von shifts at 290 ℃. This is because hydrogen con
tained in the Mo‒Ti alloy diffuses into the active layer at 250 ℃, and 
diffuse out again at 290 ℃. This is the comparative results that de
vice B (Mo‒Ti) shows large negative Von shifts even at the tem
perature of 230 ℃ as shown in Fig. 2b. From these results, we 
confirmed that the Al2O3 passivation layer serves as hydrogen source 
as well as acts as the barrier to prevent the out diffusion of 
hydrogen. 

To suppress the channel-shortening effect caused by the hy
drogen diffusion, we proposed applying the Mo‒Al alloy as a Cu 
diffusion barrier. We anticipated that an ultra-thin Al2O3 layer would 
be formed at the Mo‒Al/Al:ITZO interface through a chemical reac
tion, which acts as a hydrogen diffusion barrier from the S/D to the 
Al:ITZO layer because Al2O3 layer is an excellent passivation layer 
due to its ability to suppress gas permeation [50,51]. The transfer 
characteristics of device C (Mo‒Al) is shown in Fig. S6. The applied 
VDS is 0.1 and 10 V, respectively. The electrical characteristics such as 
field-effect mobility (μFE), subthreshold swing (S.S), and Von were 
34.46 cm2 V−1s−1, 0.11 Vdec−1, and −0.5 V, respectively as shown in  
Table 1. In addition, the on-off current ratio (Ion/Ioff) was .  
Fig. 7a shows the transfer characteristics of device C (Mo‒Al) an
nealed at each temperatures. There was only a −0.25 V change in Von 

until the annealing temperature reached 290 ℃. The changes in Von 

of the TFTs with different Cu diffusion barriers (Mo, Mo‒Ti, Mo‒Al) 
are shown in Fig. 7b as a function of annealing temperature. The 
changes in Von were strongly dependent on the material of Cu 

diffusion barrier electrode in the S/D region. The smallest ΔVon was 
observed in device C (Mo‒Al) as the annealing temperature in
creased. In addition, the transfer characteristics according to various 
channel widths (W) and lengths (L) were measured with each Cu 
diffusion barrier (Mo, Mo‒Ti, Mo‒Al). It exhibits the same trend of 
ΔVon with the previous results as shown in Fig. S7. This suggested 
that some chemical reaction prevents the diffusion of hydrogen 
between the Mo-Al and Al:ITZO interface. The ΔL extracted by TLM 
was 0.29, 1.24, and 1.61 µm for the as-fabricated and annealed device 
at the temperatures of 250 °C and 290 °C, respectively, which were 
the smallest values compared to those of the device with other 
diffusion barriers. 

To further investigate the reaction at the interface between the 
Mo‒Al and Al:ITZO, TEM and XPS experiments were conducted.  
Fig. 8a and b show cross-sectional TEM images of the Mo‒Al/Al:ITZO 
sample for the as-fabricated and annealed samples at 290 °C. The 
TEM images show a very thin Al2O3 formed at between the Mo‒Al 
and Al:ITZO interfaces that became clearer at higher annealing 
temperature. This newly formed Al2O3 layer was also identified by 
the XPS depth profile measured at the Mo‒Al/Al:ITZO interfaces 
(Fig. 8c). The binding energy of 74.6 eV in the Al 2p level spectra of 
the XPS depth profiles originating from the aluminum oxide (Al2O3) 
confirmed the formation of aluminum oxide film as well as TEM 
image between the Mo‒Al and Al:ITZO interfaces. Moreover, the 
Al2O3 layer became thicker and denser at the 290 °C heat treatment, 
improving its ability to prevent hydrogen diffusion. Therefore, even 
under the annealing conditions where hydrogen diffusion is likely to 
occur, the Al2O3 layer formed at the Mo‒Al/Al:ITZO interfaces 

Fig. 7. (a) Transfer curve of device C (Mo-Al barrier) and a (b) plot of the Von shift of each devices (A, B, C) as a function of annealing temperature. TLM analysis of device C (Mo‒Al 
barrier) for the (c) as-fabricated and annealed at (d) 250 ℃ and (e) 290 ℃. 
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suppresses the hydrogen diffusion into the Al:ITZO active layer from 
the S/D region. To investigate the oxygen vacancy (Vo) generated 
during the formation of Al2O3 interfacial layer, XPS depth spectra for 
O1s were measured at Mo‒Al/Al:ITZO interface annealed at 250 ℃. 
The Mo‒Al/Al:ITZO sample showed the area ratio related to the 
oxygen-deficient (Vo) region of 21.03%, which was a slightly higher 
value compared to that of Mo/Al:ITZO sample (19.67%), and lower 
than that of Mo‒Ti/Al:ITZO sample (22.02%). The measured area 
related to the oxygen-deficient region (Vo) showed little difference 
regardless of the Cu barrier electrodes (Mo, Mo-Ti, and Mo‒Al), while 
the ΔVon and ΔL differences were too large. Therefore, oxygen va
cancies formed at the interfaces between the Cu barrier electrodes 
(Mo, Mo-Ti, and Mo‒Al) and the Al:ITZO layer did not act as the 
major source of different carrier concentration. 

To investigate the effect of Al2O3 layer formed at the Mo‒Al/ 
Al:ITZO interface on the electrical contact property, we measured 
the output characteristics at small VD (VD = −1 V~1 V). Since Al2O3 

layer is denser and thicker at the annealing temperature of 290 ℃, 
output curve was observed in the device annealed at 290 ℃. As 
shown in Fig. 9a, it shows typical behavior of output curve with no 
current crowding. In addition, we extracted the contact resistance 
(RC) in detail using the “paired VG” method at each VG-VON [52]. 
Using the intersection of VG and VG + ΔVG lines, the contact re
sistance (Rc) at each VG-VON was measured for the device C (Mo‒Al) 
and device A, B (Mo, Mo‒Ti) annealed at 290 ℃, as shown in Fig. 9b. 
All devices show similar results and the contact resistance decrease 
with increasing VG-VON. Therefore, it confirmed that contact issue 
was not investigated, which originate from the tunneling me
chanism that electron can pass through the ultra-thin Al2O3 (~1 nm) 
layer. The contact resistance with various channel lengths depending 
on Cu diffusion barriers are obtained from the each point in TLM 

results. The total contact resistance of device A, B, and C are similar, 
thus, we confirmed that Cu diffusion barrier materials do not affect 
the resistance of the Al:ITZO TFT. 

To observe the H and OH diffusion from the Mo‒Al (Cu diffusion 
barrier) to the Al:ITZO layer, SIMS measurements were performed 
and compared with the results of Mo and Mo-Ti (Fig. 9c, d, and e). 
From the SIMS depth profile results, the Al:ITZO layer with a Mo‒Al 
(Cu diffusion barrier) contained a minimum amount of –OH as 
compared to those of other samples with Mo and Mo‒Ti. In addition, 
the –OH peak intensity hardly changed with the increasing an
nealing temperature. The results suggested that applying Mo‒Al 
alloy as a Cu diffusion barrier can suppress the diffusion of hydrogen 
from S/D to the active layer, thereby achieving excellent properties 
for the channel-shortening effect. 

The transfer curve under positive-bias temperature stress (PBTS) 
and negative-bias stress (NBS) conditions were measured over 
10,000 s, as shown in Fig. 10. During the PBTS conditions, the applied 
gate bias and temperature were 10 V (1 MV/cm) and 60 °C, respec
tively. Device C (Mo‒Al) shows excellent stability and Von shifting by 
only 0.28 V. In addition, under the NBS (–1 MV/cm, 10,000 s), it also 
exhibited stable performance, showing a Von shift value of – 0.25 V. 
PBTS stability is generally affected by electrons trapped at the in
terface between the gate insulator (GI) and active layer, and en
vironmental influence. Oxygen absorption induces electron 
depletion from the channel layer, degrading the device electrical 
stability. In addition, the meta-stable gap state induced by water 
(H2O) molecules could affect the negative bias stress (NBS) stability  
[53–55]. However, device C (Mo‒Al) was not affected by the en
vironmental influences because the top-gate coplanar self-aligned 
structure TFT was adopted in this experiment. Especially, pre-an
nealing process performed at 330 ℃ during the device fabrication 

Fig. 8. Cross-sectional TEM images of the (a) as-deposited Mo‒Al/Al:ITZO interfaces and (b) Mo‒Al/Al:ITZO interfaces annealed at 290 ℃. (c) Al 2p and (d) O1s level spectra of the 
XPS depth profiles measured at Mo‒Al/Al:ITZO interfaces for the as-deposited and annealed at 290 ℃. 
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allows the passivation of interface traps by the hydrogen, diffused 
from the GI layer. This enabled the device to exhibit excellent sta
bility. Therefore, TFTs with Cu/Mo‒Al source/drain electrodes can be 
potential candidates for the backplane devices of AMOLEDs with 
stable characteristics against channel-shortening effect as well as 
excellent stress stability. 

4. Conclusion 

In this paper, we introduced Mo‒Al alloy as a Cu diffusion barrier in 
the S/D region of self-aligned Al:ITZO TFTs to minimize the channel- 
shortening effect. The effects of the Cu diffusion barrier on the channel- 

shortening length was investigated using molybdenum and mo
lybdenum alloys. From the experiments, we exploited the fact that 
hydrogen diffusion from the S/D region is the cause of the channel- 
shortening length (ΔL). Al2O3 passivation layer is the major source of 
hydrogen in the case of TFTs with Mo (Cu diffusion barrier). 
Furthermore, with the Mo-Ti (Cu diffusion barrier), both, the Al2O3 layer 
and Mo-Ti alloy became the source of hydrogen. This is due to the high 
solubility of hydrogen in the Mo-Ti alloy, which induces the hydrogen 
diffusion into the Al:ITZO active layer. Therefore, TFT with a Mo‒Al (Cu 
diffusion barrier) exhibits improved characteristics to the channel- 
shortening effect by forming a ultra-thin Al2O3 layer at the Al:ITZO in
terface, preventing the hydrogen diffusion into the Al:ITZO active layer. 

Fig. 9. (a) Output characteristics of device C (Mo-Al) annealed at 290 ℃ and (b) contact resistance of device A (Mo), B (Mo-Ti), and C (Mo‒Al) annealed at 290 ℃. Depth profile 
of –OH element in (c) as-deposited stacked film and after thermal annealing process at a temperature of (d) 250 ℃ and (e) 290 ℃. 

Fig. 10. Transfer curve during (a) PBTS and (b) NBS measurement of TFT with Mo‒Al electrode.  
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Furthermore, ΔVon and ΔL with annealing temperatures were derived 
from the transfer characteristics and TLM method, respectively, showing 
the smallest value. This study demonstrated that the channel-short
ening length can be modulated by changing the Cu diffusion barriers, 
thus realizing TFTs that works stably at short channel lengths. 
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