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Abstract: Understanding the density of state (DOS) distribution in solution-processed indium-zinc-
oxide (IZO) thin-film transistors (TFTs) is crucial for addressing electrical instability. This paper
presents quantitative calculations of the acceptor-like state distribution of solution-processed IZO
TFTs using thermal energy analysis. To extract the acceptor-like state distribution, the electrical
characteristics of IZO TFTs with various In molarity ratios were analyzed with respect to temperature.
An Arrhenius plot was used to determine electrical parameters such as the activation energy, flat
band energy, and flat band voltage. Two calculation methods, the simplified charge approximation
and the Meyer—Neldel (MN) rule-based carrier—surface potential field-effect analysis, were proposed
to estimate the acceptor-like state distribution. The simplified charge approximation established
the modeling of acceptor-like states using the charge—voltage relationship. The MN rule-based
field-effect analysis validated the DOS distribution through the carrier—surface potential relationship.
In addition, this study introduces practical and effective approaches for determining the DOS
distribution of solution-processed IZO semiconductors based on the In molarity ratio. The profiles
of the acceptor-like state distribution provide insights into the electrical behavior depending on the
doping concentration of the solution-processed IZO semiconductors.

Keywords: density of state; solution-processed IZO semiconductor; thin-film transistor; thermal analysis

1. Introduction

Solution-processed indium-zinc-oxide (IZO) metal-oxide semiconductors have emerged
as promising materials for a wide range of electronic applications, including transparent
conductive films, thin-film transistors (TFTs), and photovoltaic devices [1-4]. These metal-
oxide semiconductors exhibit desirable properties such as high field-effect mobility, optical
transparency, and the potential for direct printing, making them ideal for next-generation
electronic devices [5-8]. However, a comprehensive understanding of their electronic behavior
and the underlying factors derived from their material properties is essential for optimizing
their properties and addressing their electrical instability [9-11].

Almost every electrical characteristic of TFT operation is closely related to the density
of state (DOS) distribution of semiconductor materials [11,12]. TFTs operate via charge
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accumulation induced in the semiconductor channel. This induced charge can be explained
by band bending at the semiconductor interface and the occupied acceptor-like states.
When the energy band changes owing to external energy or applied voltage, the amount
of accumulated charge varies, leading to changes in the drain current and the threshold
voltage V.

Figure 1 shows a representative DOS distribution model for the IZO semiconductor, the
atomic bonding structure model of the IZO semiconductor material, and the band diagram
of the IZO semiconductor. Based on the DOS model depicted in Figure 1a, the direct
relationship between the TFT current characteristics and the semiconductor DOS profile
can be addressed. As shown in Figure 1a, the surface charge density Qs can be estimated
by integrating the product of the DOS distribution, which is distributed exponentially or
according to a Gaussian function, and the Fermi-Dirac function. The TFT current can be
defined as a function of the channel charge Qs and the drain voltage. Conversely, when
a model for the bandgap state is not defined, the DOS distribution can be extracted by
observing the changes in the drain current with respect to the external energy. Because
of the significantly lower hole mobility compared to electrons in n-type semiconductors
such as IZO TFTs, estimating the DOS distribution towards the valence band under the
Fermi energy Ef is difficult. However, the distribution of acceptor-like states above Er can
be easily analyzed using thermal energy.
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Figure 1. Schematic illustrating (a) the band gap state of the amorphous IZO semiconductor, (b) the
atomic bonding structure of the amorphous random network in the IZO semiconductor, and (c) the
energy band diagram of the IZO semiconductor, including the band gap states.

As mentioned above, research on the acceptor-like states of semiconductor materials
has primarily been discussed using carrier transport models with respect to tempera-
ture. Previous studies estimated the distribution of the density of states near and at the
conduction band edge of semiconductor materials by analyzing the variation in carrier
mobility with temperature. Representative mobility models, the hopping transport theory
for organic semiconductors [13-16], the multiple trapping and release (MTR) theory for
a-Si:H [17,18], and the percolation theory for metal-oxide semiconductors [19,20] depict
the distribution of acceptor-like states near the conductor band edge based on charge
transport models. In addition to the carrier mobility model, research has been conducted
to directly calculate the acceptor-like state distribution from the current-voltage charac-
teristics of TFTs based on thermal energy [21-24]. In these studies, the distribution of
acceptor-like states near the conduction band edge was estimated by analyzing the changes
in electrical parameters caused by thermal energy. Furthermore, in another study, the
distribution of acceptor-like states was determined based on the transition characteristics
of trapping/detrapping charges with thermal energy [25].

In the case of the solution-processed IZO semiconductor, as shown in Figure 1b, the
atomic bonding structure changes with the In molar ratio, resulting in shifts in the energy
band diagram as depicted in Figure 1c. These changes occur owing to an increase in
weak bonds, dangling bonds, and oxygen vacancies in the In-O atomic bonding, which
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consequently leads to an increase in the donors. Consequently, the distribution of the energy
states and the position of the Fermi energy Ep shift. Because the electrical conductivity and
threshold voltage of IZO TFTs are closely associated with these doping characteristics, the
doping effect, which depends on the In molarity ratio and the quantitative extraction of
the DOS distribution, is crucial for solution-processed IZO TFTs. Furthermore, a precise
understanding of the DOS distribution can facilitate the interpretation of the electrical
instability caused by charge trapping/detrapping in solution-processed IZO TFTs.

In this study, we quantitatively calculated the distribution of acceptor-like states in
solution-processed I1ZO TFTs using thermal analysis. To determine the distribution of
acceptor-like states, we analyzed the transfer characteristics of TFTs with different In molar-
ity ratios and extracted the DOS distribution using two calculation methods. An Arrhenius
plot was constructed based on the transfer curves with respect to temperature, and electrical
parameters such as activation energy, flat band energy, and flat band voltage were extracted
and analyzed for each In molarity ratio. Among the proposed methods for DOS calculation,
the simplified charge approximation method models the acceptor-like state by determining
the channel charge-gate voltage relationship under given thermal energy conditions. In
the Meyer—Neldel (MN) rule-based carrier—surface potential field-effect analysis, the ap-
plied thermal energy condition was characterized using the MN parameter, and the DOS
distribution was verified using carrier-surface potential functions. Furthermore, this study
proposes practical and effective methods for calculating the acceptor-like state distribution
of solution-processed IZO TFTs with respect to the In molarity ratio.

2. Materials and Methods

To extract semiconductor acceptor-like states, we employed solution-processed IZO
TFTs, as shown in Figure 2a. The IZO solution used to fabricate the TFTs was pre-
pared by dissolving indium nitrate hydrate (In3(NOs3)3-xH;O) and zinc nitrate hydrate
(Znp(NO3),-xH0) in 2-methoxyethanol (CH30O(CH;),OH), also known as the 2-ME sol-
vent. The In:Zn molar ratios used in the preparation of the IZO solutions are listed in
Table 1. The prepared solution, according to the ratios listed in Table 1, was spin-coated
onto a p-type Si wafer with a sputtered 100 nm thick SiNy gate dielectric. The resulting
coating formed an IZO semiconductor layer with a thickness of approximately 20 nm. The
source/drain electrodes were fabricated through thermal deposition, and the finger-type
structure had a W/L ratio of 2000 pm /80 um. The detailed fabrication process for the electri-
cal characteristics of solution-processed IZO TFTs can be found in previous studies [26,27].

—————————————————— Ep :
Al SiNx 120
VG/ Deep states

Figure 2. (a) Schematic illustration depicting the device structure of a solution-processed IZO TFT and
the measurement atmosphere of the vacuum chamber. (b) Acceptor-like state distribution of an IZO
semiconductor. (c) Energy band diagram of a metal-gate dielectric-IZO semiconductor illustrating
the key energy levels.

The electrical characteristics of the TFTs with respect to temperature were efficiently
controlled and measured using a vacuum chamber probe station (M56VC) (MS Tech.,
Kyoungki, Republic of Korea). Most oxide semiconductor devices are susceptible to
exposure to air at high temperatures. Thus, the nitrogen gas atmosphere within the chamber
was maintained at approximately 10 Torr. The temperature of the TFT substrate was
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increased up to 270 °C from room temperature (RT) using a halogen lamp, and most devices
experienced breakdown above 270 °C. The electrical characteristics of solution-processed
1ZO TFTs were measured using a semiconductor analyzer (Keithly-4200A) (Tektronix,
Beaverton, OR, USA), and the transfer characteristics at saturation current were swept from
gate voltage Vg = —20 V to 40 V with a drain voltage Vp = 20 V. The transfer characteristics
of all devices were measured up to 240 °C from RT at 5 °C intervals, and the temperature
was increased at a rate of 5 °C per min.

Table 1. The molarity ratio of the IZO solution with respect to the In concentration.

No. In01 In02 In03 In04 In05 In06 In07 In08
Zn molarity (M) 0.25 (fixed)
In molarity (M) 0 . 0.0125 0.025 0.05 0.1 0.125 0.15 0.2
(non-operational)
In, Zn atomic weight ratio, In/Zn 0 0.086 0.178 0.350 0.706 0.883 1.055 1.368

3. Simple Charge Approximation

Electrons that are induced or excited by gate voltage or thermal energy at the Fermi
energy level exhibit free transport within the conduction band of the IZO semiconductor.
Similarly, when electrons are filled (occupied) in acceptor-like states within the semicon-
ductor band gap due to the surface bending or the thermal energy, the probability of these
electrons being present on the conduction band increases, thereby affecting the electrical
conductivity of the IZO TFT [28-31]. The change in charge corresponding to variations in
gate voltage can be defined by Q = CVg, and the distribution of acceptor-like states over
the Fermi energy, Eg, corresponds to the number of excited carriers per unit of induced
energy. The calculation method in this study for the acceptor-like state distribution is based
on the approach proposed by Lang et al., which extracts the DOS from the relationship
between the gate voltage and excited carrier density [32-34].

Figure 2 depicts the (a) fabricated TFT, (b) DOS distribution of the IZO semiconductor,
and (c) energy band diagram. In Figure 2b, the total DOS distribution for the acceptor-like
states is the sum of the shallow and deep states Na(E) = Nghaiiow(E) + Ngeep(E), and the
induced free carrier density n(E) can be expressed as the integral of the product of the
acceptor-like state and the Fermi-Dirac function:

E
n(E) = /E Na (E)f(E)dE. (1)

F
In thermal equilibrium, the variation in the free carrier density due to thermal energy
can be estimated by considering the changes in the occupied states governed by the Fermi—
Dirac function. Under the condition 1/N(E)-dN(E)/dE < kT and by applying the 0 K
approximation, it can be observed that if E > kT, then f(E) = 0 for empty states, and if E < kT,
then f(E) = 1 for occupied states. By applying the 0 K assumption, the induced thermal
energy can be represented as E = kT as shown in Figure 2b. Furthermore, assuming that
the induced free electrons originate from the occupied acceptor-like states N, (E), it can be
assumed that f(E) = 1 and n(E) = f N(E) dE. In Figure 2c, the activation energy E, represents
the energy required to place electrons from Er to Ec, and by surface band bending y(x), Ea

can be expressed as

Ea(x) = Earp — y(x) @)

where y(x) is the surface band bending energy from the semiconductor-dielectric interface,
and E,pp is the activation energy in the flat-band configuration. The equation for the
activation energy was obtained from an Arrhenius plot.

Ea

E
Ip = Ipg-exp (kT)'lnID =Inlpy — ﬁ 3)
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Ipg is a prefactor representing the initial In Ip converging with respect to the activation
energy at a certain temperature. Based on the extracted activation energy, a brief result
for the semiconductor DOS can be obtained by differentiating the density of free carriers

as follows:
an(Ea) dn(Ea )

oE, dE,
Assuming that Vp is constant under saturated conditions, the drain current of the IZO

is determined by the surface potential and temperature. Thus, the drain current induced
by thermal energy can be expressed as

= Na(Ea)/

= Na (Ea)' (4)
E=kT

Ip(E) = —qugen(E) &g Aps. 5)

In this equation, q is the charge of electron, ¢4 denotes the electric field between the
source and drain, i.e., £ = —Vp/L. Apg is the cross-sectional area of the drain current and
is given by Apg = W x ds, where d; is the channel thickness. It is assumed that the channel
of the IZO TFT is sufficiently formed with a thin layer of semiconductor, approximately
20 nm in thickness. To compare the voltage-driven current characteristics with the thermal
energy, the drain current of the TFT can be summarized as

W 1
Ip(Vg) = CoxMpE T (Vg — V1n)Vp — EVZD (6)

where C,y is the gate oxide capacitance in F/ cm?, and the thickness of the gate dielectric,
dox, is 100 nm. By applying the Vp = Vg — Vy, for the saturation current, and considering
that the equations for the drain current Ip(E) and Ip(Vg) are the same, the following
summary can be made:

Cox(Vg — V1) = 2qn(E)ds. ?)

The equation above represents the amount of charge carried by the electrons in the
channel induced by the gate voltage. This corresponds to the carriers induced by the surface
band bending, and the approximate acceptor-like state under the surface band bending
condition can be obtained by differentiating n(E) with respect to E,. It can be expressed as:

d TCX (v — v (Ve)) ®)

Na(Ea) =
e dEa [ 2qds E=KkT

Figure 3 shows the transfer characteristics of the IZO semiconductor as a function
of temperature with respect to the In molarity ratio. Figure 3a,b show the transfer char-
acteristics of the IZO TFTs with In molarity ratios of 0.0125 M and 0.2 M, respectively.
Graph (c) illustrates the on-state current characteristics under saturation conditions at
RT and 240 °C. The transfer characteristics of the IZO TFTs for each In molarity ratio are
summarized in Supplementary Figure S1. In the analysis of this paper, Vp = 20 V was
determined in the transfer curve in Figure 3, specifically in the saturation region. This
was due to the relatively high leakage current of the fabricated IZO TFTs, which leads to
increased external factors in the linear region [27]. Although there were some variations,
the current of the IZO TFTs increased significantly with increasing temperature, and the
TFT with the lowest In molarity ratio exhibited the largest increase in current. The increase
in the off-state current was significantly greater than that in the on-state current. At high
temperatures, control of the gate voltage is lost, resulting in only on-state characteristics.
In the case of IZO TFTs with a high In molarity ratio in Figure 3b, carrier saturation is
observed over the entire gate voltage range, and electric field saturation between source
and drain occurs at temperatures above 160 °C, making measurements impossible. The
increase in the TFT current with increasing temperature can be attributed to the carriers
induced by the thermal energy and enhanced conductivity.
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Figure 3. Transfer characteristics of solution-processed IZO TFT according to the measurement
temperatures. (a) Transfer curves with 0.0125 M of In molarity and (b) 0.2 M of In molarity. The
various colored lines in graphs (a,b) depict the results measured at temperatures ranging from RT to
240 °C. (c) On-state drain current as a function of In molarity ratio at RT and 240 °C.

To analyze the activation energy as a function of temperature, Arrhenius plots of the
IZO TFTs are presented in Figure 4a,b with respect to the In molarity ratio. More detailed Ar-
rhenius plots for each In molarity ratio are shown in the Supplementary Materials, Figure S2.
Figure 4c shows the activation energy as a function of the gate voltage extracted from the
slopes of the Arrhenius plots for each In concentration. The results of the activation energy
in Figure 4c were extracted at 240 °C. The Arrhenius plots in Figure 4a,b can be divided into
three temperature regions: low, intermediate, and high, each exhibiting different charac-
teristics. In the Low range, i.e., RT to 60 °C, the data varied irregularly with temperature,
and negative activation energy was observed in the temperature range of 60 °C (refer to
the graphs of In molarity ratio 0.05, 0.1, and 0.125 M in Figure 54). These characteristics are
attributed to the trapped charges in the SiNy gate dielectric, specifically the influence of the
initial charge state, and it is speculated that they are activated at temperatures above 60 °C
and the charges escape through the gate electrode. In the temperature range of 60 to 160 °C,
the characteristics of the TFTs from the off-state to the on-state were observed overall, and
the maximum variation in activation energy was observed in the range of 70 to 110 °C. Car-
riers induced by thermal energy or surface bending accumulate in the TFT channel starting
from the flat-band condition. The flat-band voltage of the TFT can be defined as the point
at which the current begins to transition from the off-state to the on-state in the Arrhenius
plot. However, the measured activation energy in this range was unexpectedly much larger
(approximately 8-10 times) than the theoretical background. This can be explained by the
trapped charge modifying the initial conditions of the current characteristics with respect
to the gate voltage under thermal equilibrium at RT [35-37]. This electrical behavior was
alleviated, particularly at temperatures above 160 °C as shown in the red region, where the
influence of gate voltage decreased. At 240 °C (kTt_p40°c = 0.0442 eV) in the range of =20 V
to 40 V with Vp = 20V, a relatively reasonable activation energy was measured, and this
was defined as the activation energy by converting the data to results at 90 °C.
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Figure 4. Arrhenius plots of solution-processed IZO TFTs with (a) 0.0125 M of In molarity ratio and
(b) 0.2 M. The different colored lines in graphs (a,b) show the measurement results with respect to
the gate voltage ranging from —20 V to 40 V. (c) The extracted activation energy is at T = 240 °C with
respect to In molarity.

The graph in Figure 5 shows the activation energy as a function of the gate voltage
according to the In concentration. Supplementary Material Figure S3 provides detailed
information on the activation energy based on the molarity ratio. Figure 5a,b show the
activation energy extracted at 90 °C, calculated by converting the slopes of the Arrhenius
plots at 240 °C, specifically the E, in Figure 4c when Vg = —20 V. Figure 5c¢ illustrates
the results of the extracted activation energy (E,) and the flat band voltage (Vgp) values
as a function of the In molarity ratio. The normalization conditions for Figure 5a,b were
calculated using the following equation:

Ea’ (V6)lr_oo
Ea(Vg) = —=——1=22C x Eqrplr_gypc- ©)
Earp|7_o0°C
(a) (b) - (c)
In 0.0125 M | (In02M mEwe |
2010 Normalized Ea Eare= 2010 Normalized Es 200 ® Vi |
Exp fitting 1.83 eV| Exp fitting -
T T T = .. {40
1.5} 1. - T~
S 5 g 5 R - 1% <
o Increase s I Z
~ . S {20
@ 1.0F Indium 1.0 - o LI ™
L molarity AN “m >
2 e {10
0.5 @ 0.5 - e . do
e
6 VFB =24 ~. 4-10
0.0 mm& L J,,,,,,Q 1 0.0 BT T . 1 1 I 1 L
=20 -10 0 10 30 40 =20 -10 0 10 20 30 40 000 005 010 0415 0.20

Gate voltage (V)

Gate voltage (V)

In molarity (M)

Figure 5. (a) Normalized activation energy versus gate voltage graph with 0.0125 M of In molarity
and (b) 0.2 M of In molarity. (c) Activation energy and flat band voltage as a function of the In
molarity ratio.

The activation energy under the flat-band condition, E,rg, was extracted from the
maximum E, value in Figure 5a,b, and the corresponding gate voltage was defined as the
flat-band voltage, Vig. The hatched region in Figure 5a,b represents the range below Vgp
and corresponds to the off-state in the depletion region where the minimum drain current
Ips < 10712 A. As mentioned, activation energy values deviating significantly from the
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expected values at T = 90 °C were normalized using the flat band energy at T = 240 °C
and a gate voltage of —20 V. The E, and Vyp characteristics of the IZO TFTs exhibit a
monotonic decrease with respect to the In molar ratio as shown in Figure 5¢c. The inversely
proportional relationship between the activation energy and gate voltage indicates that the
activation energy decreases as the gate voltage increases.

To examine the relationship between the flat-band voltage and the threshold voltage,
we analyzed the square root characteristics of the drain current as shown in Figure 6a,b.
Figure 6c demonstrates the variation in V, with respect to the In molarity ratio, extracted
under RT and T = 90 °C conditions. More detailed information on the characteristics,
including the threshold voltage and field-effect mobility based on the In molarity ratio,
can be found in the Supplementary Materials (Figures 5S4 and S5). In Figure 6a,b, the
black dashed lines are extrapolated from the maximum slope of the square root graph,
whereas the red dashed lines are extrapolated near the flat-band voltage. The yellow
box in the figure represents the subthreshold region. Unlike single-crystal silicon-based
MOSFETs, amorphous semiconductor TFTs operate under accumulated conditions without
inversion. As shown in Figure 6a,b, the actual flat band voltage and threshold voltage of the
1ZO TFTs differed by approximately 4-5 V, regardless of the In concentration, suggesting
the existence of a subthreshold region inferred from the flat band condition from the
maximum flat band condition. Consequently, to describe the changes in the subthreshold
voltage region more accurately, we defined the applied voltage using the gate voltage as
VE(VG) = Vg — V1n(Vg), where V11,(Vi) is the extrapolated threshold voltage at each gate
voltage measurement point, that is:

I Ip.
( D) rVTh = vG-max - ( D max). (10)

m m-max

V(Vg) = Vg -

where gy, is the transconductance of the square root of Ip, gm.max is the maximum transcon-
ductance of the square root of Ip, Ip.max is the drain current at the point of gm.max, and Vg.max
is the gate voltage at the point of gm.max, respectively. The Vy, characteristics at the tempera-
tures T = RT and T =90 °C are shown in Figure 6c, where the Vty, values are determined by
extrapolation from the maximum transconductance. The field-effect mobility, pigg, calculated
from the transconductance can be found in the Supplementary Material, Figure S5. Vy, is
approximately 1-5 V higher at T = 90 °C compared to the RT condition, and it ranges from
40% to 70% of the on-state current, regardless of the In molarity ratio. Vy,, decreased monoton-
ically with increasing In molarity ratio, suggesting a similar mechanism to the characteristics
observed for doping in single-crystal silicon semiconductors.

Figure 7 plots the quantitative distribution of acceptor-like states calculated from
Equation (8) and characteristic energy characteristics according to the In molarity ratio.
Detailed information on the DOS characteristics based on the In molarity ratio can be found
in the Supplementary Material (Figure 56). In particular, Figure 7c denotes a graph sum-
marizing the DOS concentration at the conduction band edge (N¢) and the corresponding
characteristic energy kT, from the exponential distribution tangent at the point N¢ with
respect to each In molarity ratio. In the graphs in Figure 7a,b, two band-tail state models
are described: the shallow state (red dashed line) and the deep state (black dashed line)
of the acceptor-like states. N¢ a5 and —1/kT 51 correspond to the characteristics of the
shallow state, mostly related to the In concentration. In Figure 7a,b, the black rectangles
and blue circles represent the DOS distribution when using Vr(Vg) and fixed V1, values,
respectively, and the yellow box indicates the DOS distribution in the subthreshold voltage
region. As depicted in Figure 7a,b, employing linear extrapolation for V(Vg) allows a more
comprehensive description of the DOS profile compared to using a fixed Vry,, including the
subthreshold voltage region. The magnitude of DOS at the conduction band edge Nc is
9.59 x 10'® for a low In molarity ratio of 0.0125 M, and it increases by approximately three
orders of magnitude to 7.63 x 102! for a high In molarity ratio of 0.2 M. The characteristic
energy kT. decreases from 488 meV to approximately 38 meV, and when converted to
—1/KT, it ranges from approximately 2.05 eV ! to 26.13 eV~ as shown in Figure 7c.



Nanomaterials 2023, 13, 2165

90f18

(a) o.004 — (b) — (c)
|In0.0125 M T=90°C/ In0.2M T=90°C 400} . RT
fffff Vtn(Ve = 40 V) -----Vm(Ve =7.5V) y ® 90°C
Vrn(Ve = 25 V) 0.080 Vn(VG = - 6.5 V) L
— 0.003 - 30.0 |
& RT oy
& 0.060 ¢
~— 0002 g ?., 20.0
=} Increase =
T , | Indium 0.040 - £ e 3
T o001 vm=282V [ molarity Vm=-249V 100
wn 50T 7 A 0.020 | .
Vie =24V Vre=~7.5Y 0.0 "
1/ " PY
0.000 = M 0.000 fP——ttl o __
] ; Vb=20V
L 1 — 1 il 1 1 L/ 1 1 L 1 L _10-0 1 A il A1 il
=20 =10 0 10 20 30 40 =20 -10 0 10 20 30 40 0.00 0.05 010 0.15 0.20

Gate voltage (V)

Gate voltage (V) In molarity (M)

Figure 6. Square root of the drain current versus gate voltage for solution-processed IZO TFTs (a) with
In 0.0125 M and (b) 0.2 M, where the black dashed line represents the tangent at Vg max, while the
red dashed line represents the tangent at the gate voltage near Vgg. The yellow region in graphs
(a,b) represents the subthreshold voltage region. (c) The threshold voltage graph in terms of the In
molarity ratio at RT and 90 °C.
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Figure 7. Calculated band gap state distribution and characteristic temperature of solution-processed
IZO semiconductors from the conduction band to the Fermi energy level. (a) The DOS distribution
with 0.0125 M of In molarity and (b) 0.2 M of In molarity. The yellow region in graphs (a,b) corre-
sponds to the E,pp-E,, defined from the Ea extracted from the subthreshold voltage region. (c) The
density of band tail state at the Ec and properties of the slope with respect to the In molarity.

In this study, we introduce a DOS calculation method for solution-processed 12O
semiconductors using a simple charge approximation. The DOS distribution and on-
state current characteristics increased exponentially with respect to the In concentration,
whereas the activation energy, threshold voltage, and flat-band voltage characteristics
decreased linearly. This calculation method provides insights into the extraction of the DOS
distribution of solution-processed IZO semiconductors and proposes a practical approach
for calculating the DOS distribution based on the In molar ratio. The advantage of this
method is its fast computation based on the charge sheet approximation, which enables
the approximate prediction of acceptor-like states near the conduction band. On the other
hand, in order to validate the effectiveness of the simple charge approximation, we also
conducted a similar analysis using the MN rule-based carrier-surface potential field-effect
analysis to calculate the acceptor-like state distribution based on the current analysis.
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4. Meyer-Neldel Rule-Based Field-Effect Analysis

MN is observed in the TFTs and is a fundamental characteristic of amorphous semi-
conductor materials. For the MN characteristics, there is a specific correlation between the
MN parameter A and the activation energy E, in the Arrhenius plot. The DOS analysis
method based on the MN rule involves extracting the distribution of acceptor-like states by
differentiating carriers with respect to the surface band-bending energy (ys) considering the
applied external thermal energy condition. As defined in Equation (4), N(E) is a function of
kT and ys, where the activation energy E, is influenced by the thermal and surface energies,
ie., Ea = kT and Ea(x) = Eqpp — y(x). Additional definitions are required to simultaneously
consider thermal and surface energies as variables in a single equation. The MN parameter
A, which directly correlates with the activation energy, can be used to define the influence
of temperature. More detailed explanations and calculation methods for characteristics
based on the MN rule are available in the literature [38-45]. The calculation method for the
acceptor-like state distribution based on the MN rule used in this paper is derived from the
theory proposed by C. Chen’s research group [38].

The MN prefactor Ipg can be calculated from the current characteristics in the Arrhe-
nius plot using the equation In Ipg = In Ipg — Ea/kT, where In Ipg vs. 1/KT represents the
y-intercept at x = 0. The MN parameter A, defined from Ipy, is derived from Equation (3).

Ipo = Ippo-exp(A-Ea),  Inlpg =InIpg + A-Ea (11)

In this equation, Ipgg represents the MN constant. The MN parameter A is a variable
determined by the temperature and y(x) is a variable influenced by the applied voltage. At
low temperatures, the electrical behavior of the IZO TFTs resembled the characteristics in
the subthreshold region above the flat-band voltage. At high temperatures, the electrical
behavior of the IZO TFTs resembled that in the overthreshold voltage region. By determin-
ing the MN parameters in the subthreshold and overthreshold voltage regions, the thermal
energy factor can be incorporated into Equation (11). Substituting Equations (3) and (11)
into this relationship, the equation for the drain current as a function of the gate voltage
can be obtained as follows:

Ip(Vi) = Ippo-exp[(A — B)-Ea(Vg)],  InIp(Vg) =Inlpg + (A —B)-Ea(Ve) (12)

The temperature-dependent factor 3 represents 1/kT in the equation. By substituting
Ea(x) = Eqpp — y(X), the drain current equation can be transformed into a function of X,
as follows:

Io(V6) = 0. [% exp (B — A) y(x)ax 03)

where Ipg = Ipgo - exp[(A — B) - Earg]. To establish the relationship between the charge

density and the electric field induced by the surface potential under the applied gate
voltage, Poisson’s equation can be employed:

d?y(x) _ qn(y) 14)

dx? ks-€0

where ks and ¢ are the dielectric constant of the IZO semiconductor and permittivity of
vacuum, respectively. By considering the electric field at a distance x from the semiconduc-
tor gate dielectric interface and utilizing the following definition, the relationship between
the electric field and the induced carrier density can be derived.

d d? 1d /d 2
TR TN EVETE 05
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By integrating Poisson’s equation from x to the surface using Equation (15), the
following expression is obtained:

dy(x) e [y(x) 1/2
dx __<k5-£o/o n(y)dy) 1o

The boundary conditions applied were y(ds) = 0 and dy(ds)/dx = 0 at the top of the
semiconductor surface ds, and y(0) = Vg and dy(x)/dx = —&s(x). Substituting x with y as a
function of Equation (13), under the dys/dx condition in Equation (16), and rearranging
according to Ip(Vgs)/Igg — 1, we can express it as:

Ip(Vg) —Iep Vs eXP (B — A) y(x)] -1
ey / d (17)

I 2%
b ks 50 (Y)dY)

The induced carriers are electrons; therefore, a negative sign is applied to the relation-
ship between the electric field and the carriers. The relationship between the electric field
and the gate bias is expressed as follows:

Ves — Vrh — vy,
d-ins

d
ke E(0) = —ko- 28 = Kips-

I (18)

where ki is the dielectric constant of the gate dielectric, and djns is its thickness. To
simplify the calculation, we assume that ys is much smaller than Vgg — V1. The applied
voltage VF follows the previously mentioned Vg(Vgs) = Vgs — Vn(Vgs) condition from a
simple charge approximation. From Equation (18), Vi can be expressed as follows:

Ke-dins dy,  Ks-dins [ 2-q /ys 1/2
_ Ve — _ s il . 1
Vi — Vn(Vg) = Ve T e n(y)dy (19)

Differentiating the above equation with respect to ys, we obtain:

1
dVF . kS'dins q 2 /ys *1/2'
dy,  Kins 2ks-20 Jo n(y)dy n(y,). (20)

S

By examining the relationship between ys and Vg, substituting Equation (18) into
Equation (17), and differentiating with respect to Vg, we obtain the equation for transcon-
ductance:

idﬂ—lexp[(“%*A)YS] -1 dYs _ exp[(ﬁiA)YS] -1 (21)
I;g dVE  d _ 172 dVg  (ksdins '
FB 2YE * (kf.io ie n(Y)dy) F ( 5 ) ds (ﬁ) n(y,)

ns

By rearranging the above equation for the carrier density n(ys), we can obtain the
relationship between transconductance dIp/dVp and n(ys).

n(y,) = Kins-€0  Irp {exp [(B —A)y,] — 1}

22
q'dins'ds ClID /dVF ( )

To extract the surface energy band bending ys from the relationship between Vy and
ys, we rearrange Equation (21) for dVs/dVr and substitute Equation (18), which results in
the following expression:

dy, _ kins Ve dlp 1
dVr  ksdins Irp dVE exp [(B —A)-y ] —

(23)

Integrating and rearranging the above equation yields:



Nanomaterials 2023, 13, 2165

12 0f 18

exp[(B—A)ys(VE)] — (B —A)y (V) —1=

p—A
Irp

. ds
dins

1(ins
ks

VE
Vet - [Foeiavi| e
Equation (24) is a nonlinear equation without a solution. The solution for ys on the left
side can be approximated using an iteration based on the results obtained by substituting
Vr and Ip(Vg) on the right side. Using the calculations performed thus far, the final
distribution of the acceptor-like state density N(E) can be obtained as follows:

)

Figure 8 shows the MN prefactor Ipg and flat-band current values as functions of
the applied gate voltage in the IZO TFTs. More detailed results for Ipy as a function
of the In concentration are provided in the Supplementary Materials (Figure S7). In
Figure 8a,b, Vpp and Vry, are determined using a simple charge approximation. The hatched
region represents the depletion region and the yellow box indicates the subthreshold
region. The speculated value of Irp in Figure 8c is inferred from the off-state current in the
transfer characteristics. While an approximate value of Ipg was estimated from the transfer
characteristics, the Irg values shown in Figure 8c are approximations obtained through
the calculations in Equations (22) and (24). As shown in Figure 8a,b, the approximate
MN prefactor Ipg exhibits an inverse relationship with the gate voltage and decreases
significantly with increasing In molarity ratio.

dn(y;)
dyg

Ec —E
KT,

N(E) = ,N(E) = Ncexp ( (25)
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Figure 8. The MN prefactor Ipg graph as a function of the gate voltage (a) at 0.0125 M of In molarity
and (b) at 0.2 M of In molarity. The yellow region in graphs (a,b) corresponds to the subthreshold
voltage region. (c) The estimated and measured flat band current characteristics in accordance with
the In molarity ratio.

Figure 9 shows the In Ipg graph as a function of the activation energy and MN parameter
A with respect to the In molarity ratio. The complete extraction results of MN parameter A
for the entire In concentration range are summarized in Supplementary Material Figure S8.
The MN parameter A in Figure 9a,b indicates the slopes obtained by differentiating In Ipg
in terms of E, and can be defined in two regions. The region where Ipj corresponds to the
subthreshold region is depicted within the yellow box, whereas the region from the edge
of the yellow box to 0 eV represents the overthreshold voltage region. Results: A in the
two regions was defined based on the average slopes in each region as A g pthreshold and
A_overthreshold- Aland A2in Figure 9a,b refer to A_subthreshold and A_overthreshold/ respedivel}"
As mentioned earlier, the value of E, in Equation (11) is a function of bias and temperature.
Since we cannot simultaneously use two variables in a single equation like Equation (12), we
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will specify the value of A to incorporate the temperature factor. In this case, the A gpthreshold
value represents the influence at low temperatures, while the A ,yerthreshold Value represents
the influence at high temperatures. By doing so, we can specify the thermal energy at low
and high temperatures and ultimately calculate the shallow/deep state distribution based
on the bias. The atypical magnitude of negative A, especially at high temperatures and
high In concentrations in Figure 9b, can be attributed to the electrical behavior of a slight
drain current decrease in the saturation region, which is associated with the percolation
theory. As shown in Figure 9¢, depending on the In molarity ratio, A gpthreshold in the
subthreshold region shows relatively little variation, ranging from 25.85 to 19.48 eV 1.
However, A ,yerthreshold €xhibits significant variation, ranging from 14.38 to —39.38 eV~ lin
the overthreshold voltage region. It is important to note that, while the MN parameter A
was estimated from Figure 9a,b, the exact values of A were subsequently obtained based on
the calculations.

40.0 40.0 30.0
(a) In0.0125M | o (b) 400 In0.2M | (C) T am
00— 2@ X —
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Figure 9. The characteristics of the MN prefactor and MN parameter A graph depending on the acti-
vation energy at (a) 0.0125 M of In molarity ratio and (b) 0.2 M of In molarity ratio. The yellow region
represents the E, in the subthreshold voltage region. (c¢) The MN parameter A in the subthreshold
voltage region and overthreshold voltage region with respect to the In molarity ratio.

Figure 10 shows the surface band bending energy ys as a function of the applied
gate voltage Vg, the surface free carrier density n(ys) in terms of ys, and the maximum
surface band bending of ys with respect to the In molarity ratio. Moreover, detailed analysis
results regarding the In molarity ratio can be found in Figure S9 of the Supplementary
Materials. The blue squares in Figure 10a,b represent the characteristics in the subthreshold
voltage region, whereas the red circles represent the characteristics in the overthreshold
voltage region. The ys—VE graph was derived using Equation (24), and the n(ys)-ys graph
was extracted using Equation (22). The values of ys obtained from Equation (24) were
iteratively derived until an error of 0.1% was achieved. Furthermore, the modified I
value, Irg” = 100 x I, was used in Equation (23). The interpretation of the corrected results
was based on the analysis of E, pp using a simple charge approximation. Without using
a correction factor of 100, ys for low In, 0.0125 M, changed from 1.845 to 2.597 eV, and
ys for high In, 0.2 M, changed from 1.066 eV to 1.435 eV. Furthermore, if the uncorrected
Ipg were applied, the carrier density n(ys) at the degenerated states would increase by a
factor of 102, resulting in the DOS at the conductor band edge N¢ reaching levels as high as
102 cm—3.eV—1. Using the correction factor, the interpretation of the IZO semiconductor
characteristics can be considered theoretically reasonable. As shown in Figure 10c, for an
applied gate voltage of Vg = 40 V, the maximum surface band bending ys decreased with
increasing In molarity ratio and closely resembled the result of E, gp in the subthreshold
region as depicted in Figure 3c. The characteristics of y; in the region above the threshold
voltage can be understood as a decrease in activation energy with a significant amount of
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thermal energy. This thermal energy, which is represented by the MN parameter A in the
equation, plays a role in reducing the activation energy during the TFT operation.
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Figure 10. Characteristics of surface band bending and free carrier density depending on the applied
voltage and surface bending, respectively. (a) The characteristics of solution-processed IZO TFT
with 0.0125 M of In molarity and (b) with 0.2 M. (c¢) The maximum surface band bending at the
subthreshold voltage region and overthreshold voltage region with respect to the In molarity ratio.

The calculated distribution of acceptor-like states with respect to the In molarity ratio
is shown in Figure 11. More detailed results on the acceptor-like state density as a function
of the In molarity ratio can be found in Supplementary Figure S10. In Figure 11a,b, the blue
rectangles and red circles represent the extracted DOS distributions in the subthreshold
and overthreshold regions, respectively. The red box indicates the DOS characteristics in
the overthreshold-voltage region. The blue and red dashed lines in the graph represent the
exponential tangent lines of the shallow and deep states, respectively. The DOS concentra-
tions at the conduction band edges, N¢ ¢ and N¢ 4, correspond to the characteristics of the
shallow and deep states, respectively, whereas the characteristic energies kT s and kT, 4
represent the slopes of the shallow and deep state characteristics. As shown in Figure 11c,
the N s value increases from 1.93 x 10'8 eV—3cm ™3 t0 2.77 x 10?! eV~3cm 3 with respect
to the In molarity ratio, while the kT s value decreases from approximately 280 meV to
40 meV.
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Figure 11. Extracted acceptor-like state distribution using MN Rule-based field-effect analysis. (a) The
DOS profile and fitting model of shallow /deep states at In 0.0125 M and (b) at In 0.2 M. The red area
in graphs (a,b) represents the DOS in the overthreshold voltage region. (c) Density of shallow/deep
states at the edge of the conduction band and their characteristic temperature results.

In addition, the extracted N¢ depending on the calculation methods are summarized
in Table 2. As shown in Table 2, the calculated results demonstrate a similar magnitude for
both approaches. However, it’s important to note that the simple charge approximation
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method may lead to inaccuracies and fluctuation, especially in the deep state region. This
is attributed to drawing two tangents from the one distribution in the calculation. On the
other hand, the advantage of the MN Rule-based field-effect analysis over the charge sheet
approximation method is its theoretical foundation and accuracy based on parameters such
as the conductivity dIp/dVy with respect to the gate voltage. It provides a more detailed
DOS distribution from the deep to the shallow states. This is because MN constant, A, has
been appropriately characterized into subthreshold and overthreshold regions. As a result,
the extracted DOS distribution characteristics obtained from the two methods were similar,
with an exponential increase in N¢ and a linear decrease in E, pg with respect to the In
molarity ratio. As mentioned above in the atomic bonding structure model, the atomic
bonding structure of Zn—O or In-O is determined by factors such as the charge density of
metal cations and the atomic sizes. In case of solution-processed 1ZO semiconductors, the
amorphous random network structure is determined by Zn-O bonding, and depending on
the In concentration In atoms replace Zn atoms. The enhanced electrical conductivity of
17O semiconductors has been empirically confirmed [26,27]. By replacing the ionic bonding
of Zn%* with the ionic bonding of In3*, the In-O bonding structure can act as donor, and free
electrons are generated through the reaction of the dangling bond Dy,o~ — Diyo® +e.
These free electrons can improve the conductivity of the IZO semiconductor. Based on
the fundamentals of the solution-processed IZO semiconductor, the DOS distributions
were calculated quantitatively, revealing an increase in weak, dangling bonds and oxygen
vacancies within the In-O atomic bonding structure. This led to a significant increase
in the number of donors near the conduction band edge. The DOS extraction method
presented in this study is applicable to a wide range of amorphous semiconductor materials
and is effective in predicting the precise position of the Fermi energy. This provides a
versatile approach that can be employed to understand the electronic properties and device
performances of various material systems.

Table 2. DOS at the conduction band edge as a function of In molarity ratio.

No. Nc In In In In In In In
(cm—3.ev-1)  0.0125M 0.025 M 0.05 M 0.1M 0.125 M 0.15M 02M
Simple charge NC_tail 959 x 10" 1.02x10%° 801 x 10 151 x10*° 153 x 10?1 200 x 102  7.63 x 107!
approximation Nc_deep 348 x 1018 419 x 10'® 837 x 108 342 x 10 130 x 10 260 x 10  1.10 x 10Y
MN Rule field- Nc s 193 x 1018 457 x 10" 1.12x 10 141 x 10 157 x 102 268 x 10?1 2.76 x 10?
effect analysis Nc 4 228 x 107 7.03x 107 144 x 1018 161 x 10°  1.05x 10  525x 101  1.87 x 1020

5. Conclusions

In conclusion, this study focused on the acceptor-like state profile of solution-processed
1Z0O semiconductors using simple charge approximation and MN rule-based field-effect
analysis. The quantitative estimation of the DOS profiles further reveals an increase in weak
bonds, dangling bonds and oxygen vacancies in the InO atomic bonding structures with
higher In molarity ratios. This led to a significant increase in the donor-state concentration
near the conduction band edge. The increase in donor with respect to the In molarity is
interpreted as the result of In atoms replacing Zn atoms in the base of the Zn-O amorphous
random network. This change in the bonding structure is attributed to the differences in
charge density and atomic size between In and Zn atoms. The reliability and accuracy
of the proposed approach were validated by comparing the DOS profiles extracted using
this approach with those obtained using a simple charge approximation method. These
results highlight the importance of understanding the effect of the In molarity ratio on
the acceptor-like state distribution. The results demonstrated that the acceptor-like state
distribution varied significantly with the In molarity ratio, indicating material property
dependence on the composition. Moreover, calculation of the quantitative profile enables
precise prediction of the Fermi energy position, facilitating the design and optimization of
solution-processed IZO TFTs. The obtained results not only contribute to the understanding
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of material properties but also have practical implications. In particular, the temperature-
dependent characteristics of solution-processed IZO TFT will be utilized in future research
on topics such as field-effect mobility modeling, and can also be compared with TCAD
simulation results. The practical approach and detailed results obtained in this study
provide valuable insights for the development of reliable and efficient electronic devices
using amorphous semiconductors.
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(a—g) Activation energy versus gate voltage graph for different In molarity ratios. (h) illustrates the
variation in activation energy and flat band voltage depending on the In molarity ratio. Figure S4. (a-g)
Vg-sqrt(Ip) graphs for extracting the threshold voltage of solution-processed IZO TFTs. (a-g) Graphs
represent the results for different In molarity ratios, with the yellow region indicating the subthreshold
voltage region. (h) Vy, results for various In molarity ratios are shown at RT and T = 90 °C. Figure S5.
Field-effect mobility, pipg, characteristics as a function of gate voltage with respect to the In molarity ratio.
Figure S6. (a—g) The DOS distribution calculated using the simple charge approximation method. Each
(a—g) graph corresponds to a different In molarity ratio, and the tangent lines represent the exponential
distribution models of the shallow (band tail) states and deep states, respectively. (h) Graph showing
the variation in N¢ and —1/kT. with respect to the In molarity ratio. N¢ represents the DOS value
at Ec, and T represents the characteristic temperature. Figure S7. (a—g) Graphs of the MN prefactor
(Ipp) as a function of gate voltage. Each graph represents the results for different In molarity ratios,
and the hatched area and yellow area correspond to the region below the flat band voltage and the
subthreshold voltage region, respectively. (h) Flat band current values according to the In molarity ratio.
The flat band current values were extracted from the off-state current of the transfer curves. Figure
S8. (a—g) The In(Ipy) and MN constant, A, as a function of activation energy. Each graph represents
the characteristics for different In molarity ratios. (h) The MN constant, A, in the subthreshold voltage
region and overthreshold voltage region with respect to the In molarity ratio. Figure S9. (a-g) Graphs
of Vr-ys and ys—n(ys) as a function of In molarity ratio. The red y-axis represents the values of n(ys).
(h) The maximum value of ys at Vg =40V as a function of In molarity ratios. Figure S10. (a—g) The
DOS distribution calculated using the MN rule-based field-effect analysis method. (a—e) represent the
graphs for different In molarity ratios. The tangent lines in the graphs depict the exponential distribution
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deep states, represented by N¢ and kT, respectively, as a function of In molarity ratio.
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