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gate bias stress during most of the driving time and trans-
parent devices are exposed to ambient light unavoidably. The 
stability resulting from electrical stress under light illumina-
tion is important since it can deteriorate the switching perfor-
mances of a-IGZO-based TFTs. It was found that the positive 
bias illumination stress is insignifi cant compared to the nega-
tive bias illumination stress (NBIS). [ 7 ]  NBIS has been explained 
by photo-induced carriers and the state transition, [ 7–10 ]  but the 
exact mechanism is under debate. In addition, previous reports 
to improve the stability from NBIS are still insuffi cient from a 
device viewpoint. 

 Herein we report a more practical use of a-IGZO-based TFTs 
by adopting plasmonic fi lters (PFs). Metal structures at the sub-
micron scale demonstrate a unique optical response known as 
a surface plasmon (SP). A metallic fi lm with two dimensional 
nanohole arrays shows high transmission at the SP resonance 
frequency and the optical response related to this resonance 
phenomenon can be easily designed by the material and geo-
metrical factors. This structural coloring technology using thin 
metal fi lms is superior in fi ltering performance compared to 
the conventional dye-based color fi lter that experiences degra-
dation by heat and light due to the low chemical stability of the 
organic-dye material. In addition, thin and quasi-planar struc-
tures are advantageous in that they can be easily integrated with 
other devices. Therefore, PFs have recently been highlighted for 
use in industrial imaging applications such as CMOS image 
sensors and displays. [ 11,12 ]  

 With this point of view, we suggest a novel AOS device that 
has possible applications in transparent electronics, by inte-
grating a-IGZO-TFTs and PFs. A study on NBIS of the sug-
gested a-IGZO-TFTs combined with PFs was performed. Unlike 
previous work with white or a monochromatic light source, 
the photosensitivity of a-IGZO-TFTs was investigated with the 
selectively controlled spectral range of the illumination by the 
PFs. The suggested TFTs showed extremely improved stability 
even under a NBIS environment. In addition, compared to 
the prior AOS TFTs which were equipped with equipped with 
metal shielding layer to block the light, [ 13 ]  our suggestion pro-
vides not only the spectral selectivity from the light source but 
also reduces in the loss of transparency. We expect that the pho-
tosensitivity subdivided into spectral ranges will provide a prac-
tical guideline for designing structures or a fabrication process 
of transparent devices and enlarge the usage of AOS TFTs. 

  Optical Characteristics of Plasmonic Filters : One of a promi-
nent optical phenomena of nanohole arrays compared to that of 
micron scaled structures is extraordinary optical transmission 
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  Recently, research interests in amorphous oxide semiconduc-
tors (AOSs) as promising electronic materials have increased 
considerable. AOSs show superior characteristics necessary for 
electronic devices: high electron mobility, uniform surface due 
to its amorphous structure, and high transparency in the visible 
range. [ 1,2 ]  In particular, amorphous indium-gallium-zinc-oxide 
(a-IGZO) shows a mobility over 10 cm 2  V −1  s −1 , which is large 
enough for operating standard displays such as organic light-
emitting diodes (OLEDs) and liquid crystal displays (LCDs) 
with a fast driving scheme. [ 1 ]  The controllability of charge den-
sity in a-IGZO has been investigated by the simple charge trap-
ping model, [ 3 ]  and a-IGZO also has process compatibility with 
conventional fabrication systems. These device-favorable fea-
tures of a-IGZO based applications have led to creating novel 
electronics as well as alternating conventional silicon-based 
devices. Since the fi rst thin fi lm transistor (TFT) with a-IGZO, [ 4 ]  
prototypes composed of a-IGZO TFTs have been demon-
strated in various types of transparent or fl exible devices such 
as active matrix (AM) OLEDs, AM LCDs, electronic paper, and 
oscillators. [ 2,5,6 ]  

 Although a-IGZO has been regarded as a promising material 
for future electronics, the stability of TFTs has to be ensured 
for more practical use. OLEDs, for example, undergo negative 
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(EOT), which appears as extremely high transmission in the 
subwavelength regime. [ 14 ]  In metallic fi lms with nanoholes, SP 
resonance works mainly on the enhancement of EOT in the vis-
ible wavelength range. [ 14 ]  The spectral response of the metallic 
nanohole arrays has multiple transmission peaks calculated 
by Equation  ( 1)   that considers the SP resonance and periodic 
geometry. [ 16 ] 
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 Here, ( i,j ) are integers from the reciprocal vectors of the 
square array with a period,  a 0  , and  ε m   and  ε d   are the permit-
tivity of the metal and dielectric, respectively. 

 The largest value of  λ max  , which corresponds to (1,0) or (0,1), 
shows the highest transmission because SPs interact with the 
external light more vigorously at a lower energy level (or longer 
wavelength). [ 18 ]  The spectral position of  λ max   can be easily tuned 
by adjusting  a 0   under the given materials from Equation  ( 1)  . 
Therefore, metallic nanohole arrays have been introduced as 
color fi lter applications that show the selectively fi ltering func-
tion at  λ (1,0)   in each spectral response. Previously, we designed 
plasmonic color fi lters (PCFs) optimizing their optical charac-
teristics with a combination of LiF and Al and demonstrated 
the PCFs with laser interference lithography for large area 
fabrication. [ 12 ]  

 In this work, we propose the use of PFs for photo-insensi-
tive oxide-TFTs. The transmission peak at  λ max   shows a Fano-
resonance shape: the left side of  λ max   is affected by the Wood’s 
anomaly, a purely geometric effect, and thus remained a con-
stant value whereas the right side of the peak decreases slowly 
with increasing wavelength. [ 16 ]  This phenomenon is noticeable 
when the lifetime of SPs becomes short, that is, the size of the 
holes is large (see Figure S1 in Supporting Information). For 
example, in the case of the green fi lter this right side tail of  λ max   
results in not only a broader full-width half-maximum (FWHM) 
but also a higher transmission of red light. In this respect, the 
plasmonic fi lter with large holes performs as a low-cut fi lter for 
cutting off the wavelength region below  λ min  . 

 We performed numerical simulations using a fi nite-differ-
ence time-domain method (FDTD solutions, Lumerical Inc., 
Canada) to design the PFs that have  λ max   at red and green as 
described in previous work, [ 12 ]  but with larger diameter holes. 
Since ZnO-based materials are generally sensitive to UV and 
blue light due to their high energy bandgap, we designed the 
plasmonic fi lters to cut off blue light: a) PF-G (Green) cut-
ting off the light wavelength below 470 nm and b) PF-R (Red) 
cutting off light below 580 nm as shown in Figure S2 in Sup-
porting Information. 

  Figure    1  a represents the schematic of the designed PFs. 
As mentioned above, the cutoff region was determined by 
adjusting  a 0   within the same composition. A 50-nm-thick LiF 
layer was deposited on a glass substrate. Then a 150-nm-thick 
layer of Al, that consisted of patterned square-type arrays with 
a period ( a 0  ) and hole diameters (d), was deposited on the LiF 
layer where  a 0   = 320 nm and  d  = 220 nm for PF_G and  a 0   = 
390 nm and  d  = 260 nm for PF-R. Lastly, a 150 nm of LiF was 
deposited for high transmission at  λ max   by matching SP modes 

at two metal-dielectric interfaces. [ 12 ]  It is also helpful for passi-
vation of the metal surface from oxidization as well as planari-
zation of the structures.  

 Figure  1 b represents the optical characteristics of the fabri-
cated fi lters. The periodic holes were created by laser interfer-
ence lithography as shown in the inset images. Although the 
interference pattern provides good regularity of the periodic 
domain, the patterned holes in the Al fi lm showed poor uni-
formity in shape and size and thus resulted in degraded per-
formances compared to the simulation: a) smaller transmit-
tance (22.2% for PF-G and 26.2% for PF-R) and b) broader 
FWHM. [ 15 ]  As shown in Figure  1 b, the right side tail of  λ max   
showed a much slower decrease rate while the cutoff frequency 
was in good agreement with the calculations in Figure S1. The 
broader FWHM resulted in more favorable spectra for low-cut 
fi lters. 

  Enhanced Stability of a-IGZO TFTs under NBIS Using PFs : 
 Figure    2  a shows the schematic illustration of the suggested 
TFT integrated with the plasmonic fi lter. The a-IGZO TFTs 
with  W/L  = 40 µm/20 µm were fabricated with a bottom-
gate confi guration and operated in n-type depletion mode. 
The electrical properties of the fabricated a-IGZO TFTs 
were estimated as summarized in Supporting Information 
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 Figure 1.    (a) The schematic diagram of the plasmonic fi lter. (b) The spec-
tral response of the fabricated plasmonic fi lters. Insets with a scale bar 
of 1 µm show the scanning electron microscope (SEM) images of the 
photoresist layers patterned by laser interference lithography. The periods 
( a 0  ) of the nanohole arrays were 320 nm and 390 nm for the PF-G and 
PF-R, respectively.
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(Figure S3): the saturation mobility ( µ SAT  ) of ∼11.9 cm 2 V −1 s −1 , 
the threshold voltage ( V  th ) of –4.74 V, the on/off current 
ratio ( I  on/off ) of 1.39 × 10 7 , and the subthreshold gate swing 
( SS ) of 0.39 Vdec −1 . PFs were attached on the opposite side 
of the substrate. Since the attached fi lter screens light with a 
shorter wavelength than  λ max   for each fi lter, the transparent 
TFTs appeared as different colors as shown in the microscope 
images in Figure  2 b–d.  

 In order to investigate the device stability under NBIS, we 
applied the gate/drain stress state with a gate voltage ( V  G ) of 
–10 V and drain voltage ( V  D ) of 10 V for 3000 s under light 
illumination. A white LED was used as a light source and the 
intensity during exposure was maintained at 1000 cdm −2 . 

 As expected with general AOS TFTs, as shown in  Figure    3  a, 
the transfer curve of the reference device (a-IGZO TFT only) 
showed a negative shift under NBIS. The value of  V  th  for 
the reference TFT changed from –4.74 V to –6.92 V through 
3000 s under NBIS. The deteriorated switching performance, 
estimated by Δ V th  , reduced when the a-IGZO TFTs was inte-
grated with PFs as shown in Figure  3 b and c. The NBIS for 
3000 s resulted in a Δ V  th  of –0.58 V for the a-IGZO TFT:PF-G 
and –0.28 V for the a-IGZO TFT:PF-R.  

 The negative shift behavior of  V  th  can be explained by the fol-
lowing mechanisms: i) photo-accerlated state-creation from [ Vo ] 
to [ Vo 2+  ], [ 10 ]  ii) the hole trapping model, [ 7 ]  and iii) the oxygen 
photo-desorption model. [ 9 ]  We excluded the oxygen desorption 

effect on account of the passivation on the channel back sur-
face. Other models deal with the variable carrier concentration 
due to the state transition or photo-created holes that originate 
from the external light energy. The PF of the suggested device 
acts as a low-cut fi lter that blocks the light in the spectral range 
below  λ max  . Therefore, the different stability characteristics 
between the reference and the TFTs integrated with PFs can be 
simply interpreted by the amount of the variation of photosen-
sitive carriers. 

 For a more plausible explanation, we investigated the varia-
tion of the electric properties of the TFTs during NBIS and their 
recovery after the stress state, shown  Figure    4  . Figure  4 a repre-
sents the change in  SS  for each TFT. All a-IGZO TFTs exhibited 
comparably stable  SS  characteristics. It also corresponds that 
the negative shift of the transfer curves progressed in parallel 
as shown in Figure  3 .  SS  is obtained by [ 19 ] 
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 where  k  is the Boltzmann constant,  T  is absolute temperature, 
 q  is the electron charge, and  C i  ,  C d  , and  C it   are capacitances of 
the gate, the depletion, and the interface state, respectively. The 
behavior of  SS  with changing  V th   is only affected by  C it  , which 
is determined by charge-trapping at the interface between the 
active layer and the gate-dielectric layer. Thus, the parallel shift 
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 Figure 2.    (a) Schematic illustration of the a-IGZO TFT integrated with the plasmonic fi lter (PF). (b–d) Microscopic image of the fabricated a-IGZO 
TFTs. The PFs were located at the bottom of the glass substrate: PF-G for (c) and PF-R for (d).
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of  V th   without degradation of  SS  indicates that the charge trap-
ping effects are negligible and the major cause of the  V th   shift 
is explained by the photo-created carriers from the oxygen 
defects.  

 The external light excites electrons from the ground state 
[ V O  ] (∼2.5 eV from the conduction band) to the [ V O  2+  ] state 
(∼0.4 eV from the conduction band), releasing delocalized free 
electrons in the conduction band. [ 20 ]  In addition, the excited 
photo-induced electrons from the [ V O  ] state to the conduction 
band can be generated. [ 10 ]  These carriers survive without direct 
recombination with excess holes that are trapped in the stable 
[ V O  2+  ] state under NBIS. [ 8 ]  The released free electrons and 
[ V O  2+  ] itself lead to the negative shift of  V th  . 

 The effect of the photo-created carriers was measured quan-
titatively with the induced carrier concentration ( ΔN d   = C i ΔV th /
qt ch  , [ 21 ]  where t ch  is the channel thickness) as shown in Figure 
 4 b. The  N d   of a-IGZO channel was initially estimated to be 
-3.40 × 10 17  cm −3  and the additional carriers ( ΔN d  ) with a den-
sity of -1.59 × 10 17  cm −3  were generated in the reference TFT 
throughout the 3000 s under NBIS. After removing the light, 
the exceeded carriers slightly reduced to –1.15 × 10 17  cm −3  
resulting in a  V th   of –6.3 V. This means that most of the elec-
trons were still in the conduction band. Owing to a thermal bar-
rier (0.2–0.3 eV), the excited [ V O  2+  ] state can also exist after light 
exposure. [ 22 ]  Therefore,  V th   does not recover to its initial condi-
tion after NBIS. This behavior causes poor switching properties 
of the a-IGZO TFTs. Initially, we expected that the PFs could 
reduce the photo-induced carriers throughout the NBIS dura-
tion. This was confi rmed by the fact that  ΔN d   of the a-IGZO 
TFTs with PFs appeared much smaller than that of the ref-
erence TFT without PF. After 3000 s under NBIS,  ΔN d   was 
found to be -0.39 × 10 17  cm −3  for the a-IGZO:PF-G and –0.23 × 
10 17  cm −3  for the a-IGZO:PF-R. 

 The fabricated PFs had a cut off wavelength of  λ max  : 470 nm 
(∼2.64 eV) and 580 nm (∼2.14 eV) for the PF-G and the PF-R, 
respectively. Since the transmittance curves of PFs had a slope 
from  λ max   to the maximum value, the contrast ratio between 
the on/off ranges was not exactly distinguished by  λ max  . There-
fore, the energy of the effective spectral range of NBIS in 
the case of the a-IGZO TFT:PF-G, for example, can be much 
smaller than 2.64 eV and consequently restrain exciting elec-
trons from [ V O  ] to [ V O  2+  ] (>2.5 eV). In addition, the downward 
transmittance (22.2%) reduces the strength of the photo-
induced mechanism in the pass band of PFs. Although the 
energy of the light passing through the PF-G is large enough 
to make the state transition (>2.1 eV), the amount of electrons 
in [ V O  2+  ] could decrease. Similarly, the energy within the effec-
tive spectral range for the PF-R is smaller than 2.14 eV. This 
resulted in eliminating both the photo-induced carriers and the 
state transition. 

 The results in Figure  3  and Figure  4  indicate that the a-IGZO 
TFTs are stable in the spectral range greater than 470 nm. This 
was previously investigated with different wavelength light 
sources. [ 5,7,10,17 ]  However, in our current study we investigated 
the NBIS effect with a white light while tuning the spectral range 
using PFs. Since the transmission range of nanohole-based PFs 
is easily tuned via the periodicity of the nanohole arrays, the sta-
bility of a-IGZO TFTs with integrated PFs showed potential for 
more practical use. This is especially true for transparent elec-
tronics, components such as the black matrix or color fi lters can 
possibly be replaced by PFs to enhance transmission. If a-IGZO 
TFTs with PCFs are used as imaging devices, the NBIS effect in 
the deep blue region (<470 nm) should be investigated. 
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 Figure 3.    Transfer characteristics of a-IGZO TFTs: (a) the reference TFT 
without PF, (b) with PF-G, and (c) with PF-R. As increasing λ max  of PF, the 
device characteristics became stabilized via fi ltered incident light under 
NBIS condition.
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 In conclusion, we studied photo-insensitive a-IGZO TFTs 
integrated with PFs. Since the spectral response of PFs is easily 
controlled, the stability of a-IGZO under NBIS is investigated at 
different wavelength ranges with a white light source. The PFs 
block out the light at higher energy, which excites photo-created 
electrons into the conduction band. In addition, the number 
of carriers from the state transition of the oxygen defects was 
restrained by reduced light transmission in the pass band. 
These results suggest a higher possibility for application to 
practical devices as well as provide an understandable explana-
tion of the NBIS effect on a-IGZO devices. We believe these 
results will lead to advances in transparent electronics by giving 
a realistic guideline to design and fabrication of the AOS-based 
devices.   

 Experimental Section 
  Fabrication of the Plasmonic Filters : In order to pattern nanohole 

arrays, laser interference lithography was used. A 50-nm-thick LiF fi lm 

and 150-nm-thick Al fi lm were deposited on a glass substrate by thermal 
evaporation in sequence. A pretreatment (HMDS:PGMEA = 1.4) was 
performed for increased adhesion of the photoresist. The photoresist 
(AR-N4240) mixed with thinner (AR 300–12) at a ratio of 1:1 was 
spin-coated and resulted in a thickness of 300 nm. The periodic nano 
patterns were created by a Lloyd’s mirror interferometer. Two coherent 
beams, which were produced from a frequency-doubled argon-ion laser 
with a wavelength of 257 nm and an output power of 0.16 mW cm −2 , 
formed a 1D interference pattern on the sample for a duration of 140 s. 
During exposures, the angle between the mirror and the sample (θ) of 
30° and 35° corresponded to the length ( a 0  ) of 320 nm and 390 nm, 
respectively. A successive exposure was performed after a 90° rotation of 
the sample. After development, a square-type hole array was generated. 
Next, inductive coupling plasma reactive ion etching (TCP-9600DFM, 
Lam Research) with chlorine (Cl 2 ) was performed to pattern holes in 
the Al fi lm. After removing the photoresist layer, a 150-nm-thick LiF layer 
was thermally evaporated. Finally, the optical response of the fabricated 
plasmonic fi lter was measured by a spectrophotometer (UV-2550, 
Shimadzu). 

  Fabrication of a-IGZO Thin Film Transistors : In our experiment, 
rf-magnetron sputtering was used for depositing ITO and a-IGZO with 
a deposition pressure of 0.13 Pa in an Ar/O 2  atmosphere (10% O 2 ). 
And plasma-enhanced chemical vapor deposition (PECVD) was used 
for depositing silicon dioxide (SiO 2 ). A 300-nm-thick SiO 2  buffer layer 
and 150-nm-thick ITO layer were deposited in sequence on the glass 
substrate (100 mm × 100 mm). The ITO layer was then deposited 
and lithographically patterned for the gate electrode. On top of that, a 
300-nm-thick SiO 2  layer and 150-nm-thick ITO layer were deposited and 
the ITO layer was patterned with a wet-process in order to make the 
source/drain electrodes. Subsequently, a 30-nm-thick a-IGZO active layer 
and 100-nm-thick SiO 2  passivation layer were deposited in sequence. 
These two layers were simultaneously patterned by a wet-process. In our 
devices, the width/length (W/L) ratio was defi ned as 40 µm/20 µm. After 
fabrication of a-IGZO TFTs, a thermal annealing process was performed 
at 300 °C in ambient air for 2 h. The electrical characteristics of a-IGZO 
TFTs were characterized by using the semiconductor parameter analyzer 
(Keithley SCS 4200) in a dark-box. A white LED was used as a light 
source and the light intensity was maintained at 1000 cd/m 2  while 
measuring the light-induced instability.  
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