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Microstructural modulation of organic passivation
layers for metal oxide semiconductors to achieve
high bias stability†

Dongil Ho,a Ha-Yun Jeong,b Minh Nhut Le,c Hakan Usta, d Hyuck-In Kwon,b

Myung-Gil Kim *c and Choongik Kim *a

Electrical properties of metal oxide thin-film transistors (TFTs) are tuned via the microstructural control

of organic back-channel passivation layers. In this study, organic semiconductor (OSC) passivation layers

with various molecular and physicochemical properties are employed to identify the back-channel

passivation mechanism in solution-processed amorphous indium gallium zinc oxide (a-IGZO) TFTs. The

OSC microstructure influences the passivation of electrical defects in a-IGZO TFTs by compensating for

acceptor-like trap states and dangling bonds in the back-channel. First, the distance between an n-type

OSC (C60) and the a-IGZO back-channel is controlled by employing phosphonic acid molecules with

different carbon chain lengths. Positive bias stress stability is tuned by applying both the OSC and

carbon chain effect, leading to stable, high-performance TFTs with the determination of subgap density

of states to confirm the compensation effects on the total acceptor-like defect states. The n-doping of

identical passivation layers is further investigated by using perylenedicarboximide derivatives to confirm

the proposed n-doping mechanism. Finally, the semiconductor 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene is selected on the basis of our proposed passivation model and exhibited good passivation

characteristics. This study demonstrates an ideal molecular design for organic passivation layers, which

shows significant potential for the realization of stable, high-performance TFTs.

1. Introduction

The vast expansion of the IT industry and the wide use of
high-end technologies has given rise to a demand for high-
resolution, high-frame-rate displays and the development of
flexible and wearable next-generation electronic devices.
To meet the high demand for state-of-the-art devices, new
semiconductors and innovative processing techniques for
thin-film transistors (TFTs), with advantages such as large-
area application, high electrical performance, multiple func-
tionalities, and low fabrication cost, have been developed over
the last few decades.1–4 Amorphous oxide semiconductors
(AOSs) have attracted much interest as a replacement for

conventional silicon-based semiconducting materials owing
to their remarkable electrical performance [electron mobility (me)
4 10 cm2 V�1 s�1 and current on/off ratio (Ion/Ioff) 4 106]
and good electrical uniformity arising from their homogeneous
amorphous structure.5,6 Amorphous indium gallium zinc oxide
(a-IGZO) obtained using low-cost solution-processing methods at
a processing temperature as low as 150 1C exhibits high electrical
performance, opening a new avenue to low-cost printable electro-
nics on flexible substrates.2,7 To date, a-IGZO TFTs have been
used as switching and driving TFTs for active-matrix liquid crystal
displays and organic light-emitting diodes.8,9 Although these
materials exhibit high electron mobility, which decreases the pixel
charging time and RC delay in the signal line,10 stability and
reliability issues are the main obstacle to practical applications,
where stresses such as voltage bias, illumination, temperature,
and ambient effects are critical limitations.11–14 The degradation
of electrical characteristics for the sputtered a-IGZO TFTs is
known to be originated from the scattering centers, weak oxygen
bonds, and ionized oxygen vacancies which are all created due to
the high energy of the target ion and Ar+ incorporation during the
sputtering procedure.15,16 Therefore, to stabilize the channel
layer of sputtered a-IGZO TFTs, activation process which utilize
thermal energy is required,17 and researchers have succeeded in
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commercialization via activation temperatures above 300 1C.
Compared to the commercialized sputtered a-IGZO, solution-
processed a-IGZO exhibit inferior stability due to the chemical
reactions of the precursors during the sol–gel process.18 Inten-
sive investigations have been conducted to enhance the perfor-
mance and stability of solution-processed a-IGZO up to the
sputtered level, but still there were limitations. Defect states
were difficult to remove for low temperature processes which
are required for the realization of next-generation flexible/
stretchable devices. In particular, the stability of AOS TFTs against
voltage bias stress is crucial, because the on/off states of TFTs are
determined by the voltage biases, making bias stress unavoidable
in practical applications. For n-type metal oxide semiconductors,
positive bias stress (PBS) has been extensively studied to under-
stand the contribution of electron traps and acceptor-like states in
the channel to the positive shift in the threshold voltage.19

Amorphous structural and electronic defects such as oxygen or
metal ion vacancies, substitutions, anti-site defects, interstitial
atoms, and dangling bonds are known to form additional electro-
nic defect states in the band gap of AOSs and act as carrier
traps.20–23 In addition, most metal oxide TFTs are sensitive to
extrinsic impurities such as oxygen and water molecules, which are
absorbed through the semiconductor back-channel surface and
then capture electrons from the conduction band, creating a
depletion region in the back channel.24–26 These factors together
result in poor stability and large hysteresis in the current–voltage
performance of the devices.24–26 Therefore, it is essential to com-
pensate for the defect states and block ambient impurities in order
to realize high-stability devices.

To address these issues, the deposition of additional passi-
vation layers on the back channel of the AOS surface has been
intensively studied. Various compounds such as SiOx, MgF2,
Al2O3, TiOx, and Y2O3 have typically been employed as inorganic
materials for the passivation layer.10,14,27–30 However, most of
these materials require a high fabrication temperature and a
costly vacuum deposition process, and therefore hinder applica-
tion to flexible substrates. Furthermore, the plasma-based
vacuum process causes additional device degradation such as
negative threshold voltage shifts and large off-currents.31,32

By contrast, organic materials used as passivation layers are
generally fabricated by a solution process, so the disadvantages
of the vacuum-based fabrication methods used for inorganic
materials may be avoided. Conventional organic materials used
for passivation include monolayers of phosphonic acids,33,34

alkoxysilanes, and alkanethiols,35 and polymers such as poly-
(methyl methacrylate),36,37 CYTOP,38 polydimethylsiloxane,39

and SU-8 resist.40 Recent studies demonstrated that nitro-
cellulose41 or instant glue42 on the back channel of IGZO TFTs
could modify the chemical stoichiometry of the IGZO films and
block the adsorption of moisture and oxygen. In addition, we
have investigated phenyl-C61-butyric acid methyl ester (PCBM)
fullerene derivatives for use as solution-processed interfacial
layers between copper electrodes and an IGZO semiconducting
layer, where the organic layer not only passivated the IGZO back
channel, but also prevented copper ion migration from the
electrodes to the semiconducting layer.43 Previous studies also

reported successful application of organic materials as passivation
layers on the back channel of oxide semiconductors via a simple
immersion or spin-coating process and demonstrated improved
device stability.44 However, most studies have not described the
detailed passivation mechanisms or how to control and modify the
passivation effect. To further expand the use of organic materials
for efficient passivation, and hence to obtain stable, high-
performance devices for state-of-the-art electronics, in-depth study
that establishes an ideal model of organic passivation is crucial.

In this study, the physicochemical characteristics of organic
semiconducting materials for passivation layer application
were carefully controlled and analyzed to clarify the dominant
properties that affect the back-channel passivation capability.
Because most organic semiconductor (OSC) structures consist
of a p-conjugated core with alkyl chain substituents, we
designed an organic passivation model in which alkyl chains
are used to separate the p-conjugated core from the back
channel. Alkyl chain substitutions play a key role in 3D charge
transfer in a molecular design for OSCs.45,46 These chains
produce distinctive molecular stacking structures; hence, the
charge transfer characteristics depend on the stacking
direction.47,48 Alkyl chains are also considered as insulating
materials, where vertical charge transfer is affected by the chain
length in edge-on stacking structures.49–51 Therefore, a detailed
investigation of the effect of the molecular behavior on organic
back-channel passivation will provide insight into molecular
engineering of organic passivation materials. Phosphonic acid
(PA) molecules with alkyl chain lengths of 8, 12, and 18 were
applied in solution-processed a-IGZO semiconductors with an
SiO2 dielectric to vary the distance between the back channel of
the a-IGZO and the C60 fullerene n-type OSCs, which were
deposited on the PA-modified a-IGZO to obtain ideal isotropic
charge transfer. Detailed X-ray photoelectron spectroscopy
(XPS) analysis revealed that back-channel passivation compen-
sated for a significant number of oxygen vacancies and sub-
sequent hydroxide generation, reducing the positive shifts in
the threshold voltage (DVth) during PBS tests for up to 3600 s.
For the unpassivated a-IGZO and C60-passivated devices with
alkyl chain lengths of 0 (no PA treatment), 8, 12, and 18, the
DVth values were 34, 21, 13, 4, and 11 V, respectively. As the PA
alkyl chain length increased from 0 to 18, not only was the
passivation effect of the OSC (C60) minimized owing to the
increased distance from the back channel, but also the passiva-
tion effect of the alkyl chains was maximized. The optimal DVth

value of 4 V was obtained at an alkyl chain length of 12. This
result reveals that the overall organic passivation capability
originates from the combined effect of the OSC and the alkyl
chain. Furthermore, stable, high-performance devices were
realized by applying the optimal passivation conditions, and
the density of states (DOS) in devices with and without the
passivation layers was determined. To this end, the n-doping
characteristics of the organic passivation layer were investigated
using the same passivation model. The results were verified by
employing n-type perylenedicarboximide (PTCDI) derivatives with
chain lengths of 1, 8, 13, and 18 as passivation layers, where the
n-doping behavior corresponded well with that of the proposed
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model. A detailed understanding of organic back-channel passiva-
tion of a-IGZO oxide semiconductors would provide efficient
design strategies for organic passivation materials and allow the
further development of highly stable high-performance AOS TFTs
for application in state-of-the-art devices.

2. Results and discussion

The schematic in Fig. 1a shows the effect of the organic
passivation layer on the a-IGZO TFTs. Organic molecules on

the back channel of metal oxide semiconductors can compensate
for electronic defects such as oxygen or metal ion vacancies,
substitutions, anti-site defects, interstitial atoms, and dangling
bonds, which may act as carrier traps, thus affecting the DOS in
the band gap.52–54 The addition of organic materials to the back
channel of metal oxide semiconductors can reportedly passi-
vate electron trap sites.41,42,55 In unpassivated TFT devices
based on metal oxide semiconductors, defect states in the
active layer generally induced electron traps and a corres-
ponding positive shift in the threshold voltage during PBS tests.

Fig. 1 (a) Schematic showing effect of organic passivation on the a-IGZO back channel employed in this study and (b) energy band diagram of
unpassivated and passivated a-IGZO TFTs, which illustrates the passivation mechanism.
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This paper proposes a mechanism for organic back-channel passi-
vation (Fig. 1a) and establishes a model system for the design of
organic passivation molecules. The spherical OSC C60 was applied
as the organic passivation layer. C60 fullerenes are one of the most
widely used n-type component in organic TFTs and photovoltaics.
Due to their low lowest unoccupied molecular orbital (LUMO) levels
and ionization energies that are near the metal oxide work
function, sufficient electron transfer from the OSCs to a-IGZO is
expected.43 Since we have explored fullerene-based materials as a
potential back-channel passivation material in our previous
study,43 C60 fullerenes were selected as OSCs for passivation in
which the filling of subgap states is anticipated. Moreover, owing to
the spherical shape of C60, convenient tuning of the distance
between the passivation layer and the back channel is possible,
enabling efficient charge transfer by the organic passivation
molecules. To investigate the effects of passivation, an organic
layer was employed on solution-processed a-IGZO. To clearly
identify these effects, a-IGZO was fabricated by a sol–gel
processing method and annealed at 310 1C to create unstable
devices. To tune the distance between C60 and the back channel, PA
monolayers with alkyl chain lengths of 8, 12, and 18 were deposited
on top of the a-IGZO back channels. Analysis of the threshold
voltage and on-voltage shifts during PBS tests suggests that the
passivation effect is determined by the combined effect of the OSC
and the alkyl chain. Furthermore, use of the optimal passivation
conditions resulted in minimal threshold voltage shifts against the
PBS and a corresponding reduction in the DOS trap states. Hence,
effective suppression of defect and trap states in the back channel
and semiconductor layer is crucial to achieving stable device
operation of metal oxide semiconductor TFTs (Fig. 1b). Note that,
the ambient instability of organic n-channel devices does not apply
in this study, since such instability will occur when the organic
semiconductor is employed as the channel layer. Organic materials
which are employed here are utilized as passivation layers on top of
a-IGZO which provides the actual n-channel for the TFT device.
Considering the lack of electron accumulation, these organic
semiconductors only act as electron-donating defect-passivation
materials.

2.1 Microstructural and chemical changes in a-IGZO films
after organic passivation

To investigate the microstructural and chemical changes in
the a-IGZO films due to the control of organic passivation,
we characterized the as-prepared and passivated a-IGZO films
using atomic force microscopy (AFM), X-ray diffraction (XRD),
and XPS. The thin (15 nm) a-IGZO films (Fig. S1a and b in the
ESI†) derived from a soluble precursor, as well as the a-IGZO
films with PA-treatment (Fig. S1c–g, ESI†) did not show any
crystalline diffraction peaks, indicating amorphous structure.
The thin films of vacuum-deposited C60, which were employed
as the outermost part of the organic passivation layer, also
exhibited no XRD diffraction peaks, demonstrating their amor-
phous nature (Fig. S1h–k, ESI†).56 The AFM images in Fig. S2
(ESI†) show that the a-IGZO, a-IGZO/C8 PA, a-IGZO/C12 PA, and
a-IGZO/C18 PA films have smooth surface morphologies, with
root-mean-square (RMS) roughness values of 0.32, 0.36, 0.29,

and 0.31 nm, respectively. The 30 nm-thick C60 films exhibit
island-like morphologies, with an RMS roughness of 4.4–5.1 nm.
Additionally, to confirm the proper placement of the PA mono-
layers on the back channel of the a-IGZO films, the contact angles
of the film surface were measured (Fig. 2). Aqueous contact
angles of 74.61, 103.91, 109.51, and 112.11 were observed for the
a-IGZO, a-IGZO/C8 PA, a-IGZO/C12 PA, and a-IGZO/C18 PA films,
respectively. The higher contact angles for the PA-treated a-IGZO
films indicate hydrophobic surface characteristics resulting from
the carbon chains of the PA monolayers.57 Because the deposition
of an organic passivation layer on AOSs is a nondestructive
process, the microstructural and morphological analyses using
XRD and AFM showed no disruption of the atomic order and
indicated proper fabrication of the passivation layer on the a-IGZO
films. Further spectroscopic analysis was employed to investigate
the local changes in the chemical bonds.

XPS was used to investigate the local chemical environment
of the metal oxide semiconductor and the changes in the
a-IGZO TFT back channel chemistry after the PA monolayers
and C60 were applied as passivation layers. To exclude
unwanted reactions or additional oxygen vacancy formation,
the surfaces of the thin films were not etched further.58 In the
O 1s spectrum of the a-IGZO film (Fig. 2a and b), three peak
components at low (B530 eV), intermediate (B531 eV),
and high binding energy (B532 eV) could be assigned to the
M–O–M lattice oxygen, M–Ovac–M oxygen vacancy, and M–OH
hydroxide, respectively.7,59 PA-treated a-IGZO (a-IGZO/C8 PA,
a-IGZO/C12 PA, and a-IGZO/C18 PA) showed the main O 1s peak
at 530.5 eV (full width at half-maximum, 2.8 eV) originating
from the a-IGZO lattice.61 Among the three peak components,
the O 1s component at intermediate binding energy can be
attributed to P–O–M (P–O–In/P–O–Ga/P–O–Zn) and PQO, in
agreement with previous studies.60–62 It is known that surface
hydroxyl groups are replaced with P–O–M bonds,63 and, as
shown in Fig. 2, the decrease in the M–OH hydroxide peak
corresponds to the increase in the P–O–M peak when PA
monolayers with longer alkyl chains are used, indicating
densely ordered monolayers on the a-IGZO back channel.
Additionally, the intensity ratio of the intermediate- and low-
binding-energy peaks (Iintermed/Ilow) provides a qualitative esti-
mate of the relative number of ordered monolayer on the
surface.64 As shown in Fig. 2f, the Iintermed/Ilow ratio is 74%,
89%, and 94% for the a-IGZO/C8 PA, a-IGZO/C12 PA, and
a-IGZO/C18 PA films, respectively; this results suggests better
molecular packing and subsequent formation of high-density
PA monolayers with longer alkyl chains.

The O 1s XPS spectra of the films with a C60 layer reveal a
high-intensity component at 532 eV and an additional peak at
533 eV (Fig. S3, ESI†). The values are in agreement with prior
studies in which the peak signal was attributed to the amor-
phous region of the sample, not to the fullerene bulk.65 It has
also been reported that the low-binding-energy peak corresponds
to either hydroxyl- or ether-bonded oxygen in the sample, whereas
the high-binding-energy peak can be assigned to surface or
subsurface water, which is resistant to evaporation even under
vacuum.66 Because the samples were not in contact with water,
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absorption from the humid air of the laboratory is thought to
have occurred over time. The hydroxyl signals could also result
from hydroxyl radical creation by ambient UV light exposure of
C60 in the presence of water.67

2.2 Tuning device stability and density of states via organic
passivation

PBS tests of top-contact/bottom-gate devices with a thermally
grown SiO2 dielectric (Fig. 1a) were conducted to investigate
the tuning of organic passivation effects on the electrical
performance and device stability of the a-IGZO TFTs. Positive
biases of VG = 70 V and VDS = 30 V were applied for up to 3600 s
to observe the positive shifts in the transfer curves. Positive
displacement of the threshold voltage (Vth) results from trap-
ping of negative charges at the channel/dielectric interface68,69

or the bulk channel layer (channel defects)70 during PBS.
Consequently, a larger positive gate voltage is required for the
device to turn on and reach saturation.71 Electronic defect
states are compensated for by applying organic materials as
back-channel passivation layers in a-IGZO TFTs, resulting in
smaller PBS shifts. The PBS shift of organic passivation materials
with different physicochemical characteristics will be observed to

establish an organic passivation tuning model of a-IGZO TFTs.
Note that, the devices were measured in vacuum conditions
to exclude the effect of ambient molecule adsorption and
desorption, and to focus on the electrical perspective of the
passivation layers along with the study of intrinsic defect states
of oxide semiconductors.

For this investigation, solution-processed a-IGZO thin films
annealed at 310 1C were employed as the template for organic
passivation. The annealing temperature of the metal oxide
film is critical to the condensation reaction and structural
relaxation, which removes chemical impurities/byproducts,
densifies the film, and reduces the defect states for the sol–gel
metal oxide chemical process.72 Varying the annealing tempera-
ture of the a-IGZO thin films contributes to changes in the TFT
characteristics;73 an annealing temperature of 310 1C was adopted
in this study to produce sufficient defect states for effective
observation of the passivation effects. The TFT with an unpassi-
vated a-IGZO thin film annealed at 310 1C, which is considered as
the reference, exhibits Vth shifts of up to 40 V during 3600 s of
PBS, as shown in Fig. 3a, b and Fig. S4a (ESI†). For both the
unpassivated and passivated devices, typical instability indicators
such as rigid positive transfer curve shifts, continuous IDS reduction,

Fig. 2 O 1s XPS spectra of (a) a-IGZO, (b) a-IGZO (390 1C), (c) a-IGZO/C8 PA, (d) a-IGZO/C12 PA, (e) a-IGZO/C18 PA with insets of contact angle images, and (f) areal
ratio of the M–O–M, P–O–M (and PQO), and M–OH bonding states as determined by XPS O 1s analysis of a-IGZO/C8 PA, a-IGZO/C12 PA, and a-IGZO/C18 PA films.
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and clockwise hysteresis in the transfer curves were observed
throughout the PBS. These behaviors correspond to degradation
via deep state creation and electron trapping in the a-IGZO channel
layer, as illustrated in Fig. 1b.54

To control the microstructure of C60 passivation layers and
tune the PBS stability of the TFT devices, PA monolayers were
inserted between the a-IGZO back-channel and C60 passivation
layer. In regard of distinguishing the C60 passivation effect from
the combined effect with PA monolayers, first, PA-treated
a-IGZO TFTs (a-IGZO/Cn PA) were tested. As shown in Fig. 3b
and Table 1, the threshold voltage shift (DVth) during 3600 s of
PBS decreased from 34 V (a-IGZO reference) to 29, 23, and 14 V
for the a-IGZO with PA monolayers with carbon chain lengths of
8, 12, and 18, respectively. It is known that monolayers with
alkyl chains longer than 10 carbon atoms show strong cohesive
forces; thus, the molecules have an almost upright configu-
ration, resulting in a smooth, well-ordered monolayer.57

Therefore, electronic degradation resulting from the contribu-
tion of dangling bonds at the a-IGZO back channel16,74,75 would
be compensated by phosphate groups with longer alkyl chains,
resulting in enhanced stability during PBS tests. PAs are known
to show strong binding affinity to metal oxides, resulting
in strong covalent P–O–M anchoring.76,77 Furthermore, PA
adsorption on the a-IGZO back channel can also eliminate
the dangling bonds of the metal cations by forming chained
phosphate groups.78–80 Because dangling bonds or under-
coordinated cations form localized defect states near the con-
duction band minimum (CBM), acting as electron traps and

inducing threshold instability,81 organic passivation of such
defect states results in stable device performance, which is
consistent with the O 1s XPS spectra in Fig. 2.

Next, the microstructure-controlled C60 passivation devices
(a-IGZO/Cn PA/C60) were examined. The distance between the
a-IGZO and the C60 organic layer increases gradually as the
chain length of the PA increases from 0 (reference) to 8, 12, and 18.
In PBS tests of the representative device a-IGZO/PA/C60 (Fig. 3a and
Fig. S4, ESI†), DVth values of 21, 13, 4, and 11 V were observed for
the unpassivated and C8-, C12-, and C18-PA passivated devices,
respectively. Additional DVth reductions (indicated by red arrows
in Fig. 3b) of 13, 16, and 19 V were observed for a-IGZO/none/C60,
a-IGZO/C8 PA/C60, and a-IGZO/C12 PA/C60, respectively, compared
with the reference and a-IGZO/Cn PA devices, indicating optimal
passivation in the a-IGZO/C12 PA/C60 device. On the other hand,
an additional DVth reduction of only 3 V was observed for the
a-IGZO/C18 PA/C60 device, indicating that the passivation
strength of the C60 was reduced owing to the distance of the
layer from the back channel. The passivation effect can be
confirmed by investigating multiple devices, and the DVth range
is presented in Fig. 3b. Because a-IGZO contains subgap defect
states within B2 nm of the film surface,82 fullerene derivatives
can be regarded as electron-donating defect-passivation materials
when deposited on the back-channel surface, with an effect
similar to the reported a-IGZO back-channel passivation by Y2O3

metal oxide materials.83 Therefore, the primary reason for the
improved PBS stability arises from the compensation of subgap
defect states in the semiconductor layer, which can be controlled

Fig. 3 (a) PBS stability tuning via control of organic passivation microstructure, (b) changes in DVth of a-IGZO/PA and a-IGZO/Cn PA/C60 with the DVth

range for multiple devices, (c) PBS test results of a-IGZO (390 1C)/C12 PA/C60, and (d) the extracted subgap states gA(E) using the unified subthreshold
coupling factor technique for three devices obtained under different fabrication/passivation conditions.
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by structural modification of the passivation material. The DVth

results illustrate that the electron-donating defect-passivation
effect is hindered when the distance between the back-channel
surface and the passivation molecule exceeds a chain length of 12.
This indicates that alkyl chain length modification of the organic
molecules is critical to organic passivation effects and can be
further proposed as a molecular design strategy for organic
passivation materials. The DOS measurement will be further
discussed in the following sections.

Stable high-performance devices were realized by applying
the optimal passivation conditions to TFTs made with a-IGZO
annealed at 390 1C. Because of the high annealing temperature,
the unpassivated a-IGZO (390 1C) TFT exhibits a DVth value of
2 V, as shown in Fig. S4f (ESI†) and Table 2. This stability arises
from the decrease in oxygen vacancies (Fig. 2b), which are
known to remain as deep traps in the active layer or to generate
hydroxides by absorption of water into the vacancies.84

By applying the optimal passivation by C12 PA/C60, the a-IGZO
(390 1C)/C12 PA/C60 device exhibited a highly stable DVth of 0 V
and a high electron mobility of 5.4 cm2 V�1 s�1 (Fig. 3c). Device
stability was also secured for the passivated TFTs when
measured in ambient conditions (Fig. S5, ESI†). These results
demonstrate the feasibility of a stable, high-performance
solution-processed metal oxide thin-film technology obtained
by organic back-channel passivation. Furthermore, the devices
annealed at 390 1C were employed for DOS measurement to
determine the localized states in the band gap and specify their
role in organic passivation.

To determine the underlying spectral density of localized
states in the band gap, TFTs can be employed to clarify the trap
densities as a function of energy, known as the trap DOSs.85

Because DOSs are regarded as important parameters for deter-
mining the electrical characteristics and long-term reliability of
devices, DOS analysis of the interface and bulk traps is useful

Table 2 Representative electrical performance of amorphous IGZO thin-film transistors annealed at 390 1C under different C60 passivation conditions.a

[me: electron mobility (cm2 V�1 s�1), Vth: threshold voltage (V), Ion/Ioff: current on/off ratio]

PA Org. pass. Parameter

Positive bias stress

0 60 300 600 1200 1800 3600 D

None None me 4.8 5.0 5.1 5.2 5.2 5.2 5.2 0.4
Vth 9.0 9.4 9.6 10 10 11 11 2.0
Ion/Ioff 5.9 � 107 4.9 � 107 5.0 � 107 5.1 � 107 5.1 � 107 5.1 � 107 4.9 � 107

C12 C60 me 5.4 5.5 5.6 5.5 5.2 5.0 5.7 0.3
Vth �15 �15 �16 �16 �16 �15 �15 0
Ion/Ioff 5.8 � 106 5.6 � 106 5.4 � 106 5.4 � 106 5.5 � 106 5.6 � 106 5.7 � 106

a Measured in vacuum; exhibited n-type characteristics.

Table 1 Representative electrical performance of a-IGZO TFTs passivated by various phosphonic acid (PA) monolayers and C60.a [me: electron mobility
(cm2 V�1 s�1), Vth: threshold voltage (V), Ion/Ioff: current on/off ratio]

PA Org. pass. Parameter

Positive bias stress (s)

0 60 300 600 1200 1800 3600 D

None None me 1.6 1.6 1.6 1.6 1.6 1.5 1.6 0
Vth 31 44 47 52 61 60 65 34
Ion/Ioff 1.8 � 107 1.1 � 107 3.3 � 107 3.2 � 107 2.4 � 106 3.0 � 107 4.6 � 106

None C60 me 1.7 1.8 1.8 2.0 2.1 2.5 2.6 0.9
Vth 8.4 13 18 20 25 26 29 21
Ion/Ioff 2.1 � 106 1.3 � 106 1.0 � 106 1.3 � 106 2.4 � 106 3.4 � 106 4.7 � 106

C8 None me 1.4 1.5 1.6 1.6 1.6 1.6 1.6 0.2
Vth 10 20 25 29 33 35 39 29
Ion/Ioff 3.6 � 106 2.0 � 106 2.7 � 106 2.2 � 106 6.3 � 106 7.7 � 106 9.2 � 106

C8 C60 me 2.1 2.0 2.0 2.0 2.1 2.3 2.4 0.3
Vth 6.3 8.3 11 13 15 16 19 13
Ion/Ioff 1.7 � 106 1.3 � 105 2.7 � 105 3.5 � 105 5.1 � 105 6.6 � 105 9.4 � 105

C12 None me 1.6 1.8 1.8 1.9 1.9 1.9 1.9 0.3
Vth 8.7 14 19 23 26 29 32 23
Ion/Ioff 9.9 � 106 6.8 � 106 7.7 � 106 7.8 � 106 7.3 � 106 7.5 � 106 7.8 � 106

C12 C60 me 1.8 1.9 2.0 2.0 2.0 2.0 2.1 0.3
Vth 12 12 13 15 16 16 16 4
Ion/Ioff 3.0 � 106 1.4 � 106 2.0 � 106 2.3 � 106 2.5 � 106 2.5 � 106 2.5 � 106

C18 None me 2.1 2.3 2.3 2.3 2.4 2.4 2.2 0.1
Vth 9.8 13 16 19 20 22 24 14
Ion/Ioff 4.7 � 106 3.4 � 106 3.6 � 106 3.9 � 106 3.8 � 106 3.6 � 106 4.2 � 106

C18 C60 me 2.2 2.2 2.3 2.3 2.3 2.3 2.4 0.2
Vth 14 16 18 19 20 21 25 11
Ion/Ioff 3.0 � 106 2.8 � 106 2.7 � 106 2.6 � 106 2.4 � 106 2.5 � 106 2.4 � 106

a Measured in vacuum; exhibited n-type characteristics.
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for investigating the device performance of metal oxide semi-
conductor devices. Oxide semiconductors are known to be
composed of donor and acceptor-like DOSs at different positions
of the energy band,19 and theoretical calculations play a major
role in identifying the location and the effects of deep or shallow
defect states of the oxides.86,87 For solution-processed oxides,
these defects are particularly relevant. Since, metal nitrate
hydrates are one of the most widely used precursors in which
thermal annealing is the process of eliminating impurities via
densification, there is a high probability for the presence of
oxygen interstitials, hydrogen, or oxygen vacancies, as well as
nitrogen defects and other deep states.18 In particular, DOS
measurement can be used to differentiate the mechanisms of
PBS instability to reveal the contribution of each mechanism.19

In addition, several measurement methods have been proposed to
model the DOSs and detect the trap densities of both vacuum-
processed53,88–90 and solution-processed metal oxide TFTs.91,92

Previous studies report detailed analysis on oxide defect states
via the extraction of subgap DOS (gA(E)) by employing various
methods such as C–V characteristics,53,88 photo-induced Vth shifts
under various wavelengths,93 the Meyer–Neldel rule of the activa-
tion energy,89 and fitting based on numerical simulation.94

To investigate the effect of organic passivation on DVth in more
detail, we experimentally determined the subgap DOSs of the
unpassivated and passivated a-IGZO TFTs.95 Notable differences
were observed among the a-IGZO (310 1C)/C12 PA/C60, a-IGZO
(390 1C), and a-IGZO (390 1C)/C12 PA/C60 devices; these differences
were consistent with the PBS results. Fig. 3d shows the DOSs of
the three devices fabricated under different conditions. The total
DOS decreased in the order a-IGZO/C12 PA/C60 device 4 a-IGZO
(390 1C) device 4 a-IGZO (390 1C)/C12 PA/C60, which corresponds
to the DVth results of 4, 2, and 0 V, respectively. Because a-IGZO
operates in n-channel mode, the DOSs can be considered as
acceptor-like states,94 and the total DOS value near the CBM can
be considered to be the summation of the interfacial trap density
and the traps in the channel layer. When the devices are
passivated, electrons from the highest occupied molecular orbital
(HOMO) of the organic passivation layer might be responsible for
filling the density of acceptor states below the CBM, which could
act as electron traps if they remain unpassivated and vacant. Such
acceptor states with a relatively low DOS (B1016–1017 cm�3 eV�1)
have been reported via device simulations at B0.8 eV below the
CBM.96 In the presence of organic passivation layers, these
acceptor states may be compensated and thus will not act as
electron trap sites. Note that it was difficult to determine the DOSs
of the reference device, a-IGZO (310 1C), because of its unstable
electrical performance, which was unsuitable for accurate
measurement. Additional organic passivation of a-IGZO allowed
for proper DOS measurement.

2.3 Doping level control via organic passivation

To more closely examine the passivation effect of the organic
material, we focused on doping-level control of the oxide semi-
conductors by organic passivation. Doping-level control contri-
butes to the realization of effective turn-on voltage tuning for
oxide semiconductors. However, the electronic properties of

AOSs are weakly modified by conventional doping methods
owing to the lack of structural ordering in amorphous materials,
which hinders the implementation of typical substitutional
doping.97 Therefore, investigation of a nondeforming method of
controlling the electrical properties of oxide TFTs has attracted
attention to the use of organic materials. For instance, researchers
have studied the interface between crystalline oxide semiconductors
and organic materials to investigate the charge-transfer doping and
band alignment.98,99 To control the electrical properties of AOSs,
charge transfer at the organic–inorganic heterojunction to obtain
efficient charge collection or insertion into the organic layer has
been thoroughly studied.100,101 N-Doping of OSCs was employed
to tune the electrical properties of a-IGZO and well-known n-type
OSCs such as PCBM, poly{[N,N0-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5 0-(2,2 0-bithiophene)}
and 4-(2,3-dihydro-1,3-dimethyl-1H-benzimidazol-2-yl)-N,N-di-
methylbenzenamine with low LUMO levels, enabling electron
transfer from the OSCs to a-IGZO.39 The use of fullerene deriva-
tives was also reported for bulk charge-transfer doping of
solution-processable amorphous metal oxides.102 However,
in-depth study of the effect of the molecular characteristics on
organic charge-transfer doping is crucial for the application of
organic passivation and/or doping materials.

In this study, the carbon chain length was modified using
phosphonic acid monolayers with different chain lengths to
control the distance between the a-IGZO back channel and C60

organic passivation material; as a result, the n-doping charac-
teristics differed. As shown in Table 1, the initial (0 s of PBS) Vth

values of the a-IGZO, a-IGZO/none/C60, a-IGZO/C8 PA/C60,
a-IGZO/C12 PA/C60, and a-IGZO/C18 PA/C60 films were 31, 8.4,
6.3, 12, and 14 V, respectively. By positioning the organic
passivation material near the back channel, stronger n-doping
characteristics could be obtained. Effective charge transfer can
occur from the HOMO level of C60 to that of a-IGZO for small
back channel/passivation layer gaps. Note that although the
a-IGZO/none/C60 film had the shortest distance between the back
channel and C60, the a-IGZO/C8 PA/C60 film exhibited additional
negative Vth shifts due to PA passivation of trap states before C60

passivation.35 A positive Vth shift occurred as the alkyl chain
length of the PA increased to 12 and 18 a-IGZO enhanced the
mobility to 2.1 cm2 V�1 s�1, providing high mobility before
the deposition of C60 to obtain the a-IGZO/C18 PA/C60 device.
Therefore, molecular modification of the organic passivation
layer via alkyl chain length adjustment can be considered to
affect not only the passivation of the PBS instability, but also the
n-doping of the metal oxide semiconductor.

To verify the proposed doping effect model, we employed a
widely used n-type semiconductor, a perylenedicarboximide
(PTCDI) derivative with alkyl chain substituents of C1, C8,
and C13, as an organic passivation material (Fig. 4a). PTCDI
derivatives were selected because their energy levels are similar
to those of C60 semiconductors, which facilitates electron
transfer to the metal oxide semiconducting layer, and the edge-
on stacking characteristics of their long-alkyl-chain derivatives
are critical for observing the effect of the alkyl chain length.103

Three types of PTCDI derivatives were vacuum-deposited on
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a-IGZO TFTs to examine the film crystallography and electrical
characteristics. Fig. S6 (ESI†) shows the results of standard y–2y
XRD scans of the PTCDI-based thin films, which reveal the
microstructural order. For thin films of PTCDI-C1, no first-
order reflection peaks were observed at 2yo 101, indicating the
absence of an edge-on molecular long-axis orientation along
the substrate.104 Instead, multiple diffraction peaks at 2y =
24.061, 25.561, and 27.661 (Fig. S6a, ESI†) were observed, which
correspond to d-spacings of 3.69, 3.48, and 3.22 Å, respectively.
These spacings are much smaller than the calculated long-axis
molecular length (B14.7 Å). Because the short molecular axis is
calculated to be B6.62 Å, the observed multiple peaks can be
assigned to second-order reflections, where the first-order
d-spacings (6.44–7.38 Å) are consistent with the short molecular
axis. Therefore, it can be assumed that PTCDI-C1 molecules are more
likely to align with their short axis along the substrate normal.105,106

PTCDI-C8 and PTCDI-C13 have calculated molecular lengths of 31.9
and 44.0 Å, with major diffraction peaks at 2y = 4.381 and 3.321,
which correspond to d-spacings of 20.2 and 26.6 Å, respectively
(Fig. S6b and c, ESI†). Thus, the two derivatives with longer alkyl
chains exhibit a tilted edge-on stacking structure with respect
to the substrate plane.107,108 It is known that the molecular
stacking orientation of p-conjugated OSCs indicates the determi-
nation of 3D charge transfer direction and affects the charge
characteristics.109 Therefore, different electrical characteristics are
expected when PTCDI derivatives with different alkyl chain
lengths are applied as passivation materials.

The I–V curves of the PTCDI-passivated devices were analyzed
to examine the initial Vth values and determine the n-doping
effects. As shown in Table 3 and Fig. 4b, c, the shifts in the Vth and
mobility values of the PTCDI-passivated devices are similar to
those of the PA-modified C60-passivated devices, which validates
the n-doping model of organic passivation. Suitable n-doping is
realized by PTCDI-C1 passivation, where Vth exhibits a significant
shift from 25 to 6.0 V, and the mobility is enhanced from 1.1 to
1.5 cm2 V�1 s�1. As the alkyl chain length increases to 8 and 13,
Vth returns to lower values of 22 and 23 V, indicating poor doping
characteristics resulting from poor electron transfer from the
HOMO level due to the longer alkyl chains. The electron mobility
is maintained at 1.5 cm2 V�1 s�1 for PTCDI-C8 passivation,
whereas it decreases to 1.0 cm2 V�1 s�1 for PTCDI-C13 passivation.
This result indicates that when an alkyl chain as long as C13 is
positioned between the conjugated organic core and the metal
oxide semiconductor back channel, most of the n-doping effects of
the passivation material are eliminated. Alkyl chain modification
of the organic passivation materials significantly affects the doping
of metal oxide semiconductors, similar to the effect of alkyl chain
modification on the PBS instability. Therefore, an n-doping model
of organic passivation materials can also be proposed in conjunc-
tion with the PBS instability model of C60 passivation by PA
monolayers with various alkyl chain lengths, and the model can
be verified using PTCDI derivatives.

2.4 Application of the organic passivation model

Finally, we applied the proposed organic passivation model to
the discovery of new organic passivation materials. Our model
proposes that OSCs with HOMO levels near the Fermi level of the
AOSs can be employed as electron-donating defect-passivation
materials, which compensate for acceptor-like DOS states in the

Fig. 4 (a) Molecular structure of PTCDI-Cn, (b) transfer curves and
(c) Vth values of the unpassivated and PTCDI-passivated a-IGZO TFTs.

Table 3 Representative electrical performance of amorphous IGZO thin-
film transistors under different PTCDI derivative passivation conditions.a

[me: electron mobility (cm2 V�1 s�1), Vth: threshold voltage (V), Ion/Ioff:
current on/off ratio]

Org. pass.

Parameter

me (cm2 V�1 s�1) Vth (V) Ion/Ioff

None 1.1 25 1.2 � 108

PTCDI-C1 1.5 6 1.4 � 106

PTCDI-C8 1.5 22 2.2 � 107

PTCDI-C13 1.0 23 5.8 � 107

a Measured in vacuum; exhibited n-type characteristics.
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subgap, resulting in PBS device stability. HOMO level pinning is
known to occur when the ionization energy of the organic
material equals the Fermi energy of the AOS, where electron
transfer is generated from an organic material with ionization
energies that are lower than the metal oxide’s work function.110

Although the ionization energies of the organic materials
employed in this study are higher than the a-IGZO work function,
our previous study demonstrated that such low-LUMO OSCs with
ionization energies that are near the metal oxide work function
exhibit sufficient electron transfer to fill the subgap states.43

In addition, the organic passivation materials can induce
n-doping effects, which depend on its molecular stacking struc-
ture on the oxide surface and can be used to tune the Vth values of
TFTs. Both passivation effects are degraded as the
p-conjugated core of the OSC is separated from the AOS back-
channel surface and obstructed by alkyl chains. To explore a wide
range of new organic passivation materials according to our
proposed organic passivation model, we selected and tested
a 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)-based semi-
conductor from our previous study.104 BODIPYs are widely
employed for the construction of organic TFTs and organic
photovoltaics owing to their highly electron-deficient and
coplanar p core with good p-delocalization, a stable LUMO
level, and facile synthesis/functionalization at several positions.111

Here, the n-type BODIPY-based semiconductor BDY-3T-BDY
(Fig. 5a) was synthesized according to our previous report and
vacuum-deposited on a-IGZO TFTs as a passivation layer. The
a-IGZO TFTs were fabricated using the same method, and PBS
tests were applied to observe the device stability. BDY-3T-BDY
contains no additional alkyl chains and reportedly has a HOMO
level of �5.89 eV, which is lower than that of C60 (6.1 eV).112

In addition, the vacuum-deposited films exhibit amorphous
structure in which the p-conjugated core is stacked in random
directions; thus, the n-doping effects may be moderate compared
to those of film structures with face-on p-conjugated cores.104

These characteristics make BDY-3T-BDY an appropriate passivation
layer candidate, as indicated by the proposed model. Additional
y–2y XRD scans in Fig. 5b revealed amorphous structure of the
vacuum-deposited BDY-3T-BDY films on the a-IGZO TFTs, which is
consistent with the reported film structure. As shown in Table 4
and Fig. 5c, PBS tests of the passivated a-IGZO/BDY-3T-BDY device
yielded a DVth value of 7 V, which indicates good passivation by
BDY-3T-BDY in the absence of PA passivation of the a-IGZO
back channel. A negatively shifted Vth value of 10 V was also
observed, indicating n-doping of the a-IGZO semiconductor layer
by BDY-3T-BDY. Therefore, the proposed organic passivation
model was successfully verified by applying BDY-3T-BDY as a
passivation layer on a-IGZO, and we expect the model to inspire
new research supporting future development of organic passiva-
tion materials.

3. Conclusion

We investigated the effects of the alkyl chain length of organic
passivation materials on a-IGZO metal oxide semiconductors.

Organic passivation results in PBS-stable TFTs and n-doping of
the metal oxide semiconductor; the model was developed using
PA monolayers with different alkyl chain lengths to determine
their effect in conjunction with that of C60 deposition on top of
the PA-treated a-IGZO back channel. PBS tests of the passivated
a-IGZO TFTs revealed that the organic passivation originates in
the combined effect of both the OSC and the alkyl chain. The
unpassivated a-IGZO TFT exhibited a DVth value of 34 V during
PBS; by contrast, the TFT with the optimal C12 PA/C60 passiva-
tion layer had a DVth value of 4 V. When the alkyl chain length
was further extended to 18 (C18 PA/C60), DVth increased to 11 V.

Fig. 5 (a) Molecular structure, (b) XRD pattern, and (c) PBS test results for
BDY-3T-BDY-passivated a-IGZO TFTs.
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Because the PBS stability is attributed to the compensation of
dangling bonds in the back channel and reduction of trap
states in the channel layer, the alkyl chain length can be
considered to affect the overall defect state of the oxide semi-
conductor layer. Additionally, the optimal passivation condi-
tion was expanded to include annealing of the a-IGZO TFTs at
390 1C to obtain stable, high-performance a-IGZO TFTs, which
had an electron mobility and DVth of 5.4 cm2 V�1 s�1 and 0 V,
respectively. In addition, the DOSs of the a-IGZO/C12 PA/C60,
a-IGZO (390 1C), and a-IGZO (390 1C)/C12 PA/C60 were deter-
mined to confirm the effects of passivation on the subgap
defect states. The total DOS values followed the order a-IGZO
(390 1C)/C12 PA/C60 o a-IGZO (390 1C) o a-IGZO/C12 PA/C60,
which is consistent with the DVth results of 0, 2, and 4 V,
respectively. Finally, the n-doping characteristics were investi-
gated for the same passivation model, where C60 passivation
with shorter PA alkyl chain lengths yielded stronger n-doping.
The model was verified by the similar n-doping results obtained
by passivation by PTCDI derivatives with different alkyl chain
lengths, which induced different molecular stacking structures.
The short-axis molecular alignment along the substrate normal
of short alkyl chains afforded better charge transfer, resulting
in stronger n-doping compared to the long-axis molecular
alignment orientations of longer alkyl chains. Finally, the
BODIPY semiconductor BDY-3T-BDY was synthesized and
selected as a passivation material on the basis of our proposed
organic passivation model and exhibited good passivation in
a-IGZO TFTs. This in-depth study of the molecular modification
of organic passivation materials and its mechanism suggests
that appropriate molecular design of organic materials has
strong potential for further development of organic passivation
in terms of the electronic stability of metal oxide semiconductors
and opens a remarkable platform for molecular engineering of
organic passivation materials.

4. Experimental section
4.1 Precursor solution preparation

All the reagents used to prepare the a-IGZO solution were pur-
chased from Sigma-Aldrich and used without further purification.
A precursor solution with a total metal concentration of 0.2 M was
obtained by dissolving indium nitrate hydrate [In(NO3)3�xH2O,
99.999%], gallium nitrate hydrate [Ga(NO3)3�xH2O, 99.999%],
and zinc nitrate hydrate [Zn(NO3)2�xH2O, 99.999%] in 2-methoxy-
ethanol (HPLC grade) and stirring the mixture at 70 1C for 2 h and

at room temperature for 3 h before use. The molar ratio of In, Ga,
and Zn was 6 : 2 : 2.

4.2 a-IGZO film preparation and device fabrication

To fabricate a-IGZO TFTs, heavily n-doped silicon wafers (n++-Si)
were used as gate electrodes, with a thermally grown 300 nm SiO2

layer as the gate insulator. The SiO2/Si substrates were cleaned by
sonication in Alconox solution (Alconox, Inc.), deionized water,
isopropanol, and acetone for 10 min each and dried using N2

followed by air plasma for 5 min (Harrick Plasma, 18 W). The
a-IGZO precursor solutions were spin-coated onto the substrates at
4000 rpm for 35 s and then annealed at 310 1C or 390 1C for 30 min
in air. The spin-coating and annealing steps were repeated to coat the
substrates with two layers. Next, titanium/gold (thickness = 5/40 nm)
source/drain (S/D) electrodes with a channel width and length of 2000
and 100 mm, respectively, were deposited on the prepared substrates
by thermal evaporation through a shadow mask.

4.3 Fabrication of organic passivation layers

To vary the distance between the oxide semiconductor and C60

fullerene molecules (SOL5060; Solaris Chem Inc.), phosphonic
acid monolayers with different chain lengths (octylphosphonic
acid, dodecylphosphonic acid, and octadecylphosphonic acid,
purchased from Alfa Aesar and TCI), were applied on top of the
prepared a-IGZO TFTs. The devices were immersed in a solution
of ethanol and 1 mM phosphonic acid for 5 h at 60 1C and then
rinsed with ethanol and dried using N2. C60 powder was vacuum-
deposited on top of the devices at a chamber pressure of 3.2 �
10�7 Torr and a deposition rate of 0.1 Å s�1.

N,N0-Dimethyl-3,4,9,10-perylenetetracarboxylic diimide, N,N0-di-
n-octyl-3,4,9,10-perylenetetracarboxylic diimide, and N,N0-ditridecyl-
3,4,9,10-perylenetetracarboxylic diimide were purchased from TCI
and vacuum-deposited on the a-IGZO TFTs. The PTCDI derivatives
were deposited at a rate of 0.1 Å s�1 and a chamber pressure of
3.2 � 10�7 Torr.

BDY-3T-BDY was synthesized following a previously reported
procedure104 and deposited on the a-IGZO TFTs at a rate of
0.1 Å s�1 and a chamber pressure of 3.2 � 10�7 Torr.

4.4 Device fabrication and characterization

The current–voltage characteristics of the fabricated TFTs were
measured using a Keithley 4200 SCS under vacuum conditions.
The carrier mobility (m) was calculated in the saturation regime
using the formula

msat = (2IDSL)/[WCi(VG � Vth)2],

Table 4 Representative electrical performance of BDY-3T-BDY-passivated amorphous IGZO thin-film transistors.a [me: electron mobility (cm2 V�1 s�1),
Vth: threshold voltage (V), Ion/Ioff: current on/off ratio]

Org. pass. Parameter

Positive bias stress

0 60 300 600 1200 1800 3600 D

BDY-3T-BDY me 1.9 1.9 2.0 2.1 2.2 2.2 2.2 0.3
Vth 10 13 15 15 16 16 17 7
Ion/Ioff 3.5 � 106 4.6 � 106 5.3 � 106 6.0 � 106 6.1 � 106 6.0 � 106 5.7 � 106

a Measured in vacuum; exhibited n-type characteristics.
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where IDS is the S/D current, L is the channel length, W is the
channel width, Ci is the areal capacitance of the gate dielectric,
and VG is the gate voltage. The surface morphology was
characterized using an atomic force microscope (NX10, Park
Systems), and the film microstructure was measured by XRD
(Ultima IV, Rigaku). The X-ray photoemission scans were con-
ducted using a K-alpha+ instrument (Thermo Fisher Scientific)
with an Al Ka source at 1486.6 eV and a base pressure of
7.83 � 10�9 mbar. The adventitious C 1s peak at 284.8 eV was
employed as a reference to calibrate the binding energies. After
a linear baseline was subtracted, three Gaussian–Lorentzian
product peak functions were used to fit the O 1s spectra. The
peak shape, width, and amplitude coefficients were employed
as the fitting parameters, where the peak positions were fixed
within a certain range according to the typical binding energy
of the material. Finally, the areas of the deconvoluted peaks
were calculated. The DOSs were obtained using the unified
subthreshold coupling factor technique,88 which allows robust
determination of the subgap DOS in amorphous TFTs.
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