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ABSTRACT In this paper, we analyzed the electrical characteristics of amorphous oxide-based thin-film
transistors (TFTs) with extremely thin active layers using a quantum-mechanical method (density gradient
method) and a technology computer-aided design simulator. We observed that the evaluation of the TFT
performance using the classical method resulted in errors, especially, when the interfacial-defect density
of states was high. The electrical characteristics of the TFTs are influenced differently by the bulk and
interfacial states when the quantum-mechanical effect is considered. Therefore, it is essential to apply the
quantum effect to analyze the electrical characteristics of amorphous oxide-based TFTs with extremely
thin active layers.

INDEX TERMS a-IGZO, thin-film transistor, quantum, threshold voltage shift, simulation.

I. INTRODUCTION
Amorphous oxide-based thin-film transistors (TFTs) have
been widely investigated theoretically and experimentally
and are considered to be promising candidates to replace
conventional amorphous silicon and poly-silicon-based
TFTs [1]–[3]. To evaluate the performance of oxide-based
TFTs, numerical simulations have been used, particularly
for understanding the roles of donor- and acceptor-like
defect states in an active layer [4]–[7]. Until now, the
device simulations have been performed on the assump-
tion that the electrons are classical particles that obey
classical electrodynamics. This assumption is precise if
the active layer thickness is higher than tens of nanome-
ters. However, recent developments in the fabrication of
oxide-based TFTs allow the reduction of the active layer
thickness to below 5 nm for vacuum- and solution-processed
oxide-based TFTs [8], [9]. When the active layer thick-
ness of a crystalline transistor is in the nanometer scale,
quantum-mechanical effects must be considered to analyze
the electrical characteristics of electrons in the active layer.
For the conventional metal–oxide-semiconductor field-effect
transistor (MOSFET), quantum effects induce an increase

in the effective thickness of the gate insulator [10]. In this
case, the quantum effect becomes prominent only when
the gate insulator is thin because the variation of the
effective thickness of the gate insulator is in the order
of nanometers. Therefore, we can predict that the quan-
tum effect is negligible for oxide-based TFTs because the
thickness of the gate insulator is over 100 nm for con-
ventional amorphous-based TFTs. However, these TFTs do
contain a significant defect density of states (DOS) in
the active layer. The device performance is influenced by
both the interfacial-defect density and the bulk-defect den-
sity. To further evaluate the performance of amorphous
oxide-based TFTs using the quantum effect, the interfacial
defect density and the bulk-defect density were considered
separately.
In this study, we examined the variations in the

performance of oxide-based TFTs with thin active layers
by considering the quantum effect using a technology-aided
design (TCAD) simulator from Silvaco Inc. The density gra-
dient method, which is one of the important methods applied
to analyze this effect, was used to evaluate the importance
of quantum effects in the active layer.
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II. QUANTUM EFFECT IN AMORPHOUS MATERIALS
The electronic band structure of amorphous semiconduc-
tors is typically assumed to be similar to that of crystalline
semiconductors. Even in the amorphous phase, it exhibits
conduction and valence bands with a continuous distribution
of defect DOS in the bandgap region. Compared to crys-
talline semiconductors with discrete defect levels, the defect
DOS in amorphous materials is typically modeled using con-
tinuous Gaussian and exponentially decaying functions in the
bandgap region. Owing to the similarity of the band struc-
ture, the quantum confinement effect in amorphous materials
has been extensively investigated using amorphous silicon
(a-Si) semiconductors. The quantum confinement effect in
a-Si has been directly observed as blue shifts in photolumi-
nescence when the dot size decreases to the nanometer scale.
Despite the presence of a significant number of defect states,
blue shifts have been observed in the photoluminescence of
a-Si quantum dots, which indicated that the electrons in
the conduction band obey quantum mechanics [11]–[13]. In
this case, the question arises as to how the quantum effect
can be applied to trapped and free electrons. This ques-
tion has been answered by Allan et al. [14]. The electronic
states of a-Si are categorized into three groups: extended
states (free electron), weakly localized states (trapped elec-
tron that can be easily delocalized), and strongly localized
states (trapped electron). It has been observed that among
these three groups, the electrons in the extended and weakly
localized states contribute the blue shifts in the photolumi-
nescence of quantum dots, whereas the electrons in strongly
localized states do not. Therefore, these results can be applied
in the simulation, where the electrical characteristics of free
and trapped electrons are determined using quantum and
classical methods, respectively. The same method is applied
to amorphous oxide-based TFTs, as they have a similar band
structure with a-Si-based TFTs, which includes conduction
and valence bands as well as a continuous distribution of
defect states in the bandgap region. The calculation proce-
dure begins with evaluating the electrical properties using
the classical method. Then, the quantum effect is applied by
adding the quantum potential of the density gradient method
in the drift-diffusion equation, which will be discussed in
Section III.

III. DENSITY-GRADIENT THEORY
We considered only electron transport because oxide-based
TFTs are mainly influenced by electron conduction. The
Schrödinger equation is the central equation that must be
solved to evaluate the quantum effect. The direct calcu-
lation of the Schrödinger equation is possible using the
Schrödinger–Poisson model [15], [16]. However, the method
is inefficient for the application of various types of device
simulation owing to the long calculation time. However,
the density-gradient theory, which is derived from the
Schrödinger equation, can be used to calculate the quan-
tum effect of MOSFETs efficiently [17], [18]. In this case,
we have an additional quantum potential factor, which is

defined by the following equation:

� = − h2

6me

∇2√n√
n

(1)

Here, n is the electron density, h is the Plank constant, me
is the effective mass of the electron, and q is the elementary
charge. Using Eq. (1), the classical drift-diffusion model is
modified by the following equation:

�J = −qDn∇n− qnμn∇(φ −�) (2)

Here, Dn is the diffusion constant and μn is the mobility.
It is shown that the quantum potential term is included in
the drift part of Eq. (2). Moreover, Eq. (1) indicates that if
there is a large gradient of electron density (for example,
at the interface between an insulator and a semiconductor),
there is an imaginary force that impels the electron from
the interface. When the quantum effect is considered, the
performance of amorphous oxide-based TFTs is accurately
analyzed by combining the density-gradient theory and the
defect density of states model. In conventional MOSFETs,
the effect of defects or impurities on the device performance
has been examined by applying the density gradient method,
concurrently [19]. When the defect DOS is considered, the
Poisson equation, including the quantum potential, can be
expressed using the following equation:
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Here, ε is the permittivity of the semiconductor layer, ϕn
is the quasi-Fermi potential, k is the Boltzmann constant,
and N+

D and N−
A are the ionized donor- and acceptor-like

defect densities, respectively. By solving Eqs. (1)–(4) self-
consistently, the electrical characteristics can be simulated;
this approach is implemented in TCAD simulators. The dif-
ference between MOSFETs and TFTs is the distribution of
the defect DOS. As discussed in Section IV, it is important
to determine the distribution function of the defect states
due to the continuous defect DOS of TFTs.

IV. DEVICE STRUCTURE AND DENSITY OF STATES
Among the various amorphous oxide-based TFTs, the amor-
phous indium–gallium–zinc-oxide TFT (a-IGZO TFT) is the
most important and representative device owing to its excel-
lent electrical and optical properties [20], [21]. Therefore,
the material parameters of a-IGZO TFT were used to sim-
ulate the active layer. Figure 1 shows the a-IGZO TFT
structure used in this study. We assumed the thickness of the
gate insulator (SiOx) and the active layer (a-IGZO) to be 200
and 5 nm, respectively. The channel length (L) was 5 μm and
the passivation layer covered the entire back channel region.
In Eq. (1), me was assumed to be 0.34mf (mf is the electron
mass in free space), which has been previously determined
by measuring the Burstein–Moss shift of the optical absorp-
tion spectrum [22]. To simulate the a-IGZO TFT, both the
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TABLE 1. Bulk and interfacial DOS of the reference TFTs used in this study.

interfacial- and bulk-defect DOSs were considered. The sim-
ulations of the bulk and interfacial defects were performed
separately to distinguish the effect originating from each
defect DOS. The model contains four distribution functions:
the conduction band tail function (NAtail), the conduction
band deep function (NAdeep), the valence band tail function
(NDtail), and the valence band deep function (NDdeep) in the
bandgap region. Among these four, we considered the two
functions of acceptor-like states that mainly influence the
electron current. Each function is described for the bulk and
interfacial states as follows:

NAtail_bulk(E) = NTA_bulkexp
[− (EC − E) /WTA_bulk

]
, (5)

NAdeep_bulk(E) = NGA_bulkexp
[
− (E − EGA)

2 /W2
GA_bulk

]
,

(6)

NAtail_int(E) = NTA_intexp
[− (EC − E) /WTA_int

]
, (7)

NAdeep_int(E) = NGA_intexp
[
− (E − EGA)

2 /W2
GA_int

]
, (8)

where EC is the conduction band energy, NTA is the peak
value of the conduction band tail states, WTA is the conduc-
tion band characteristic energy, NGA is the peak value of the
conduction band deep states, WGA is the variance of the con-
duction band deep states, and EGA is the mean energy level
of the conduction band deep states. The subscripts “bulk”
and “int” in Eqs. (1)–(4) denote the bulk and interfacial
states, respectively. The parameters of Eqs. (1) and (2) were
determined from previously reported results [23]. Because
the thickness of the active layer in [23] is 10 times higher
than that considered in this study, we set the NTA and NGA
values of the reference device as shown in Table 1, namely,
10 times larger than those of [23]. The interfacial-defect
DOS was evaluated on the assumption that all the bulk
defects were located on the active/gate insulator interface
with the same distribution function, as shown in Fig. 1.
Therefore, the NTA_int and NGA_int values were calculated by
NTA_int = t×NTA_bulk and NGA_int = t×NGA_bulk, where t is
the thickness of the active layer. The reference parameters
are summarized in Table 1.

V. EFFECTS OF BULK DENSITY OF STATES
Figure 2(a) shows the resulting quantum potential distribu-
tion in the active layer along the thickness direction when the
bulk-defect DOS is considered (the interfacial-defect DOS
is assumed to be zero). From Eq. (1), the quantum poten-
tial is proportional to the Laplacian of the electron density.

FIGURE 1. a-IGZO TFT structure used in this study.

Therefore, the quantum potentials at the active/gate insulator
and active/passivation interfaces are large. As the gradient
of the quantum potential is the strength of the electric field,
it induces a force that repulses electrons from the back and
front interfaces to the center of the active layer. As shown
in Fig. 2(b), this leads to a shift of the free electron density
(ne) distribution.

When the quantum effect is considered, the peak point
of the electron density is not in the active/gate insula-
tor interface but separated from the front interface. As
shown in Fig. 2(d), the main current path is formed
apart from the interface region because an electron chan-
nel is formed in the high-electron-density channel region.
Figure 2(c) shows the trapped electron density (nt). Unlike
the free electron density distribution, the trapped electron
density shows nearly the same distribution for the classi-
cal and quantum mechanical methods because the trapped
electrons are localized in defect sites.
Figures 3(a) and (b) show the transfer characteristics of

a-IGZO TFTs operating in the linear region (VDS = 0.01 V)
for various bulk-defect DOSs. The bulk-defect DOS varied
from 1 to 10 times the reference value. The resulting transfer
curve reveals no difference between the results of the classi-
cal and quantum-mechanical methods. As a spatially uniform
distribution is assumed for the bulk-defect DOS in the active
region and the total numbers of free electrons from the clas-
sical and quantum-mechanical calculations are similar, no
difference is observed in the drain current in this case.
Figure 3(c) shows the transfer characteristics of a-IGZO

TFTs operating in the saturation region (VDS = 20 V) for
various bulk-defect DOSs. In the saturation region, the cen-
tral equation describing the current–voltage characteristics is
expressed as IDS = μCOXW(VGS−VTH)2/2L, where μ is the
electron mobility, COX is the capacitance of the gate insulator
per unit area, VTH is the threshold voltage, and W is the chan-
nel width. Consequently, the relation between I1/2DS and VGS
is linear and its slope and x-intercept denote the field-effect
mobility and VTH , respectively. Figure 3(d) shows the I1/2DS
vs. VGS graph for various bulk-defect DOSs. Unlike the case
of linear region operation, a slight positive shift is observed
in VTH without varying the field-effect mobility when the
quantum-mechanical calculation is applied. However, the
amount of the shift in the threshold voltage does not depend
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FIGURE 2. Electrical characteristics of an a-IGZO TFT when VGS = 20 V and
VDS = 0.01 V: (a) quantum potential, (b) electron density distribution,
(c) trapped electron density in acceptor-like defect states, and (d) current
density distribution.

FIGURE 3. Transfer characteristics of a-IGZO TFTs with various bulk-defect
DOSs plotted in the (a) logarithmic scale, (b) linear scale in the linear
region (VDS = 0.01 V), and (c) linear scale in the saturation region
(VDS = 20 V). (d) I1/2

DS vs. VGS graph obtained from (c). The reference
data were obtained using the parameters of Table 1 (bulk DOS).

on the magnitude of the bulk-defect DOS. This indicates
that the shift of the threshold voltage is not related to the
bulk defects but can be observed in typical TFTs that have
a thin active layer when a quantum-mechanical calculation
is applied.
To verify the origin of the VTH shifts in the linear and

saturation regions, we examined the carrier density distribu-
tions for different values of VDS. Figures 4(a) and (b) show
the electron density distribution of an a-IGZO TFT operating
in the linear region (VGS = 20 V, VDS = 0.01 V), evaluated
using the classical and quantum-mechanical methods, respec-
tively. As expected, in both cases, a uniform electron density
distribution is observed along the channel length direction.
In this case, the difference of VTH between the two methods
is small.

FIGURE 4. Free electron density distribution in the channel region:
(a) linear region operation examined with the classical method, (b) linear
region operation calculated with the quantum-mechanical method,
(c) saturation region operation analyzed with the classical method,
and (d) saturation region operation studied with the quantum-mechanical
method. The bulk DOS was approximately 10 times the reference value.
Pinch-off points were assumed when the maximum electron density was
approximately 1018 cm−3 for both the classical and quantum-mechanical
methods.

Figures 4(c) and (d) show the electron density distri-
bution in the saturation region (VGS = VDS = 20 V) for
the classical and quantum-mechanical methods, respectively.
There are well-known pinch-off points where the channel
region does not exist in the drain sides. After the for-
mation of the pinch-off points, the electrons flow through
a space-charge-limited region with high bulk resistance. In
the classical calculation, most of the electrons are gener-
ated by the gate-to-source voltage in the interface region
with very high electron density. Despite the application of
a large VDS, the high-electron-density channel region remains
and compresses the space-charge-limited region, as shown in
Fig. 4(c). However, in the quantum-mechanical calculation,
the peak electron density is relatively low and the channel
electrons show a relatively wide distribution. Therefore, the
channel electrons in the drain side are further removed by the
large VDS and the space-charge-limited region is extended
to the source side, as shown in Fig. 4(d). This leads to
a positive shift of VTH for operation in the saturation region
when the quantum effect is considered, which differs from
the classical results.

VI. EFFECTS OF INTERFACIAL DENSITY OF STATES
Next, we analyzed the effect of the interfacial states on the
thin-active-layer a-IGZO TFTs. Figures 5(a) and (b) show
the transfer characteristics of a-IGZO TFTs operating in the
linear region for different interfacial-defect DOSs (the bulk-
defect DOS is assumed to be zero). The interfacial-defect
DOS varied from 1 to 10 times the reference value. When the
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FIGURE 5. Transfer characteristics of a-IGZO TFTs with different
interfacial-defect DOS plotted in the (a) logarithmic scale, (b) linear scale
in the linear region (VDS = 0.01 V), and (c) linear scale in the saturation
region (VDS = 20 V). (d) I1/2

DS vs. VGS graph obtained from (c). The reference
data were obtained using the parameters of Table 1 (interfacial DOS).

interfacial states were introduced, the classical and quantum
mechanical methods obtained different transfer characteris-
tics. Specifically, the subthreshold slopes (SS, dimension:
V/dec) decreased, the field-effect mobility values increased,
and the threshold voltages shifted toward the negative direc-
tion when calculated with the quantum-mechanical method,
especially for high interfacial-defect DOS.
Figures 5(c) and (d) show the transfer characteristics and

IDS1/2 vs. VGS graphs, respectively, for various interfacial-
defect DOSs. The amount of the shift of VTH is closely
related to the magnitude of the interfacial-defect DOS. As
the interfacial-defect DOS increases, VTH shifts further in
the negative direction, as shown in Figs. 5(c) and (d), which
is significantly different from that of the bulk-defect DOS,
shown in Figs. 3(c) and (d). It is well known that when the
acceptor-like defect DOS decreases, a negative shift of the
threshold voltage, an increase in the field-effect mobility, and
a decrease in the SS are observed. This indicates that when
the quantum effect is considered, the ‘effective’ interfacial
DOS decreases for both the deep and tail states, leading to
an improvement of device performance.
This interesting behavior is closely related to the dis-

tribution of the free electron density. Figure 6 shows the
distribution of the free electron density along the channel
thickness direction when the number of interfacial states is
10 times higher than that of the reference sample. For the
quantum-mechanical calculation, the peak point of the elec-
tron density was separated from the interface and most of
the free electrons were distributed near the center of the
active region. Consequently, as the electron trapping prob-
ability was relatively low when the interfacial defects were
spatially separated from the channel region, the influence of
the interfacial defect decreased. This lead to an increase in
the free electron density for the weak accumulation condition
(VGS = 5 V and VDS = 0.01 V), as shown in Fig. 6.

FIGURE 6. Free electron density distribution of a-IGZO TFTs along the
channel thickness direction after the introduction of the interfacial-defect
DOS. The defect DOS was approximately 10 times the reference value.

Note that in the strong accumulation condition (VGS =
50 V, VDS = 0.01 V), the difference in the electron
density distribution did not induce a variation of the field-
effect mobility, as shown in Fig. 5(b). The magnitude of
the total free electron density and the corresponding field-
effect mobility were similar for the classical and quantum-
mechanical methods. The reason is that the interfacial-defect
DOS is fully ionized for a large VGS and the quantum-
mechanical method results in a field-effect mobility similar
to that of the classical method.
Experiments have observed an enhanced performance

of oxide-based TFTs when an electron-confining struc-
ture is applied. Recently, Rum et al. [24] reported that
a decrease in the SS and an increase in the field-effect
mobility were observed for solution-processed amorphous
ITZO–IGZO heterojunction TFTs when the confining ITZO
was approximately 3 nm. It is speculated that this perfor-
mance enhancement originates from the quantum-mechanical
effect, which spatially separates the channel region from
the interfacial-defect region. Moreover, as solution-processed
TFTs typically have a significant interfacial-defect DOS
compared to vacuum-processed TFTs, the performance
improvement is more clearly observed in solution-processed
oxide-based TFTs, which is confirmed by Figs. 5(a)–(d).
Finally, to analyze the quantum effect with the pres-

ence of both bulk and interfacial states in the a-IGZO
active layer, which provides a realistic description of the
device, we introduced both bulk- and interfacial-defect DOSs
(5 times the reference values) and repeated the simulation.
Figures 7(a) and (b) show the transfer characteristics of an
a-IGZO TFT in the linear (VDS = 0.01 V) and saturation
regions (VDS = 20 V), respectively. It can be seen that
the SS decreased and the threshold voltage shifted in the
negative direction for the quantum-mechanical method. This
result is similar to that obtained when only the interfacial
DOS was considered because the effect of the bulk-defect
DOS is relatively small, as discussed in Section V. This
indicates that the interfacial-defect DOS is the main factor
that makes the quantum effect prominent for a-IGZO TFTs.
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FIGURE 7. Transfer characteristics of a-IGZO TFTs with bulk and interfacial
DOSs 5 times higher than the reference values operating in the (a) linear
region (VDS = 0.01 V), and (b) saturation region (VDS = 20 V).

Therefore, to characterize the performance of a-IGZO TFTs
with nanometer-scale active layers, the quantum effect must
be considered, especially for the interfacial-defect DOS.

VII. CONCLUSION
In conclusion, a-IGZO TFTs with a thin active layer were
simulated using the classical and quantum-mechanical meth-
ods for bulk and interfacial DOS. For the bulk-defect DOS,
a positive shift in the threshold voltage was observed with
the quantum mechanical method, compared to that calculated
with the classical method for the saturation region opera-
tion, because of the formation of a long space-charge-limited
region. The shift was independent of the magnitude of the
bulk-defect DOS. On the other hand, for the interfacial-defect
DOS, the quantum-mechanical method showed a decrease in
the SS and a negative shift in the threshold voltage, compared
to those derived with the classical method in the linear and
saturation regions, as the free electron density distribution
was separated from the interfacial region when the quantum
effect was considered. These variations were dependent on
the magnitude of the interfacial-defect DOS. Therefore, it is
important to consider the quantum-mechanical effect when
characterizing the electrical properties of amorphous oxide-
based TFTs with thin active layers. In particular, an accurate
analysis of the effect of the defect density in oxide-based
TFTs is possible only by considering the quantum effect.
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