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Preface to ”Recent Advances in Thin Film Electronic
Devices”

Thin film electronic devices have been becoming a hot topic with the rapid development of the

related industries, such as flat panel display, flat panel sensors, energy devices, memories, and so on.

Generally, the family of thin film electronic devices includes thin film transistors (TFTs), thin film solar

cells (TFSCs), thin film sensors (TFSs), thin film memories (TFMs), and many other conventional and

novel devices. Although these devices belong to different industrial fields, they share many common

material physics, device theories, fabrication methods, and application fundamentals. Therefore, a

collection of studies on these devices may broaden our knowledge about this advancing field and

lead to some novel ideas about the related research works. Accordingly, the Special Issue “Recent

Advances in Thin Film Electronic Devices”in Micromachines, the collection of this reprint, is an

approach.

There are 1 editorial and 11 papers are included in this reprint. Device fundamentals, fabrication

processes, and testing methods of thin film electronic devices are covered. The experimental data,

simulation results, and theoretical analysis presented in these studies should push the advances in

thin film electronic devices as well as the research activities employed by the researchers in this field.

Special thanks to Editor Tu and the other members of Micromachines! With their strong support,

this reprint has become possible.

Chengyuan Dong

Editor
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Editorial

Editorial for the Special Issue on Recent Advances in Thin Film
Electronic Devices
Chengyuan Dong

Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
cydong@sjtu.edu.cn

Thin film electronic devices have been attracting more and more attention because of
their applications in many industry fields, such as in flat panel displays (FPDs), energy
devices, sensors, memories, and so on [1–3]. From a fabrication point of view, thin film
electronic devices can not only be prepared on rigid substrates (including glass, wafers,
etc.) but also on flexible substrates (including polymers, paper, etc.); this makes give thin
film electronic devices the potential to be used in some quickly advancing fields, such as
the Internet of Things and medical electronics [4,5].

The family of thin film electronic devices includes thin film transistors (TFTs), thin film
solar cells (TFSCs), thin film sensors (TFSs), thin film memories (TFMs), and many other
conventional and novel devices. To fabricate them, many advanced preparation methods,
including magnetron sputtering, chemical vapor deposition (CVD), atomic layer deposition
(ALD), lithography, dry etching, as well as solution methods, are employed. To improve
the yield for mass productions, some effective testing methods are widely used.

This Special Issue comprises 11 original papers about recent advances in the research
and development of thin film electronic devices. Specifically, three research fields are
covered: device fundamentals (five papers), fabrication processes (five papers), and testing
methods (one paper). These typical studies reveal the recent advances in thin film electronic
devices, which are briefly summarized as follows.

Defect density dominates the electrical properties of semiconductor films and devices.
In this Special Issue, J. C. Tinoco et al. investigated the impact of the semiconductor defect
density on solution-processed flexible Schottky barrier diodes (SBDs) [6]. The simulation
analysis and experimental measurements confirmed that it was necessary to consider the
presence of a density of states in the semiconductor gap for standard SBDs to understand
specific changes observed in their performance.

Nitrogen-doping is an effective method to improve the electrical performance and
stability of amorphous InGaZnO (a-IGZO) TFTs. A technology computer-aided design
(TCAD) simulation was employed to analyze the nitrogen-doping effect on sub-gap density
of states in a-IGZO TFTs [7]. The numerical simulation results displayed that the interface
trap states, bulk tail states, and deep-level sub-gap defect states originating from oxygen-
vacancy-related defects might be effectively suppressed by an appropriate nitrogen-doping
treatment.

In addition to TFTs, the gate-all-around field-effect transistors (GAA FETs) were also
simulated to find the mechanisms about reducing power with punch-through current an-
nealing [8]. To maximize power efficiency during electro-thermal annealing, the application
of gate module engineering was confirmed to be more suitable than the isolation or source
drain modules.

It is interesting that some novel functions could be realized by CsPbI3 thin films.
J. Y. Chen et al. confirmed the learning and memory behavior similar to biological neurons
in Au/CsPbI3/ITO structure [9]; they also discussed the possibility of forming long-term
memory in the device through changing input signals.

1
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In recent years, many researchers have proposed novel photonic crystal fibers (PCF)-
based polarization filters. Here, S. Selvendran et al. [10] used D-shaped PCF to form a
reconfigurable surface-plasmon-based filter/sensor; they achieved a maximum confine-
ment loss of about 713 dB/cm at the operating wavelength of 1.98 µm in X-polarization by
the surface plasmon effect.

Generally, electrical properties of thin films are influenced by many processing con-
ditions. The effect of the deposition time on the structural and 3D vertical growth and
electrical conductivity properties of electrodeposited anatase-rutile nanostructured thin
films was studied [11], proving that the deposition time during the electrophoretic experi-
ment consistently evidently affected the structure, morphology, and electrical conductivity
of the corresponding films.

Recently, fabrication improvement in metal oxide TFTs has become a hot topic. Two
papers related to this issue are included in this Special Issue [12,13]. N. Chen et al. [12]
tried to apply laser treatment in the solution-processing of active layers of metal oxide
TFTs, covering laser photochemical cracking of metastable bonds, laser thermal effect,
photoactivation effect, and laser sintering of nanoparticles. In addition, W. Zhang et al. [13]
investigated atmosphere effect in post-annealing treatments for a-IGZO TFTs with SiOx
passivation layers, where different atmospheres (air, N2, O2, and vacuum) were studied
at length.

Interestingly, some novel processes relating thin film electronic devices were reported
in this Special Issue [14,15]. K. S. Lee employed a process simplification for n-type nanosheet
FETs without a ground plane region [14]; the proposed flow could be performed in situ,
without the requirement of changing chambers or a high-temperature annealing process.
In addition, X. Ding et al. successfully realized the efficient multi-material structured thin
film transfer to elastomers for stretchable electronic devices by combining bench-top thin
film structuring with solvent-assisted lift-off methods [15].

Liquid crystal displays (LCDs) are still the mainstream of FPDs, so it is very important
to use effective inspection methods to improve yield in the mass productions of TFT-LCDs.
Accordingly, non-contact optical detection of foreign materials adhered to color filters (CFs)
and TFTs was investigated by F. M. Tzu et al. [16]. In contrast to the height of the debris
material, the image was acquired by transforming the geometric shape from a square for
side-view illumination using area charge-coupled devices (CCDs) in this study. The relating
experiments presented a successful design to prevent a valuable component malfunction.

I would like to thank all the authors for submitting their papers to the Special Issue
“Recent Advances in Thin Film Electronic Devices”, as well as all the reviewers and editors
for their contributions to improving these submissions.

Funding: This work was supported by the Key Research Project of Jiangxi Province (Grant No.
20194ABC28005).

Conflicts of Interest: The author declares no conflict of interest.
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Article

Impact of the Semiconductor Defect Density on
Solution-Processed Flexible Schottky Barrier Diodes
Julio C. Tinoco 1,2 , Samuel A. Hernandez 1, María de la Luz Olvera 3, Magali Estrada 3, Rodolfo García 4

and Andrea G. Martinez-Lopez 1,2,*

1 Micro and Nanotechnology Research Centre (MICRONA), Universidad Veracruzana, Veracruz 94294, Mexico;
jutinoco@uv.mx (J.C.T.); samuhernandez@uv.mx (S.A.H.)

2 Facultad de Ingeniería de la Construcción y el Hábitat (FICH), Universidad Veracruzana,
Veracruz 94294, Mexico

3 Solid-State Electronics Section, Electrical Engineering Department, CINVESTAV-IPN, Mexico City 07360,
Mexico; molvera@cinvestav.mx (M.d.l.L.O.); mestrada@cinvestav.mx (M.E.)

4 University Center UAEM Ecatepec, Universidad Autónoma del Estado de México,
Ecatepec de Morelos 55020, Mexico; rzgarcial@uaemex.mx

* Correspondence: andmartinez@uv.mx

Abstract: Schottky barrier diodes, developed by low-cost techniques and low temperature processes
(LTP-SBD), have gained attention for different kinds of novel applications, including flexible electronic
fabrication. This work analyzes the behavior of the I–V characteristic of solution processed, ZnO
Schottky barrier diodes, fabricated at a low temperature. It is shown that the use of standard
extraction methods to determine diode parameters in these devices produce significant dispersion
of the ideality factor with values from 2.2 to 4.1, as well as a dependence on the diode area without
physical meaning. The analysis of simulated I–V characteristic of LTP-SBD, and its comparison with
experimental measurements, confirmed that it is necessary to consider the presence of a density of
states (DOS) in the semiconductor gap, to understand specific changes observed in their performance,
with respect to standard SBDs. These changes include increased values of Rs, as well as its dependence
on bias, an important reduction of the diode current and small rectification values (RR). Additionally,
it is shown that the standard extraction methodologies cannot be used to obtain diode parameters of
LTP-SBD, as it is necessary to develop adequate parameter extraction methodologies for them.

Keywords: zinc oxide films; solution-processing electronics; Schottky barrier diodes; semiconduc-
tor defects

1. Introduction

During the last decades, the microelectronics industry has been exploring a technolog-
ical diversification, which allows the possibility of developing specific electronic systems
for nontraditional areas, like medical and health care systems, environmental, biological
applications, detection systems for chemical or physical signals, etc. Further development
of novel materials and fabrication methodologies is required to produce new devices with
the desired features. Some of these applications can require substrates, like flexible, trans-
parent, organic, paper, among others [1]. In this context, film deposition from precursor
solutions appears to be a potential tool for novel materials and electronic device fabrication
techniques [2,3].

On another hand, Schottky barrier diodes (SBD), based on nanostructured oxide
semiconductor films, appear to be potential candidates for different kinds of sensor devices.
Furthermore, the possibility of using solution-processing techniques for diode manufacture
allows the reduction of the fabrication temperatures to levels which make the full fabrication
process compatible with flexible substrates. In recent years, the development of SBD based
on solution-processes has become an interesting technological approach for manufacturing
flexible and paper-based electronic devices, including a variety of sensor devices.
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Up to now, for the analysis of low-cost and low temperature processed SBD, (LTP-
SBD), thermionic emission was considered the main conduction mechanism. The diode
parameters, such as barrier height (φb), ideality factor (η), and series resistance (RS), are
obtained using parameter extraction methodologies developed for high quality, crystalline
semiconductor-based SBD, processed at high temperatures.

In LTP-SBD, three main features have been observed in diode parameters, extracted
using above mentioned methodologies [4–11]: (i) the rectification ratio (RR = ION/IOFF)
is, usually, very small (one or two orders of magnitude); (ii) large ideality factor values
(η > 2), and (iii) relatively large series resistances (RS). Regarding η, values close to 2, even
greater than 7, can be found in the literature [4–11]. For SBD processed using high vacuum
techniques, like sputtering deposition at room temperature, values of η near to 1 have been
found [12,13].

Trying to understand the differences observed in the extracted diode parameters for
LTP-SBD, with respect to those obtained for standard SBD, different explanations have
been considered, among which are the impact of RS, the presence of different conduction
mechanisms, barrier height inhomogeneities, and interfacial states [5–7]. However, the
physical reasons behind the wide range of values obtained for the LTP-SBD ideality factor
are not clear, nor are the strong differences in parameter values observed in different film
deposition methods.

In addition to the possible causes of this observed behavior, low temperature process-
ing could jeopardize the semiconductor film quality, since it is well known that noncrys-
talline materials present a density of localized states (DOS) within the energy gap, which
can strongly affect the behavior of devices based on these materials.

In this work, the behavior of the I–V characteristic of solution processed, ZnO LTP-
SBD is studied. Main diode parameters, obtained by four extraction methods used for
standard SBD fabricated at higher temperatures, are analyzed to evaluate the possibility
of using them to characterize LTP-SBD. Additionally, simulated I–V characteristic of SBD,
considering the presence of a density of localized states inside the semiconductor gap, were
obtained to analyze the origin of the main characteristics of diodes performance.

2. Experimental Part
2.1. Fabrication Process

ZnO Schottky barrier diodes were obtained as follows: (i) the synthesis of ZnO
nanoparticles; (ii) the deposition of a film, consisting of the ZnO nanoparticle colloidal
dispersion, on a polyethylene terephthalate (PET) substrate, covered by an indium tin oxide
(ITO) film as back-side electrode; (iii) deposition, by screen-printing technique, of a top
silver electrode. The fabrication process was limited to a maximum temperature of 150 ◦C.
A detailed fabrication process can be found in [11]. Devices with square shape and different
length (L) were manufactured and then electrically characterized.

2.2. SBD Simulation

SBDs were simulated using the ATLAS simulation program from Silvaco [14]. ZnO
was considered the semiconductor material and the presence of DOS was included.

As already mentioned, noncrystalline semiconductor materials contain certain distri-
butions of DOS, which dominate the overall device electrical characteristics. Such states are
grouped into deep and tail states. For our study, the effect of the tail states is predominant,
so we will only consider them in our simulations. Tail state energy distribution can be
approximated to an exponential distribution as:

g(E) = NTAexp
(
−EC − E

ETA

)
+ NTDexp

(
−E − EV

ETD

)
(1)

where NTA and NTD are, respectively, the acceptor and donor density of the tail states at
the corresponding band border. ETA and ETD are, respectively, the activation energy of the
acceptor and donor tails.

6
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Main material parameters are shown in Table 1. For the DOS, a symmetrical variation
for the acceptor and donor tail states was considered, while the value of NTA and NTD,
was varied from 1018 to 1020 cm−3 eV−1. For ETA and ETD, typical values for metal oxide
materials were considered. Two different carrier densities, NB, were analyzed. The metal
work function (ΦM) was fixed to produce a barrier height of 0.54 eV.

Table 1. Summary of the semiconductor film parameters used in simulations.

Parameter Value Parameter Value

Eg 3.2 eV NTA, NTD 1018 to 1020 eV−1 cm−3

χs 4.3 eV ETA 0.105 eV
NC, NV 5 × 1018 cm−3 ETD 0.385 eV

µe 10 cm2/Vs NB 5 × 1016 and 5 × 1018 cm−3

3. Traditional Extraction Methods to Obtain SBD Main Parameters from I–V Curves

Considering that the thermionic emission is the main conduction mechanism in SBD,
four I–V extraction methodologies have been used to determine the diode parameters.

3.1. Ideal Extraction Method

The diode current (ID) of an ideal SBD diode is defined by the general diode equation
(GDE) expressed as:

ID = I0

[
exp
(

qVD
ηkT

)
− 1
]

(2)

where VD is the applied voltage and η is the ideality factor.
The term I0 is the reverse current, which is defined as:

I0 = AA∗T2exp
(
− q

kT
φb

)
(3)

where A is the device area, A* is the Richardson constant and φb is the barrier height formed
between the metal and the semiconductor.

There are different procedures to determine the barrier height and the ideality factor.
Combining (2) and (3), and considering VD >> kT/q, the GDE can be expressed as:

ln(ID) = ln
(

AA∗T2
)
− q

kT
φb +

q
ηkT

VD (4)

Therefore, the semilogarithmic plot of the forward characteristic exhibits a linear
dependence where the slope is related to η and the y-axis intercept with φb.

3.2. Norde’s Function

This method considers the presence of a resistance in series with an ideal diode (RS).
The method was developed without considering the ideality factor [15]. Afterwards η was
included into the extraction procedure [16].

Considering the series resistance, the GDE is modified as:

ID = I0

[
exp
(

q(VD − IDRs)

ηkT

)
− 1
]

(5)

This method is based on the definition of an F function, considering VD >> kT/q,
as [16]:

F(VD, γ) =
VD
γ

− kT
q

ln
(

ID

AA∗T2

)
(6)

where γ is an arbitrary constant greater that η.
For values of γ greater than η, the F(VD,γ) vs. VD plot presents a minimum at the

point (V0, F0). That point corresponds with a diode current, of value I0 [16]. Hence, the

7
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ideality factor can be determined, considering two different values of γ (γ1 and γ2) and the
corresponding diode current values at the minimum of the F function [16]:

η =
γ1 I02 − γ2 I01

I02 − I01
(7)

The barrier height and the series resistance can be determined as [16]:

φb = F01 +

(
1
η
− 1

γ1

)
V01 −

kT
q

γ1 − η

η
= F02 +

(
1
η
− 1

γ2

)
V02 −

kT
q

γ2 − η

η
(8)

Rs =
kT
q

γ1 − η

I01
=

kT
q

γ2 − η

I02
(9)

3.3. Cheung’s Function

The Cheung´s method allows the determination of the ideality factor, as well as the
series resistance and the barrier height [17]. Equation (5) can be rewritten, considering the
current density (JD = ID/A) and VD >> kT/q, as:

VD = Rs AJD + ηφB +
kT
q

η·ln
(

JD

A∗T2

)
(10)

The derivative of Equation (10) with respect to the logarithm of the current density is
defined as [17]:

dVD
dln(JD)

= Rs AJD +
kT
q

η (11)

As can be seen, a linear dependence with JD is present and the ideality factor can be
determined from the corresponding y-axis intercept [17].

Moreover, an H function is defined as [16]:

H(JD) ≡ VD − kT
q

η·ln
(

JD

A∗T2

)
(12)

Comparing Equations (10) and (12), the H function is expressed as [17]:

H(JD) = Rs AJD + ηφB (13)

Therefore, the plot of H vs. JD shows a linear behavior. The slope is related to the
series resistance and the y-axis intercept to the barrier height.

3.4. Forward–Reverse (F–R) Function

This method analyses both the forward as well as reverse I–V characteristic. According
to Equation (3), the reverse current is bias independent. However, solution-processed
devices usually exhibit an important variation of the reverse current with the reverse
voltage [4–11]. Considering the image force lowering effect and a very thin semiconductor
film, the reverse current density (JR) can be expressed as [11]:

JR = A∗T2exp

[
− q

kT

(
φb −

√
qVR

4πε0kdt

)]
(14)

where VR is the reverse bias, kd is the dynamic dielectric constant and t is the electrical
semiconductor film thickness.

Hence, φb can be determined through the y-axis intercept of the semilogarithmic plot
of JR vs. VR

1/2.

8
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Furthermore, the series resistance can be extracted by the voltage derivative, with
respect to the diode current of the forward characteristic (dVF/dIF), which is expressed
as [18]:

dVF
dIF

=

(
dIF
dVF

)−1
= RS + η

kT
q

(
1

IF + I0

)
(15)

Therefore, RS can be extracted from the y-axis intercept of the plot of the inverse of
the current derivative vs. the 1/(IF + I0) term [11]. I0 is calculated through (3) using the φb
value obtained from (14). Additionally, η can be extracted, in an independent manner, from
the slope of the same plot [11].

4. Results and Discussion

Figure 1 shows the JD–VD characteristics of measured devices with different L. As
can be seen, the rectification ratio RR, obtained as diode current at +1 V divided by the
current at −1 V, is about one order of magnitude. Contrarily, for crystalline devices, RR can
be greater than six orders of magnitude. Moreover, the reverse current density shows a
significant dependence on the applied voltage. On the other hand, as expected, the forward
current density has similar values for all devices at low applied voltage. Beyond 0.5 V, JD
starts to increase as the device area is reduced.

Diode parameter extractions, using the different strategies explained in Section 3, were
performed with the aim of analysing the diode performance, as well as the unforeseen
current density increment, to a deeper level. Table 2 summarizes the extracted values for
φb, η and RS. The overall results agree with the main features previously observed for
LTP-SBD [4–11].
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Figure 1. Plot of the JD–VD characteristic for the different length devices. The diode area is defined
as A = L2.

Table 2. Summary of the extracted Schottky barrier diode through the different extraction procedures.

Diode Length (µm)
Ideal Method Norde’s Function Cheung’s Method F–R Method

η
φb

(eV) η
φb

(eV)
Rs
(Ω) η

φb
(eV)

Rs
(Ω) η

φb
(eV)

Rs
(Ω)

1000 16.5 0.48 2.2 0.53 592 2.4 0.54 506 4.1 0.52 395

700 15.6 0.47 2.6 0.55 714 3.1 0.53 546 3.2 0.52 675

500 14.4 0.48 3.0 0.56 1478 3.1 0.53 1189 3.1 0.52 1300

300 12 0.48 3.5 0.59 2300 2.3 0.54 3238 3 0.53 3300
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Figure 2 shows the comparison of the extracted barrier height obtained with the
different methods. As can be seen, for all devices the extracted values of φb using the ideal
method are about 10% smaller than using the other methods. The Cheung and the F–R
methods exhibit close values of φb, while Norde´s method shows a small difference for
large devices, which increases as L is reduced. Nevertheless, the different methods used
allow the determination of the barrier height with a relatively small variation of ±10 %. It is
worth noting that the Norde and Cheung methods allow the extraction of the barrier height
after the ideality factor; hence, a reliable η extraction is of main importance. On the contrary,
the F–R method allows the determination of the barrier height in an independent form.
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Figure 2. Comparison of the extracted values of the barrier height using the different methods.

As can be seen from Table 2, the ideality factor presents abnormally large values when
the ideal extraction is used. This occurs because the impact on RS is neglected. The other
methods include the series resistance and, thus, the extracted values of η are reduced.
Figure 3 shows the comparison of the η extracted values using the methods which include
the series resistance on the extraction methodology. In all cases, the resulting η values
are greater than 2 and a significant dispersion is observed. Additionally, Norde and F–R
methods show an opposite trend. In the Norde case, the value of η increases as the device
area is reduced, while with the F–R method, it reduces. However, there is not a physical
reason that could support the variation of the diode ideality factor with the device area.
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Therefore, the standard SBD extraction methods allow the determination of the barrier
height into a reasonable deviation. For the ideality factor, however, a significant dispersion
and even different trends when varying the diode area are obtained, depending on the
method considered. However, the behavior shown in Figure 1 suggests that a single set of
parameters is required to define the diode performance up to ~0.4 V, and after that bias, the
increment on the current density with the area must be explained.

Figure 4 shows the extracted RS vs. the inverse of the diode area. In the inset, the
RS vs. L plot is shown. In general, RS has a linear behavior in respect to 1/A. As a first
approach, the device can be considered a rectangular semiconductor with electrodes on the
top and at the bottom, which produce the observed dependence with the diode area. This
fact also suggests a constant value of the resistance normalized with diode area (A.RS).

The above-mentioned analysis implies an issue on the proper determination of the
diode parameters utilizing the traditional methodologies, since a single set of parameters
cannot explain the experimental diode current. Because of the observed results, a deeper
analysis on the LTP-SBD behavior must be performed, as well as the development of
specific extraction methodologies for this kind of devices.
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Figure 4. Comparison of the extracted values of the series resistance using the different methods.

To further analyze the behavior of LTP-SBDs, finite-element numerical simulations
were performed. Figure 5a,b show the I–V characteristic for devices simulated in ATLAS,
for two doping concentrations and the different DOS parameters shown in Table 1. For
comparison, defect-free simulated devices are included. As can be seen, the reverse current
exhibits a negligible impact with the presence of DOS. Contrarily, the tail state’s presence
produces an important reduction in the forward diode current. This can be explained due
to the electron-trapping on the defects, which implies a reduction in the overall free carriers
in the conduction band and, hence, of the device current. The impact, however, is more
important for devices with relatively low free carrier concentration, which implies a highly
resistive film. In such cases, ION is reduced by several orders of magnitude, which explains
the typical rectification ratio experimentally achieved [4–11].

Figure 6 shows the comparison of the RR vs. the defect densities for two values
of NB. As can be observed, LTP-SBDs with low quality semiconductor films (i.e., high
resistivity and high defects densities) exhibit a strong RR reduction, until around one order
of magnitude, which are similar to what is observed in experimental devices [4–11]. On
the other hand, when the layer has a moderate or high conductivity (which implies a
better film quality), the impact of the defects is reduced and the RR value is only slightly
reduced, remaining several orders of magnitude as experimentally observed for high
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vacuum processing [12,13], even for defect densities in the range of 1020 cm−3eV−1. It
can be expected that a further increase of the defect densities will produce a stronger RR
reduction.
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Figure 5. I–V characteristic for the simulated SBD considering different densities of localized states for
NB equal to (a) 5 × 1016 and (b) 5 × 1018 cm−3. For comparison, defect free devices (NTA = NTD = 0)
are considered.
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Figure 6. Comparison of the rectification ratio (RR) vs. the defect densities, for both NB values used
in the simulations.

Figure 7 shows the simulated electron concentration (ne) inside the semiconductor
film for both NB values vs. forward applied voltage. As can be seen, the impact of the film
qualities on ne is confirmed. Moreover, it is observed that, for high resistivity films, ne is
modulated by the forward bias. Contrarily, for low resistivity films, ne is constant along
most of the film thickness.
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Figure 7. Comparison of the electron concentration (ne) vs. the semiconductor film position (x), for
both NB values used in the simulations.

As was mentioned above, the diode can be considered as a rectangular semiconductor
die. Therefore, the resistance due to a differential film thickness is defined as:

dRS =
1

qµA
· dx
ne(x)

(16)

where µ is the electron mobility and A is the device area.
The total resistance, due to the semiconductor film, can be calculated integrating (16)

along the film thickness (t):

RS =
1

qµA

t∫

0

dx
ne(x)

(17)

Considering the electron distribution shown in Figure 7, it is possible to determine the
series resistance contribution caused by the film. Figure 8 shows the calculated resistance vs.
the bias applied for device with NB = 5 × 1016 cm−3 and defect densities of 1020 cm−3 eV−1.
In the inset, the calculated resistance for a device with NB = 5 × 1018 cm−3 is also shown.
For the case of low resistivity semiconductor film, the resistance shows an abrupt reduction
at small forward bias, from about 1 MΩ to few kΩ. When bias is increased above 1 V,
RS becomes almost constant. On the contrary, for a higher resistivity material with a
relatively high defect density, the resistance exhibits extremely high values. At the same
time, an important dependence on the applied forward voltage is observed. According to
Figure 8, RS exhibits an exponential dependence on VD, which, as a first approach, can be
expressed as:

RS = R0exp
(
−VD

δ

)
(18)

where R0 is the zero bias resistance and δ can be related to the DOS.
Under this scenario, to better represent the behavior of the I–V curve for LTP-SBDs,

the general diode equation must be modified as:

ID = AA∗T2exp
(
− qφB

kT

)
exp





q
[
VD − IDR0exp

(
−VD

δ

)]

ηkT



 (19)
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This series resistance bias dependence can explain the abnormal current density incre-
ment observed as L is reduced in Figure 1. As diode area is reduced, the resistance value is
increased, and, therefore, its reduction with the applied voltage becomes more significant.
Hence, beyond 0.4 V, the current density starts to increase, due to the RS reduction.
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Figure 8. Calculated series resistance vs. forward bias, for NB of 5 × 1016 cm−3. In the inset, the
corresponding plot for NB of 5 × 1018 cm−3 is shown.

Furthermore, the bias-dependent RS would imply an important concern regarding
the correct parameter extraction. In order to verify this assumption, Figure 9 shows the
corresponding dVD/dln(ID) vs. ID plot, according to Equation (11) of Cheung´s method, for
the simulated device shown in Figure 8. For comparison, in the inset the plot for a defect
free device is shown. As can be seen, the extraction procedure can be properly applied for
the defect free device getting the extracted value of η as one. On the contrary, when the
high defect density is included in the simulation, the plot does not show a linear behavior
at any forward bias region. This fact clearly shows that for low-cost and low-temperature
processing SBDs, the film quality compromises the reliable application of the traditional
extraction methods due to the bias dependence exhibited by RS. Therefore, the extracted
parameters can exhibit the important variations shown in Figures 2 and 3. Thus, proper
extraction methodologies for low-cost and low-temperature processed SBD are of main
importance to adequately understand the diode behavior.
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5. Conclusions

ZnO LTP-SBDs were analyzed using a single ID–VD characteristic and four traditional
extraction methodologies. The barrier height extraction shows a relatively small disper-
sion of about ±10%. On the other hand, the ideality factor obtained exhibits a significant
dispersion with values from 2.2 to 4.1, depending on the extraction method used. Sim-
ulation results show that devices without or with low DOS, as is the case of standard
SBD fabricated at higher temperatures, show high values of RR, relatively small values
of RS, and are almost bias-independent at relatively high forward applied voltage. Thus,
traditional parameter extraction methodologies can be properly used. On the other hand,
devices fabricated using low-cost techniques (solution-processing techniques, printing
strategies, etc.) at low temperatures can produce films with high tail state densities and
high resistivity. Simulations showed that the combination of high DOS and low carrier
concentration produces a strong impact on diode behavior, which implies an important
reduction in the forward current and RR values. For these devices, the series resistance
exhibits high values, as well as an exponential dependence on the forward applied voltage.
Under these conditions, the traditional extraction methodologies of diode parameters are
compromised, so further efforts must be made to develop adequate parameter extraction
methodologies for low-cost and very low-temperature processed Schottky barrier diodes.

Author Contributions: Conceptualization, J.C.T. and A.G.M.-L.; methodology, J.C.T. and A.G.M.-L.;
software, J.C.T., R.G. and M.E.; validation, S.A.H. and A.G.M.-L.; investigation, J.C.T., S.A.H., R.G.
and A.G.M.-L.; resources, M.d.l.L.O., M.E. and A.G.M.-L.; writing—original draft preparation, J.C.T.
and A.G.M.-L.; writing—review and editing, M.E. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Baeg, K.-J.; Lee, J. Flexible Electronic Systems on Plastic Substrates and Textiles for Smart Wearable Technologies. Adv. Mater.

Technol. 2020, 5, 2000071. [CrossRef]
2. Berger, P.R.; Li, M.; Mattei, R.M.; Niang, M.A.; Talisa, N.; Tripepi, M.; Harris, B.; Bhalerao, S.R.; Chowdhury, E.A.;

Winter, C.H.; et al. Advancements in Solution Processable Devices using Metal Oxides For Printed Internet-of-Things Objects. In
Proceedings of the IEEE Electron Devices Technology and Manufacturing Conference (EDTM), Singapore, 12–15 March 2019.
[CrossRef]

3. Chan, K.-Y.; Ng, Z.-N.; Au, B.W.-C.; Knipp, D. Visibly transparent metal oxide diodes prepared by solution processing. Opt. Mater.
2018, 75, 595–600. [CrossRef]

4. Rouis, A.; Hizem, N.; Kalboussi, A. Electrical characterizations of Schottky diode with zinc oxide nanowires. In Proceedings of
the IEEE International Conference on Design & Test of Integrated Micro & Nano-Systems (DTS), Gammarth, Tunisia, 28 April–1
May 2019. [CrossRef]

5. Ahmeda, M.A.M.; Mwankemwa, B.S.; Carleschi, E.; Doyle, B.P.; Meyer, W.E.; Nel, J.M. Effect of Sm doping ZnO nanorods
on structural optical and electrical properties of Schottky diodes prepared by chemical bath deposition. Mater. Sci. Semicond.
Processing 2018, 79, 53–60. [CrossRef]

6. Caglar, Y.; Caglar, M.T.; Ilican, S. XRD, SEM, XPS studies of Sb doped ZnO films and electrical properties of its based Schottky
diodes. Optik 2018, 164, 424–432. [CrossRef]

7. Rana, V.S.; Rajput, J.K.; Pathak, T.K.; Purohit, L.P. Cu sputtered Cu/ZnO Schottky diodes on fluorine doped tin oxide substrate
for optoelectronic applications. Thin Solid Film. 2019, 679, 79–85. [CrossRef]

8. Zhang, J.; Zhao, G.; Li, Y.; Ai, T.; Wu, C.; Jia, J.; Yan, F.; Wang, Y. Study on the electrical properties of nano ZnO/PET-ITO
heterojunction prepared by hydrothermal method. J. Electron Spectrosc. Relat. Phenom. 2019, 235, 68–72. [CrossRef]

9. Ozório, M.S.; Nascimento, M.R.; Vieira, D.H.; Nogueira, G.L.; Martin, C.S.; Lima, S.A.M.; Alves, N. AZO transparent electrodes
grown in situ during the deposition of zinc acetate dihydrate onto aluminum thin film by spray pyrolysis. J. Mater. Sci. Mater.
Electron. 2019, 30, 13454–13461. [CrossRef]

10. Yilmaz, M.; Cirak, B.B.; Aydogan, S.; Grilli, M.L.; Biber, M. Facile electrochemical-assisted synthesis of TiO2 nanotubes and their
role in Schottky barrier diode applications. Superlattices Microstruct. 2018, 113, 310–318. [CrossRef]

11. Tinoco, J.C.; Hernández, S.A.; Rodrigez-Bernal, O.; Vega-Poot, A.G.; Rodriguez Gattorno, G.; de la L. Olvera, M.;
Martinez-Lopez, A.G. Fabrication of Schottky Barrier Diodes based on ZnO for Flexible Electronics. J. Mater. Sci. Mater.
Electron. 2020, 30, 7373–7377. [CrossRef]

15



Micromachines 2022, 13, 800

12. Zhang, J.; Wang, H.; Wilson, J.; Ma, X.; Jin, J.; Song, A. Room Temperature Processed Ultrahigh-Frequency Indium–Gallium–Zinc-
Oxide Schottky Diode. IEEE Electron Device Lett. 2016, 37, 389–392. [CrossRef]

13. Xin, Q.; Yan, L.; Du, L.; Zhang, J.; Luo, Y.; Wang, Q.; Song, A. Influence of sputtering conditions on room-temperature fabricated
InGaZnO-based Schottky diodes. Thin Solid Film. 2016, 616, 569–572. [CrossRef]

14. ATLAS User’s Manual; SILVACO Inc.: Santa Clara, CA, USA, 2020.
15. Norde, H. A modified forward I–V plot for Schottky diodes with high series resistance. J. Appl. Phys. 1979, 50, 5052–5053.

[CrossRef]
16. Bohlin, K.E. Generalized Norde plot including determination of the ideality factor. J. Appl. Phys. 1986, 60, 1223–1224. [CrossRef]
17. Cheung, S.K.; Cheung, N.W. Extraction of Schottky diode parameters from forward current-voltage characteristics. Appl. Phys.

Lett 1989, 49, 85–87. [CrossRef]
18. Ortiz-Conde, A.; García-Sánchez, F.J. A new approach to the extraction of single exponential diode model parameters. Solid State

Electron. 2018, 144, 33–38. [CrossRef]

16



Citation: Zhu, Z.; Cao, W.; Huang, X.;

Shi, Z.; Zhou, D.; Xu, W. Analysis of

Nitrogen-Doping Effect on Sub-Gap

Density of States in a-IGZO TFTs by

TCAD Simulation. Micromachines

2022, 13, 617. https://doi.org/

10.3390/mi13040617

Academic Editor: Chengyuan Dong

Received: 6 March 2022

Accepted: 12 April 2022

Published: 14 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Article

Analysis of Nitrogen-Doping Effect on Sub-Gap Density of
States in a-IGZO TFTs by TCAD Simulation
Zheng Zhu 1, Wei Cao 1, Xiaoming Huang 1,* , Zheng Shi 2, Dong Zhou 3 and Weizong Xu 3

1 College of Integrated Circuit Science and Engineering, Nanjing University of Posts and Telecommunications,
Nanjing 210023, China; 1219023314@njupt.edu.cn (Z.Z.); 1220024107@njupt.edu.cn (W.C.)

2 School of Communications and Information Engineering, Nanjing University of Posts and
Telecommunications, Nanjing 210023, China; shizheng@njupt.edu.cn

3 National Laboratory of Solid State Microstructures, Nanjing University, Nanjing 210093, China;
dongzhou@nju.edu.cn (D.Z.); njuphyxwz@126.com (W.X.)

* Correspondence: huangxm@njupt.edu.cn

Abstract: In this work, the impact of nitrogen doping (N-doping) on the distribution of sub-gap
states in amorphous InGaZnO (a-IGZO) thin-film transistors (TFTs) is qualitatively analyzed by
technology computer-aided design (TCAD) simulation. According to the experimental characteristics,
the numerical simulation results reveal that the interface trap states, bulk tail states, and deep-level
sub-gap defect states originating from oxygen-vacancy- (Vo) related defects can be suppressed by
an appropriate amount of N dopant. Correspondingly, the electrical properties and reliability of the
a-IGZO TFTs are dramatically enhanced. In contrast, it is observed that the interfacial and deep-level
sub-gap defects are increased when the a-IGZO TFT is doped with excess nitrogen, which results in
the degeneration of the device’s performance and reliability. Moreover, it is found that tail-distributed
acceptor-like N-related defects have been induced by excess N-doping, which is supported by the
additional subthreshold slope degradation in the a-IGZO TFT.

Keywords: a-IGZO TFTs; sub-gap states; nitrogen-doping; numerical simulation; stability

1. Introduction

Currently, the backplane technology of amorphous InGaZnO (a-IGZO) thin-film tran-
sistors (TFTs) is attracting great attention for its use in pixel switching and driving units for
next-generation display applications. The competitive advantage of a-IGZO TFT technol-
ogy is that it can offer high current-driving capacity, high optical transparency, low power
consumption and low process temperature compared with traditional Si-based TFTs [1–3].
Although a-IGZO TFT technology has made remarkable progress since it was first proposed
by Nomura et al. in 2004, these devices still cannot achieve the desired performance and
reliability due to high-density sub-gap states existing in the bandgap of a-IGZO [4,5]. It
has been demonstrated that the sub-gap defects mainly originate from oxygen-vacancy-
related (Vo-related) defects induced by the structural disorder in a-IGZO [5–7], which
degrades the electrical properties and reliability of TFTs by trapping electrons or holes in
the channel layer and interfacial region under bias, light, and thermal stress [8–11]. To
enhance the device performance and reliability, an in-situ nitrogen-doping (N-doping)
approach during the a-IGZO active layer deposition has been proposed to suppress Vo
defect generation [12–14]. For example, it has been demonstrated that N-doping can signif-
icantly improve the reliability of a-IGZO TFTs under positive gate-bias stress (PBS) and
PBS with light illumination, since the N incorporated into a-IGZO will occupy the Vo sites
and suppress Vo-related defect generation [14,15]. Moreover, it has also been reported
that the device performance and reliability are simultaneously enhanced by N and H
co-doping, which is ascribed to the passivation of the Vo distributed at the active layer
and interface region by forming N—H and Zn–N bonds [16]. Although Vo-related defects

17



Micromachines 2022, 13, 617

can be efficiently passivated by N-doping, a fundamental physical understanding of the
impact of N-doping on the distribution of sub-gap states in a-IGZO TFTs is lacking. Since
the device performance and reliability basically depend upon the nature and density of
sub-gap defect states [4,17], an in-depth systematic study of the impact of N-doping on the
sub-gap density of states (DOS) in a-IGZO TFTs is the key to future process improvement
and optimization.

In this work, the influence of N-doping on the sub-gap Vo-related defects in a-IGZO
TFTs is qualitatively analyzed using technology computer-aided design (TCAD) simula-
tion [18]. It is found that the density of the interface Vo trap states, bulk Vo-related tail
states and deep-level Vo-related defect states of a-IGZO TFTs are significantly decreased by
moderate N-doping, which is validated by the improvement in electrical properties and
stability during PBS and sub-band illumination. In contrast, the DOS of a-IGZO TFT is
increased when the a-IGZO TFTs are doped with excessive nitrogen atoms, which causes
degeneration of the device performance and reliability. Meanwhile, it is confirmed that the
tail-distributed acceptor-like N-related defects are formed by excessive N-doping, which
leads to the degradation of subthreshold slope (SS) in a-IGZO TFT.

2. Experiments and Modeling Scheme

The a-IGZO TFT structure used for numerical simulation is shown in Figure 1a. The
devices in this work were fabricated on n-type Si substrate. First, the gate insulator was
composed of a 200 nm SiO2 thin film grown by plasma-enhanced chemical vapor deposition
(PECVD) with a rate of ~50 nm/min at 350 ◦C. The 45-nm-thick a-IGZO thin films were
then deposited by direct-current (DC) sputtering system with a various gas mixture of
N2/(O2 + N2) = 0%, 20%, and 40% at a fixed Ar flow rate of 30 sccm. The composition of
the ceramic target used was In:Ga:Zn = 2:2:1 in atomic ratio. Subsequently, the device active
region was patterned by conventional photolithography and wet chemical etching. Next,
the Ti/Au (30/70 nm) bi-layer drain/source contact electrodes were evaporated by e-beam
evaporation, and is the active region was further patterned using lift-off technique, which
resulted in the final device dimensions of W/L = 100 µm/20 µm. Finally, a 100-nm-thick
SiO2 passivation layer was deposited by PECVD. The fabricated devices were annealed in
ambient air for 1 h at 300 ◦C.
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Figure 1. (a) Schematic diagram of the a-IGZO TFT with a bottom-gate structure; (b) Schematic
illustration of the DOS model in the a-IGZO TFTs. The NTD and NTA represent the donor-like
and acceptor-like tail states, respectively. The three gaussian curves represent the deep Vo-related
states (NGD(Vo-related)), oxygen interstitials (NGA(Oi)), and shallow donor states (NGD(Vo

+/Vo
2+)),

respectively. The inset is the schematic illustration of the interface trap density (Dit(E)).

In the Silvaco TCAD Simulation tool, ATLAS, a physics-based device simulator, is
used to perform the electrical characterization, which can reduce the cost and time needed
for experimentation [19]. It is also a powerful tool to predict the electrical behavior of
specified semiconductor structures by using the Poisson and the continuity equations,
which describe the electronic phenomena and electrical transport mechanism [19]. Based
on the DOSs model of the a-IGZO TFTs, the types of the sub-gap states in the TFT channel
region and interface region are illustrated in Figure 1b. In the a-IGZO material, the sub-gap
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states are mainly classified as acceptor-like and donor-like states, which can be depicted
by Gaussian distribution states and exponentially decaying band-tail states. The specific
mathematical model is expressed as follows [20–22]:

gTA(E) = NTA exp
(

E − EC
WTA

)
(1)

gTD(E) = NTD exp
(

EV − E
WTD

)
(2)

gGA(E) = NGA exp

[
−
(

EGA − E
WGA

)2
]

(3)

gGD(E) = NGD exp

[
−
(

E − EGD
WGD

)2
]

(4)

where the gTD(E) and gTA(E) denote the density of donor-like tail and acceptor-like tail
states. The gGA(E) and gGD(E) represent the Gaussian-distributed acceptor-like and donor-
like states. The NTA and NTD are the effective density at the conduction band minimum
(EC) and valence band maximum (EV), respectively. The WTD and WTA are the characteristic
slope energy of valence-band tail states and conduction-band tail states. The NGD and NGA
are the total density of Gaussian donor and acceptor states, respectively. The EGA and EGD
are the corresponding peak energy. WGA and WGD are the corresponding characteristic
decay energy.

In addition, the interface trap density (Dit(E)) at the a-IGZO/dielectric interfacial
region can be described as [23]:

Dit(E) = DitA exp
(

E − EC
WitA

)
+ DitD exp

(
EV − E
WitD

)
(5)

where DitD and DitA represent the donor-like and acceptor-like interface trap density,
respectively. The WitA and WitD denote the corresponding slope energy.

3. Results and Discussion

Figure 2 shows the simulated and experimental transfer characteristics of the a-IGZO
TFTs under various N-doping conditions at VDS = 5 V. The simulation results, in consis-
tency with the experimental data, were achieved by calibrating the DitA, NTA, NGA(Oi) and
NGD(Vo

+/Vo
2+), and the simulation parameters are extracted and summarized in Table 1. The

total trap density of the 20% N-doping ratio a-IGZO TFT was significantly decreased compared
to the undoped a-IGZO TFT. For example, the DitA is decreased from 2.5 × 1013 eV−1 cm−2 to
8.0 × 1012 eV−1 cm−2, and the NTA was reduced from 8.0×1019 eV−1 cm−3 to 1.0 × 1019 eV−1 cm−3.
Correspondingly, the subthreshold slope (SS) was decreased from 0.8 V/dec to 0.6 V/dec,
and the threshold voltage (Vth) was reduced from 5.0 V to 3.8 V. It has been demonstrated
that the interface states and bulk traps in a-IGZO TFTs mainly originate from Vo-related
defects [5,15,24]. Therefore, the simulation results confirm that the improved electrical
properties of a-IGZO TFTs can be ascribed to the suppression of the generation of Vo-related
defects in the device channel and interface region by N-doping. In contrast, when the
N-doping ratio was increased to 40%, the number of total trap states was increased com-
pared to the 20% N-doping ratio TFT, as shown in Table 1. Meanwhile, it was observed
that the SS and Vth of the 40% N-doping ratio device were increased to 0.9 V/dec and 7 V,
respectively, which indicates that Vo-related defects generate when the device is subjected
to excessive N-doping. This result can be explained by the fact that the formation of N–Ga
bonds is facilitated by heavy N-doping, which then suppresses the bonding of Ga–O in the
a-IGZO thin films [14,25].

In addition, based on the simulation results, it was found that although the sub-
gap DOS (NTA, NTD, NGD(Vo-related), NGA(Oi), and NGD(Vo

+/Vo
2+)) existing in the 40%

N-doping ratio TFT was significantly higher than that of the 20% N-doping ratio TFT,
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the sub-gap DOS other than NTA was lower than that of the undoped TFT. Because the
sub-band-gap density in a-IGZO film mainly originates from Vo-related defects, the amount
of Vo in annealed a-IGZO thin films with various N-doping ratios was analyzed by X-ray
photoelectron spectroscopy (XPS). Figure 3a–c show the O 1 s XPS spectra of the a-IGZO
films grown using different N-doped ratios. The binding energies were calibrated by taking
the C 1s as reference at 284.6 eV. Gaussian fitting was applied to decompose the combined
O 1s peak. The sub-peaks centered at binding energies of 529.7 eV, 530.5 eV, and 531.5 eV
were attributed to O2− ions surrounded by metal atoms (In, Ga and Zn), oxygen vacancies
(Vo), and OH− impurities, respectively [26–28]. The relative level of Vo in a-IGZO film can
be estimated by the proportion of peak area Vo to the whole O 1s (Owhole). It was found that
the area proportion of Vo/Owhole was decreased from 35% for N-free a-IGZO film to 25%
for a-IGZO film with the 20% N-doped ratio, as shown in Figure 3a,b, indicating that Vo
decreases when the N is incorporated into the a-IGZO film. However, as shown in Figure 3c,
it was found that the Vo increased to 31% for the a-IGZO film deposited with the 40%
N-doped ratio, which means that the additional Vo was created when excess N atoms were
doped into the a-IGZO film. Furthermore, the N 1s spectra XPS of the annealed a-IGZO
film with 20% N-doped ratio was also analyzed, as shown in Figure 3d. The N 1 s spectrum
is decomposed into two peaks at 395.7 and 397.3 eV, which are associated with the Ga
Auger and N-Ga bonding [29], respectively. Therefore, the XPS results reveal that moderate
N doping in a-IGZO film can suppress the generation of Vo, and excess N incorporation
into a-IGZO film leads to an increase in Vo. Because the Vo existing in the 40% N-doping
ratio a-IGZO film was lower than that of undoped a-IGZO film, the increased NTA in 40%
N-doping ratio a-IGZO TFT should be the result of the generation of N-related defects
by excess N-doping [16,30], which agrees well with the increased SS from 0.8 V/dec to
0.9 V/dec compared to undoped a-IGZO TFT. Meanwhile, to quantitatively estimate the N
concentration in the a-IGZO active layer, the actual level of N-doping in annealed a-IGZO
films is characterized by secondary ion mass spectrometry (SIMS) measurement [31–33].
Figure 4 shows the depth profile of N concentration in the a-IGZO film deposited with the
20% and 40% N-doped ratios. N is clearly detectable, and there is a considerable amount
of incorporated nitrogen (~1020 cm−3) in the a-IGZO film. It has been reported that the
value of the sub-gap density of states (DOSs) near the VBMs is about 5–9 × 10 20 cm−3

in a-IGZO film [5,34]. In this work, it is found that when the concentration of N doping
in the channel region of a-IGZO TFT with a 20% N doping ratio is ~1.0 × 1020 cm−3, the
electrical performance and stability of the device are dramatically improved. But when the
concentration of N-doping in the channel region of a-IGZO TFT with a 40% N doping ratio
is increased to ~1.2 × 1020 cm−3, the electrical performance and stability of a-IGZO TFT
are degraded.
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Table 1. Densities of key defect model parameters for a-IGZO TFT fitted after different N-doping ratios.

Parameters Undoping
20%

N-Doping
Ratio

40%
N-Doping

Ratio
Description

DitA
(eV−1 cm−2) 2.5 × 1013 8.0 × 1012 1.5 × 1013 Acceptor-like interface trap densities

DitD
(eV−1 cm−2) 3.0 × 1013 9.0 × 1012 2.0 × 1013 Donor-like interface trap densities

NTA
(eV−1 cm−3) 8.0 × 1019 1.0 × 1019 1.5 × 1020 Acceptor-like tail states at E = Ec

NTD
(eV−1 cm−3) 1.5 × 1020 8.0 × 1019 1.3 × 1020 Donor-like tail states at E = Ev

NGD(Vo-related)
(eV−1 cm−3) 8.0 × 1020 5.0 × 1020 6.5 × 1020 Peak of Vo-related states

NGA(Oi)
(eV−1 cm−3) 2.6 × 1017 1.4 × 1017 2.1 × 1017 Peak of Oi states

NGD(Vo
+/Vo

2+)
(eV−1 cm−3) 8.0 × 1016 5.0 × 1016 6.5 × 1016 Peak of Vo

+/Vo
2+ states
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According to the distribution of the sub-gap DOS fitted in a-IGZO TFTs with various
N-doping ratios, a comprehensive quantitative study on the device stability under positive
bias stress (PBS) was carried out. During the PBS process, the TFTs were applied at a VGS
of 15 V for the stress duration of 5000 s. Figure 5a–c show the experimental and simulated
evolution of transfer characteristics as a function of PBS time for the a-IGZO TFTs with
different N-doping ratios. It was found that the shift in threshold voltage (∆Vth) induced
by PBS was 2.06 V, 0.8 V, and 1.68 V for undoped a-IGZO TFT, 20% N-doping a-IGZO
TFT, and 40% N-doping a-IGZO TFT, respectively. It has been reported that the shift in
Vth (∆Vth) of a-IGZO TFTs under PBS basically originates from the interfacial Vo-related
defects trapping electrons at the device interfacial region [35,36]. In the simulation results,
it was clearly seen that the Dit(E) for the 20% N-doping ratio a-IGZO TFT was lower than
of the undoped a-IGZO TFT and 40% N-doping ratio a-IGZO TFT. For example, the DitA
for undoped a-IGZO TFT, 20% N-doped a-IGZO TFT, and 40% N-doped a-IGZO TFT
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is 2.5 × 1013 eV−1 cm−2, 8.0 × 1012 eV−1 cm−2, and 1.5 × 1013 eV−1 cm−2, respectively,
suggesting that interfacial Vo-related defects can be suppressed by moderate N-doping.
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In addition, it has been reported that weak oxygen ions originating from structural
disorder in a-IGZO TFTs cause ∆Vth under PBS [37]. During the PBS process, the weak
oxygen ions are ionized to generate oxygen interstitials (Oi) because of their low formation
energies [4,38,39]. Meanwhile, according to the first-principle studies, the generated Oi
during PBS forms an octahedral configuration [Oi(oct)] and is electrically active. Corre-
spondingly, the introduced Oi(oct)-related defect states are distributed above the mid-gap
(Ei) in the a-IGZO TFTs [40]. When the Fermi level moves up under PBS, the Oi(oct)-related
states are filled by trapping electrons and thus negatively charged to generate Oi

2−oct) [41].
Figure 6a–c show the forming process of Oi

2−(oct)-related charged states in a-IGZO TFTs
undergoing PBS. Because of the structural relaxation effect, the Oi

2−(oct)-related charged
states are transformed into deep-level negative-U states, which are located below the mid-
gap in the a-IGZO TFTs [37,42]. As a result, although new Oi

2−(oct)-related charged states
are generated under the PBS process, the SS of a-IGZO TFTs has no apparent change due to
the negative-U property of the Oi

2−(oct) states.
According to the simulation results, NGA(Oi) exhibited an increasing trend for a-IGZO

TFTs with various N-doping ratios under the PBS process, as shown in Table 2. For example,
the NGA(Oi) in the N-free a-IGZO TFT continuously increased from 2.6 × 1017 eV−1 cm−3

to 3.6 × 1017 eV−1 cm−3 after 5000 s PBS. This result shows that the Oi(oct)-related defects
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were generated in the a-IGZO TFT upon PBS, originating from weak oxygen ions in the
device channel region. Compared to the undoped a-IGZO TFT, the generated Oi(oct)-
related trap states under PBS in the 20% N-doping ratio a-IGZO TFT decreased from
3.6 × 1017 eV−1 cm−3 to 2.5 × 1017 eV−1 cm−3 after 5000 s PBS, due to the suppression
of Vo-related traps by N-doping. Correspondingly, the device had superior electrical
reliability under PBS. In contrast, the generated Oi(oct)-related trap states under PBS in
the 40% N-doping ratio a-IGZO TFT (3.2 × 1017 eV−1 cm−3) were higher than that of the
20% N-doping ratio a-IGZO TFT, due to the Vo-related traps generated by heavy N-doping,
resulting in device-stability degeneration under PBS.
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Table 2. Densities of key defect model parameters for a-IGZO TFT fitted with different N-doping
ratios after PBS.

Parameters N-Doping
Ratio Initial 1500 s 5000 s Description

NGA(Oi)
(eV−1 cm−3)

0% 2.6 × 1017 3.2 × 1017 3.6 × 1017
Peak of

Oi states20% 1.4 × 1017 2.0 × 1017 2.5 × 1017

40% 2.1 × 1017 2.8 × 1017 3.2 × 1017

Finally, to reveal the impact of N-doping on the distributions of deep-level sub-gap
states, the transfer characteristics of a-IGZO TFTs with various N-doping conditions under
sub-band-gap light illumination were simulated. The simulation results are shown in
Figure 7a–c, and the simulation parameters are extracted in Table 3. It was found that the
I-V curves of the undoped a-IGZO TFT exhibited an overall shift in a negative direction with
the decrease in incident light wavelength from 650 nm to 500 nm, as shown in Figure 7a.
The negative ∆Vth is attributable to the photorelease of occupied electrons in the interface
states and deep-level sub-gap states. It has been demonstrated that the deep-level defects
in a-IGZO mainly originate from neutral Vo, which would be entirely occupied above EV
with an energy width of ~1.5 eV [5,24,43]. As a result, the occupied interfacial and deep-
level Vo-related defects would be ionized into Vo

+/Vo
2+ under the corresponding photon

energy illumination, which agrees well with the simulation result that the NGD(Vo
+/Vo

2+)
exhibits continuously increase as the illumination wavelength decreases [44,45], as shown
in Table 3. It is clear that the NGD(Vo

+/Vo
2+) of the undoping a-IGZO TFT is increased

from 1.5 × 1017 eV−1 cm−3 to 3.0 × 1017 eV−1 cm−3 with the decrease of incident light
wavelength from 650 nm to 500 nm. In addition, based on the first-principle calculation
and experimental observation, the activation energy (Ea) of the photoexcited ionization
process from occupied deep-level Vo to Vo

+ and Vo
2+ is required to be ~2.0 eV and ~2.3 eV,

respectively [37,45]. Meanwhile, these photo-induced transitions (both Vo to Vo
+ and Vo

to Vo
2+) could cause the outward relaxation in the vicinity of metal atoms, which lead to

the generation of new defect level near the Ei and Ec edge [24,45]. The formation process
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of Vo
+ and Vo

2+ states induced by sub-band-gap illumination is illustrated in Figure 8.
In the simulation, it is observed that the generated NGA(Vo

+-related) near the mid-gap is
9.0 × 1016 eV−1 cm−3 at λ = 600 nm (~2.0 eV), and the generated NGD(Vo

2+-related) near
bottom of the conduction band is 1.2 × 1017 eV−1 cm−3 at λ = 500 nm (~2.3 eV). It has
been reported that the variation of SS (∆SS) is in connection with the amount of created
trap states (∆Nt) in the TFTs channel and interface region, which is expressed by using the
following equation [45]:

∆SS =
∆Nt ln(10)kT

Ci
(6)

where k is the Boltzmann’s constant, T is the absolute temperature, Ci is the capacitance of
the gate dielectric. Therefore, the SS degradation for the undoping a-IGZO TFT induced by
incident illumination of λ ≤ 600 nm is caused by the new defects creation near the Ei and
Ec edge.
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Figure 7. Simulated transfer characteristics against various monochromatic light illumination for the
a-IGZO TFTs fabricated with different N-doping ratios: (a) undoping, (b) 20% N-doping ratio, and
(c) 40% N-doping ratio.

Table 3. Densities of key defect model parameters for a-IGZO TFT fitted with different N-doping
ratios after monochromatic light illumination.

Parameters N-Doping
Ratio Dark 650 nm 600 nm 500 nm Description

NGD(Vo-related)
(eV−1 cm−3)

0% 8.0 × 1020

Peak of
Vo-related states

20% 5.0 × 1020

40% 6.5 × 1020

NGD(Vo
+/Vo

2+)
(eV−1 cm−3)

0% 8.0 × 1016 1.5 × 1017 2.5 × 1017 3.0 × 1017

Peak of
Vo

+/Vo
2+ states

20% 5.0 × 1016 9.0 × 1016 1.5 × 1017 2.2 × 1017

40% 6.5 × 1016 1.2 × 1017 2.0 × 1017 2.5 × 1017

NGD(Vo
2+-related)

(eV−1 cm−3)

0% — — — 1.2 × 1017

Peak of
Vo

2+-related states
20% — — — 7.0 × 1016

40% — — — 9.0 × 1016

NGA(Vo
+-related)

(eV−1 cm−3)

0% — — 9.0 × 1016 9.0 × 1016

Peak of
Vo

+-related states
20% — — 4.0 × 1016 4.0 × 1016

40% — — 7.5 × 1016 7.5 × 1016

Comparatively, it is found that the density of deep-level Vo-related traps is suppressed by
moderate N-doping into the a-IGZO TFT. As shown in Table 3, the NGD(Vo-related) in the 20%
N-doping ratio a-IGZO TFT is decreased from 8.0 × 1020 eV−1 cm−3 to 5.0 × 1020 eV−1 cm−3

compared with the undoping a-IGZO TFT, and the generated NGD(Vo
2+-related) is reduced

from 1.2 × 1017 eV−1 cm−3 to 7.0 × 1016 eV−1 cm−3 under λ= 500 nm. Correspondingly, the
electrical stability of the 20% N-doping ratio a-IGZO TFT under light illumination is signifi-
cantly improved. It is found that the ∆SS and ∆Vth in the 20% N-doping ratio a-IGZO TFTs
(0.58 V/dec; −0.8 V) are lower than that of undoping a-IGZO TFT (1.95 V/dec; −1.6 V) at
λ = 500 nm, as shown in Figure 7b. Therefore, it can be concluded that the improved device
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reliability under sub-band light illumination is owing to the passivation of Vo-related traps
in the device channel region by moderate N-doping. However, the deep-level Vo-related de-
fect in the 40% N-doping ratio a-IGZO TFT is increased to 6.5 × 1020 eV−1 cm−3 compared
with the 20% N-doping ratio a-IGZO TFT, and the generated NGD(Vo

2+-related) is increased
to 9.0 × 1016 eV−1 cm−3 under λ = 500 nm. Meanwhile, the degradation of SS and Vth
(1.5 V/dec; −1.3 V) are observed in the 40% N-doping ratio a-IGZO TFT. This result means
that superfluous N-doping into the a-IGZO TFTs will result in the increase of deep-level Vo
traps [25], which degrades the device stability under sub-band-gap illumination.
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4. Conclusions

In this work, the fundamental physical understanding of the N-doping on DOS over
the whole sub-band-gap range has been analyzed by Silvaco TCAD simulation. It is
found that the improved electrical performances for the 20% N-doping ratio a-IGZO TFT
are owing to the suppression of interface Vo trap states and bulk tail states (Vo-related)
by N-doping. Meanwhile, the Oi and deep-level Vo-related traps are suppressed by an
appropriate amount of N dopant, which causes the improvement of device stability during
PBS and sub-band illumination processes by suppressing the formation of Oi and the
photoexcited ionization from occupied deep-level Vo to Vo

+ and Vo
2+, respectively. In

contrast, the excessive N-doping will cause the generation of acceptor-like N-related defects
and the increase of Vo-related traps in the channel and interface region of a-IGZO TFTs,
which leads to the degeneration of the device performance and reliability.
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Abstract: Device guidelines for reducing power with punch-through current annealing in gate-all-
around (GAA) FETs were investigated based on three-dimensional (3D) simulations. We studied and
compared how different geometric dimensions and materials of GAA FETs impact heat management
when down-scaling. In order to maximize power efficiency during electro-thermal annealing (ETA),
applying gate module engineering was more suitable than engineering the isolation or source
drain modules.

Keywords: annealing; dielectric; gate-all-around (GAA); hot-carrier injection (HCI); power consumption;
punch-through; reliability; logic transistors

1. Introduction

MOSFETs have been aggressively scaled down to improve packing density and chip
performance [1]. However, as semiconductor devices shrunk, several issues have arisen,
such as short-channel effects (SCEs). SCEs give rise to an increase in the off-state current
(IOFF) and subthreshold swing (SS) and result in an increase in static power consumption
(POFF = VDD × IOFF) in the OFF-state. SCEs have been effectively suppressed by improving
gate controllability not only with three-dimensional (3D) device structures such as FinFETs
and gate-all-around (GAA) FETs, but also high-k gate dielectric and metal gate (HKMG)
technology. In contrast to SCEs, improving device reliability during device minimization
has become increasingly difficult. For example, recently, gate dielectric damage from hot-
carrier injection (HCI), which is associated with the lateral drain electric field, has resurfaced
as a matter of concern in semiconductor devices [2,3]. Typically, HCI increases both the
threshold voltage (VT) and SS, and hence results in unwanted VT mismatching while also
increasing IOFF in circuitries. In addition, the HCI decreases both the ON-state current (ION)
and lifetime, which affect chip speed and long-term usability, respectively [4,5].

To overcome the degradation of the gate dielectric, lightly doped drains (LDD) or
forming gas annealing (FGA) have been more commonly used in mass production for
decades [6,7]. However, it is difficult to realize long-term reliability longer than 10 years.
Hence, electro-thermal annealing (ETA), which utilizes local heat generated by the device
itself, has been introduced as a novel approach to cure the damaged gate dielectric [8].

It is possible that gate dielectric damage resulting from various stresses such as ionizing
radiation, bias temperature instability, and HCI can be healed with the aid of ETA [8].
However, even though ETA can improve a device’s reliability and lifetime, additional
power consumption is inevitable, since ETA is performed by generating high-temperature
Joule heating. To reduce power consumption an alternative is needed that would improve
the power efficiency of ETA while enabling high-temperature generation.

In this work, the effects of geometric size and the material of the GAA FET were
investigated to improve power efficiency during ETA. COMSOL simulation software was
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used to better understand the thermal dissipation and isolation characteristics during ETA.
Temperature sensitivities were extracted and compared with respect to the gate module,
including the gate electrode and gate spacer, source/drain module, and isolation layer.

2. Materials and Methods

Gate-all-around (GAA) FETs, fabricated on bulk wafer [9], as shown in Figure 1, were
simulated as test specimens. The channel thickness (TSi), channel width (WNW), gate length
(LG), and gate height (HG) were 20 nm, 20 nm, 60 nm, and 250 nm, respectively. The
thickness of the gate hard mask (THM) and gate spacer (TSPC), which are composed of SiO2,
were 50 nm and 30 nm, respectively.
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Figure 2 shows a schematic of a GAA FET built on a bulk substrate for simulations. The
Joule heating model in the heat transfer module of COMSOL was applied for 3D thermal
profiling. During the simulation, the environment state and heat transfer coefficient (h)
were assumed to be air and 10 W/m2K, respectively. After that, punch-through current [10]
was used for ETA instead of forward junction current [11] or gate-to-gate [12] current.
Detailed device information used for the simulations are summarized in Table 1.
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Table 1. Dimensional and material parameters for COMSOL simulations.

Geometry Dimension Material Thermal Conductivity
[W/m·K]

Gate length, LG [nm] 60
Poly-Si 31.2

Gate height, HG [nm] 300

Gate hard mask thickness, THM [nm] 30

SiO2 1
Gate spacer thickness, TSPC [nm] 30

Gate dielectric thickness, TGD [nm] 5

STI thickness, TSTI [nm] 70

Source/drain pad thickness, TSD [nm] 232

Si 149
Source/drain pad width, WSD [nm] 1040

Channel thickness, TSi [nm] 20

Channel width, WNW [nm] 20

Source/drain extension length, LEXT [nm] 165

3. Results and Discussion

Figure 3 shows the measured electrical ID-VG characteristics of the GAA FET. The DC
characteristic was measured using a B1500A parameter analyzer at room temperature. After
measurement of the initial state (e.g., initial state without stress), HCI stress at VG = 2 V
and VD = 4 V was deliberately administered for 2 s. After the stress, degradation in the
transconductance SS and VT were observed at 227 mV/dec and 0.65 V, respectively. After
that, bias conditions with VG = 0.5 V and VD = 6 V were applied for 100 µs to trigger a punch-
through current-based ETA (Table 2). In fact, the current at the pinch-off is independent
of VG, and the VG of 0.5 V was just referenced from our previous work [10]. After ETA,
the aged-device characteristics with respect to SS and VT recovered by 124 mV/dec and
−0.05 V, respectively, compared to the initial state (Table 3). These facts show that both
electrons were trapped in the gate dielectric, and physical damage at the SiO2/Si interface
was effectively cured by the punch-through current-based ETA.
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Table 2. Bias conditions for punch-through current based ETA.

Bias Condition

Gate voltage (VG) 0.5 V
Source voltage (VS) 0 V
Drain voltage (VD) 6 V

Punch-through current (IPunch) 75 µA
Power consumption,

(P = VD × IPunch) 0.45 mW

Annealing time (t) 100 µs

Table 3. Extracted device parameters before HCI, after HCI and ETA.

Initial State
(Before HCI) After HCI After

Punch-Through ETA

SS (mV/dec) 82 mV/dec 227 mV/dec 124 mV/dec
VT (V) −0.13 V 0.65 V −0.05 V

Figure 4 shows a simulated heat distribution profile during ETA driven by the punch-
through current in Figure 2. It shows that most of the heat during ETA was concentrated at
the source/drain (S/D) extension where gate heat sink could not affect it. The extracted
temperature at the S/D was symmetric [13]. However, considering the self-heating effect of
semiconductor devices, the drain temperature was higher than that of the source region [14].
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Figure 4. (a) Simulated heat distribution division profile during punch-through-based ETA under
bias conditions with VG = 0.5 V, VS. = 0 V, and VD = 6 V. (b) Extracted temperature of the device
along the x–x′ direction during ETA.

Figure 5 shows the extracted channel temperature (TChannel) with respect to gate
electrode scaling. All temperatures were extracted at the center of the silicon nanowire
channel, i.e., LG/2.

As the physical gate length and the height of the device were reduced, the temperature
during ETA increased. Typically, the gate electrode acts as the heat sink during ETA. As the
volume of the gate decreased, the temperature during ETA increased due to the reduced
heat sink. The consistent high temperature generated during ETA under identical applied
power consumption represented better power efficiency for gate dielectric curing. In this
context, considering the extracted sensitivity of temperatures with respect to the gate length
and the height, it would be more efficient to apply gate length scaling rather than the gate
height. In addition, the gate module includes not only the gate electrode itself but also
dielectric materials such as gate dielectric, gate spacer, and gate hard mask.

32



Micromachines 2022, 13, 124

Micromachines 2022, 12, x FOR PEER REVIEW  5  of  9 
 

 

 

Figure 4. (a) Simulated heat distribution division profile during punch‐through‐based ETA under 

bias conditions with VG = 0.5 V, VS. = 0 V, and VD = 6 V. (b) Extracted temperature of the device along 

the x–x´ direction during ETA. 

Figure 5 shows the extracted channel temperature (TChannel) with respect to gate elec‐

trode scaling. All temperatures were extracted at the center of the silicon nanowire chan‐

nel, i.e., LG/2. 

 

Figure 5. Extracted TChannel of devices with various (a) gate lengths and (b) gate heights under an 

identical power consumption of 0.45 mW. Dashed lines indicate linear fits of the experimental data. 

As the physical gate length and the height of the device were reduced, the tempera‐

ture during ETA increased. Typically, the gate electrode acts as the heat sink during ETA. 

As the volume of the gate decreased, the temperature during ETA increased due to the 

reduced heat sink. The consistent high temperature generated during ETA under identical 

applied power consumption represented better power efficiency for gate dielectric curing. 

In this context, considering the extracted sensitivity of temperatures with respect to the 

gate length and the height, it would be more efficient to apply gate length scaling rather 

than  the gate height.  In addition,  the gate module  includes not only  the gate electrode 

itself but also dielectric materials such as gate dielectric, gate spacer, and gate hard mask. 

50 60 70 80 90 100 110
50

75

100

125

150

175

200

225

250

C
h

an
n

el
 t

em
p

er
at

u
re

, T
C

h
a

n
n

e
l (

°C
)

Gate length, LG (nm)

- 0.80 °C/nm

HG = 300 nm

250 260 270 280 290 300 310
50

75

100

125

150

175

200

225

250

C
h

an
n

el
 t

em
p

er
at

u
re

, T
C

h
a

n
n

e
l (

°C
)

Gate height, HG (nm)

- 0.08 °C/nm

LG = 60 nm

(a)

(b)

Figure 5. Extracted TChannel of devices with various (a) gate lengths and (b) gate heights under an
identical power consumption of 0.45 mW. Dashed lines indicate linear fits of the experimental data.

Figure 6a shows the extracted TChannel with various thicknesses of gate dielectric
composed of SiO2. As the gate dielectric thickness (TGD) increased, channel temperature
increased under identical power consumption due to decreased heat dissipation through
the gate electrode. However, considering the gate dielectric thickness was scaled down for
better suppression of SCEs, this approach seems impractical for reducing power consump-
tion. Alternatively, the material engineering shown in Figure 6b would be more efficient. As
the thermal conductivity (κ) of the gate dielectric decreased, temperature sensitivity with
applied power increased, due to increased thermal isolation, i.e., reduced heat dissipation
with low κ.
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Figure 6. Extracted TChannel of devices with various (a) thicknesses and (b) materials of gate dielectric.
Dashed lines indicate linear fits of the experimental data.

Figure 7a shows the extracted TChannel with various dielectric thicknesses of gate
hard mask (THM) and gate spacer (TSPC). The THM had a negligible effect on TChannel
compared with the gate dielectric engineering in Figure 6. As the gate spacer increased,
the temperature during ETA decreased due to the increased surface area of the gate spacer.
Since convective cooling is performed through the air, a gate spacer with a small width and
surface area would be more preferred to lower power consumption. Figure 7b shows the
extracted channel temperature with various levels of thermal conductivity for the gate hard

33



Micromachines 2022, 13, 124

mask and the spacer. As the thermal conductivity of the dielectrics decreased, temperature
sensitivity increased due to increased thermal isolation.

Micromachines 2022, 12, x FOR PEER REVIEW  7  of  9 
 

 

 

Figure 7. Extracted TChannel of devices with various (a) dielectric thicknesses and (b) materials of gate 

hard mask and gate spacer. Dashed lines indicate fitting of the symbols. 

In contrast to the results in Figure 5 to Figure 7, which focused on the gate module, 

Figure 8 shows the device temperature with respect to modifications of the S/D module. 

However, even though the S/D extension showed the largest temperature sensitivity (Fig‐

ure 8c), the sensitivity stemming from S/D was negligible. Moreover, considering the S/D 

extension  (LEXT) had been scaled down for better packing density,  this approach seems 

impractical. In this context, reducing power consumption by engineering of the S/D mod‐

ule is not recommended. 

 

Figure 8. Extracted TChannel of devices with various (a) S/D pad thicknesses, (b) S/D pad widths, and 

(b,c) S/D extension lengths. Dashed lines indicate linear fits of the experimental data. 

Figure 9a shows the extracted TChannel in the case of the isolation engineering by use 

of shallow trench isolation (STI) technology. As thickness TSTI increased, channel temper‐

ature could be increased due to the increased thermal isolation. However, the change was 

negligible because the channel was suspended from the STI. Figure 9b shows power effi‐

ciency with various buried dielectric materials. When a low thermal conductive material, 

e.g., HfO2, is employed instead of SiO2, the channel temperature could be increased under 

identical power consumption. Based on these results, our recommendation to maximize 

power efficiency is to apply low thermally conductive materials as an STI. 

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
100

200

300

400

500

600

C
h

an
n

el
 t

e
m

p
er

at
u

re
, T

C
h

an
n

el
 (

°C
)

Power consumption, P (mW)

 HfO2 ( = 0.5) = + 374 °C/mW 

 SiO2 ( = 1.0) = + 361 °C/mW 

 TiO2 ( = 2.5) = + 340 °C/mW 

0 20 40 60 80 100
50

75

100

125

150

175

200

225

250

C
h

an
n

el
 t

e
m

p
er

at
u

re
, T

C
h

an
n

el
 (

°C
)

Dielectric thickness (nm)

 Gate hard mask (THM)

 Gate spacer (TSPC)

- 0.004 °C/nm

- 0.29 °C/nm

(a)

(b)

140 145 150 155 160 165 170
50

75

100

125

150

175

200

225

250

C
h

a
n

n
el

 t
e

m
p

e
ra

tu
re

, T
C

h
a

n
n

e
l (

°C
)

Source/drain extension, LEXT (nm)

+ 0.86 °C/nm

840 880 920 960 1000 1040 1080
50

75

100

125

150

175

200

225

250

C
h

a
n

n
el

 t
e

m
p

e
ra

tu
re

, T
C

h
a

n
n

e
l (

°C
)

Source/drain pad width, WSD (nm)

- 0.00005 °C/nm

200 205 210 215 220 225 230 235
50

75

100

125

150

175

200

225

250

C
h

a
n

n
el

 t
e

m
p

e
ra

tu
re

, T
C

h
a

n
n

e
l (

°C
)

Source/drain pad thickness, TSD (nm)

+ 0.02 °C/nm

(a) (b) (c)

Figure 7. Extracted TChannel of devices with various (a) dielectric thicknesses and (b) materials of
gate hard mask and gate spacer. Dashed lines indicate fitting of the symbols.

In contrast to the results in Figure 5 to Figure 7, which focused on the gate module,
Figure 8 shows the device temperature with respect to modifications of the S/D module.
However, even though the S/D extension showed the largest temperature sensitivity
(Figure 8c), the sensitivity stemming from S/D was negligible. Moreover, considering
the S/D extension (LEXT) had been scaled down for better packing density, this approach
seems impractical. In this context, reducing power consumption by engineering of the S/D
module is not recommended.
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Figure 8. Extracted TChannel of devices with various (a) S/D pad thicknesses, (b) S/D pad widths,
and (b,c) S/D extension lengths. Dashed lines indicate linear fits of the experimental data.

Figure 9a shows the extracted TChannel in the case of the isolation engineering by
use of shallow trench isolation (STI) technology. As thickness TSTI increased, channel
temperature could be increased due to the increased thermal isolation. However, the change
was negligible because the channel was suspended from the STI. Figure 9b shows power
efficiency with various buried dielectric materials. When a low thermal conductive material,
e.g., HfO2, is employed instead of SiO2, the channel temperature could be increased under
identical power consumption. Based on these results, our recommendation to maximize
power efficiency is to apply low thermally conductive materials as an STI.
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Figure 9. Extracted TChannel of devices with various (a) thickness and (b) materials of shallow trench
isolation (STI). Dashed lines indicate linear fits of the experimental data.

Table 4 provides a summary of the temperature sensitivities for the different geome-
tries and materials of the GAA FET. It can be concluded that the most significant design
parameter for determining power efficiency is gate module engineering. As a result, the
approach using gate module engineering would be more preferred to reducing power
consumption for punch-through current-based ETA.

Table 4. Summary of temperature sensitivity according to dimensional and material engineering of
the gate, S/D, and isolation module for the punch-through current-based local thermal annealing.

Gate Module S/D Module Isolation

Minimum (◦C/nm) −0.80 0.00
+0.05Maximum (◦C/nm) +3.70 +0.86

4. Conclusions

Device guidelines for reducing the power of punch-through current annealing were
investigated using 3D COMSOL simulations. Power management efficiency can be im-
proved with dimensional and material engineering. The impacts of device scaling with
respect to gate module, source/drain (S/D) module, and isolation, were compared in detail.
The gate module engineering was found to be the most significant way to reduce power
consumption. However, in contrast to the gate module, impacts of the S/D and shallow
trench isolation were negligible.
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Abstract: With the data explosion in the intelligent era; the traditional von Neumann computing
system is facing great challenges of storage and computing speed. Compared to the neural computing
system, the traditional computing system has higher consumption and slower speed. However; the
feature size of the chip is limited due to the end of Moore’s Law. An artificial synapse based on halide
perovskite CsPbI3 was fabricated to address these problems. The CsPbI3 thin film was obtained by a
one-step spin-coating method, and the artificial synapse with the structure of Au/CsPbI3/ITO exhib-
ited learning and memory behavior similar to biological neurons. In addition, the synaptic plasticity
was proven, including short-term synaptic plasticity (STSP) and long-term synaptic plasticity (LTSP).
We also discuss the possibility of forming long-term memory in the device through changing input
signals.

Keywords: artificial synapse; long-term synaptic plasticity; short-term synaptic plasticity; halide
perovskite

1. Introduction

Integrated circuits have faced challenges. The large amounts of data limit the speed
of calculation. The requirement of high-speed calculations causes large consumption.
However, the end of Moore’s Law means that the pursuit of high integration is no longer
realistic. Therefore, it is necessary to design a high-speed, low-consumption computing
system. In the brain, a nerve pulse arrives at each synapse about 10 times/s, on average.
There are about 1015 synapses, so the brain accomplishes almost 1015 complex operations/s,
with a cost of no more than 106 J each time [1,2]. As a new idea for solving problems,
artificial synapses have attracted huge interest and have been widely studied.

Halide perovskites are advanced in artificial synapses, for which various defects in
halide perovskites result in tunable charge capture capability. Tunable charge capture capa-
bility means alterable charge conductance and retention. In addition, halide perovskites
have low halide ion migration activation energy, which is a convenient and optimized ionic
semiconductor with excellent optical properties, providing conditions for the optical signal
to become an effective modulation method for low-energy artificial synaptic devices [3].
Xu et al. reported an artificial synapse made from a bromine-containing organic halide
perovskite (OHP), MAPbBr3. This was the first time that OHP was applied to an artificial
synapse [4]. Halide perovskite is also excellent in low-cost electric synapse, optical synapse
and artificial synapse modulated by photoelectric combination [5–11]. CsPb (I, Br, Cl)3, as a
representation of all-inorganic halide perovskites (IHPs), has been continuously considered,
owing to its excellent physical properties, such as longer carrier diffusion length and higher
carrier mobility [12]. Compared with other materials used in artificial neural synapses,
such as oxides and two-dimensional materials, the preparation conditions of CsPbI3 are
simpler and easier to synthesize [13–20]. In view of the excellent characteristics and neural
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morphology calculation of halide perovskites, it is necessary to further explore an artifi-
cial synaptic device with a simple preparation process and high performance. However,
explorations of the application of IHPs to artificial synapses are remain rare.

Here, we report an artificial synapse based on CsPbI3 thin film with the structure
of Au/CsPbI3/ITO. The synaptic plasticity in the Au/CsPbI3/ITO artificial synapse is
realized, including long-term and short-term plasticity, paired pulse facilitation, paired
pulse inhibition, spike time-dependent plasticity, and spike number-dependent plasticity,
which signifies the biological synaptic function is successfully simulated, including the
possibility of forming long-term memory. The properties of neural synapses are simulated
with a relatively simple structure and low-cost synthesized method (see Table S1).

2. Materials and Methods

We adopted one-step spin-coating to fabricate the CsPbI3 thin film. We mixed CsI and
PbI2 with 1:1 mole proportion and added them to 10 mL DMF using magnetic stirring for
30 min at a temperature of 30 ◦C. A golden clear solution was obtained.

After standing for one day, we observed that the solution had no precipitation and
used a dropper to take an appropriate amount of solution and drop it evenly on an ITO
glass, with spin-coating speed of 500 rpm for 15 s and 2000 rpm for 30 s. A pale yellow film
was obtained after annealing at 100 ◦C for 5 min. The ITO glass was soaked in absolute
ethanol and underwent ultrasonic cleaning for 15 min.

The sample was plated with a 0.2 mm diameter Au point electrode to form a top–
bottom electrode structure. This operation was completed by a small vacuum coating
machine and a mask with a diameter of 0.2 mm at room temperature. The thickness and
the surface morphology of the CsPbI3 thin film was observed by field emission scanning
electron microscopy (FESEM, Tescan, Brno, Czech Republic). Furthermore, the grazing-
incidence X-ray diffraction (GIXRD, Bruker, Bremen, Germany) helped us complete the
analysis of the phase structures of CsPbI3 films. The biological synaptic characteristics and
current-voltage (I-V) were measured by a Keithley 2400 instrument (Solon, OH, USA).

3. Results and Discussion
3.1. Structure Analysis

Peaks from the δ-phase can be seen from the X-ray diffraction (XRD) pattern [21]. As
shown in Figure 1, the crystal phases of diffraction peaks at 21.8 degrees, 22.7 degrees,
26.6 degrees, 27.5 degrees, 30.3 degrees, and 37.6 degrees are (014), (023), (015), (032), (016),
and (134), respectively. However, the PDF card (No. 18-0376) of the CsPbI3 with yellow
phase had diffraction peaks at 35.2 degrees, (133), perhaps indicating CsPbI3 tends to
change to yellow phase in the air.

The surface of the artificial synapse can be observed in Figure 2a; few particularly
obvious pinholes are on the surface of the CsPbI3 thin film, and the grains are relatively
complete. As shown in Figure 2b, the thickness of the CsPbI3 thin film is approximately
300 nm. As shown in Figure 3a, a pair of synapses, the basis of information transmission
in the central nervous system, include the pre-neuron, the post-neuron, and the synaptic
cleft. Cells maintain a resting potential unless stimulated, and once stimulated, they will
produce an action potential, which is called a bioelectrical phenomenon. Inter-synaptic
signals are transmitted by neurotransmitters, by which the action potential reaches the
front of synapses; neurotransmitters are released because of Ca2+ entering pre-synaptic
neurons to promote the combination of synaptic vesicles and the plasma membrane. Then,
neurotransmitters combine with post-synaptic cell membrane receptors to change the
post-synaptic potential and complete the transfer of action potential [22].
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Figure 1. XRD patterns of the Au/CsPbI3/ITO artificial synapse.

Figure 2. (a) The surficial SEM images of the Au/CsPbI3/ITO artificial synapse; (b)the cross-sectional
SEM images of the Au/CsPbI3/ITO artificial synapse. The yellow part is CsPbI3.

Figure 3. (a) A pair of synapses in biology; (b) the structure of the artificial synapse is Au/CsPbI3/ITO.
The top electron is Au, and the bottom electron is ITO.

Figure 3b shows that in the artificial synapse based on CsPbI3, the top electrode is
regarded as the pre-neuron, while the bottom electrode is regarded as the post-neuron. The
insulator is similar to a synaptic cleft. Electrical signals are applied to the top and bottom
electrodes to simulate the release process of neurotransmitters.
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3.2. Memory Behaviors

Figure 4a shows the transition between high and low resistance states of the Au/CsPbI3
/ITO artificial synapse. When a negative voltage is applied, the iodine ions migrate to the
bottom electrode, the top electrode and the bottom electrode are connected by the iodine
vacancy conductive filaments, and the opposite voltage drives the filaments to decompose.
Therefore, the device can switch between high and low resistance states. The formation
and decomposition of conductive filaments make it possible for pulse modulation (voltage,
spike-number, frequency) to induce the synaptic behavior of devices [23–28]. Figure 4b,c
illustrate that the artificial synapse has learning and memory behavior similar to neural
synapses. With a variety of stimuli, experience-dependent changes in synaptic weight
occur, leading to the remodeling of neural circuits, which is called synaptic plasticity. The
synaptic plasticity turns experience to memory, divided into short-term memory and long-
term memory [29]. Controllable synaptic weight changes indicate that the device has basic
learning and memory behaviors similar to synapses.

Figure 4. (a) The memory switching measurement of the Au/CsPbI3/ITO artificial synapse. The
memory behavior of the Au/CsPbI3/ITO artificial synapse is measured by (b) five positive scanning
voltage and (c) five negative scanning voltage.

3.3. The Synaptic Properties

In biology, synapses can be excitatory or inhibitory, specifically manifested as the
increase or decrease of post-synaptic current (PSC). Figure 5a shows the signal transmission
between two neurons. When the pre-spike arrives at the post-neuron, the state of post-
neuron will change and be in a state of excitation or inhibition. Excitation and inhibition in
a synapse depend on the change of the probability of action potential in post-synaptic cells,
with the increase of action potential of pre-synaptic neurons [30]. Similarly, the conductance
of the artificial synapse, a quantitative representation of the synaptic weight, can increase
or decrease with the input voltage pulses.
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Figure 5. (a) Signal transmission between two neurons; (b) Response of current to time under
continuous positive and negative pulses. (c) Potentiation and depression of current.

The artificial synapse has the characteristics of potential potentiation and depression
by changing the polarity of input pulse. As shown in Figure 5b, stimulated by continuous
positive voltage, the PSC of the artificial synapse decreases, while the PSC increases under
continuous negative voltage. Figure 5c further reveals this phenomenon. When positive
pulses are applied to the device, the PSC continues to decrease, indicating the synaptic
device is in a state of excitation. However, the PSC continues to increase when pulses
turn to negative ones, which demonstrates the artificial synapse is in the inhibition state.
Excitation and inhibition can change the synaptic weight of the artificial synapse, further
illustrating the synaptic plasticity in the artificial synapse, which can possibly contribute to
memory formation.

3.4. The Synaptic Plasticity

Two manifestations are mentioned in the synaptic plasticity: one is short-term synaptic
plasticity (STSP), and the other is long-term synaptic plasticity (LTSP). As the capacity of a
pre-synaptic input to influence post-synaptic output, the effects of synaptic weight can be
either enhancement or depression. In the STSP, enhancement and depression in synaptic
weight only last for a short time. Compared to the STSP, in the LTSP, enhancement and
depression can last for a longer time [31].

There are four states of potentiation and depression of the synaptic weight: short-term
potentiation (STP), long-term potentiation (LTP), short-term depression (STD), and long-
term depression (LTD). STSP includes STP and STD, while LTP and LTD are classified as
LSTP. In the STP state, the synaptic weight rises temporally and then decreases rapidly
to its original state. When repeated input pulses are applied, a permanent change occurs,
suggesting the synaptic weight is in the LTP state. The STD state means the temporal decay
of synaptic strength, but a permanent low value of synaptic weight represents the LTD
state [32]. Shown in Figure 6a, the PSC increases after a long period of high-frequency
stimulation, indicating the synaptic weight is enhanced. When ∆T = 0.3 s lasts for 20 s,
the PSC first increases and then tends to be flat, which indicates that repeated stimulation
will stabilize the enhancement of synaptic weight and help to form long-term memory,
while when ∆T = 1 s lasts for 20 s, the PSC decreases, which indicates the artificial synapse
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is in a state of inhibition. However, Figure 6b shows that the short-term high-frequency
stimulation will not enhance synaptic weight, but rather puts the synaptic weight in a LTD
state.

Figure 6. Response of current to voltage under two pulses with different time intervals (∆T). The
voltage of pulses is 0.5 v: (a) ∆T = 0.3 s, lasting for 20 s, and ∆T = 1 s, lasting for 60 s; (b) ∆T = 0.3 s,
lasting for 10 s, and ∆T = 1 s, lasting for 60 s; (c) four sets of pulses with different ∆T are applied to
the Au/CsPbI3/ITO artificial synapse. The value of ∆T is 0.5, 1, 1.5, and 2 s, and the amplitude is
–0.5 V.

When ∆T = 0.3 s and lasts for 10 s, the PSC decreases, and the artificial synapse is
inhibited. When ∆T = 1 s, the PSC further decreases and finally tends to be flat, and the
synaptic weight is in a LTD state.

The response of current to pulses at different ∆T is interesting. As shown in Figure 6c,
four sets of pulses with different ∆T are applied to the Au/CsPbI3/ITO synaptic device.
When ∆T = 2 s, the current decreases and the synaptic weight is inhibited, while when
∆T = 0.5, 1, and 1.5 s, the current increases, indicating that synaptic weight is enhanced.
In addition, compared to ∆T = 1 s and ∆T = 1.5 s, the current increases faster to the
maximum and lasts longer when ∆T = 0.5 s. It seems that pulses at a shorter time interval
are conducive to the stable change of synaptic weight and the formation of long-term
memory.

3.5. The Spike-Number-Dependent of Au/CsPbI3/ITO Artificial Synapse

We also explored the spike-number-dependent (SNDP) of the artificial synapse, which
is one of the synaptic properties [9]. It can be seen from Figure 7a,b, that when five different
numbers of pulses are applied to the device, the SNDP index (In/I1) is obtained. With the
increase of the number of pulses, the PSC gradually decreases, indicating artificial neurons
are gradually inhibited. When fifty pulses are applied, the SNDP index reaches 80%, and
artificial neurons are inhibited to the greatest extent compared to the first five pulses.
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Figure 7. (a) SNDP; (b) SNDP index (In/I1) of the Au/CsPbI3/ITO synaptic artificial synapse. The
number of pulses is 5,10, 20, 30, 40, and 50. (In/I1) is the ratio of the amplitude of the PSC under the
last pulse stimulation to the amplitude of PSC under the first pulse stimulation. The voltage of pulses
is 0.5 V.

3.6. The Paired-Pulse Facilitation and Paired-Pulse Depression

As typical behaviors of STP and STD, the paired-pulse facilitation (PPF) and paired-
pulse depression (PPD) are pivotal for both excitatory and inhibitory responses between
adjacent synaptic connections [33]. Two pulses are applied to the Au/CsPbI3/ITO artificial
synapse. Compared to stimulation by the first pulse, the PSC increases after the second
pulse if the device is in PPF state. The increase of post-synaptic current is inversely
proportional to the time interval between two pulses. PPF and PPD are important in
decoding the temporal information of visual and auditory signals, which reflects the
emergence of recent spikes, so as to convert the temporal information into spatial data. In
visual systems, via a pre-synaptic train of action potentials, PPF has dynamically controlled
properties. It can endow different geniculate retina synapses, which makes synapses
respond more abundantly on a time scale [34].

In order to study the STSP of the artificial synapse, we designed PPF and PPD experi-
ments. As shown in Figure 8a,b, PPF and PPD were observed when a pair of pulses with
an amplitude of 1 V were applied to the artificial synapse. In the PPF state, the PSC of the
device increases after the last pulse, while in the PPD state, the PSC decreases. PPF and
PPD illustrate the STSP in the artificial synapse, indicating the possibility of short-term
memory formation.

Figure 8. STSP of the Au/CsPbI3/ITO artificial synapse. The amplitude of pulses is 1 V. A1 is the
amplitude of the PSC after the first pulse. A2 is the amplitude of the PSC after the last pulse. (a) PPF
state in the Au/CsPbI3/ITO artificial synapse. (b) PPD state in the Au/CsPbI3/ITO artificial synapse.
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3.7. The Spike-Timing-Dependent Plasticity

Synapses play an important role in the transmission of signals between neurons and
the memory and learning behaviors of the brain. Spike-timing-dependent plasticity (STDP),
also called Hebbian learning, shows the fundamental function of synaptic plasticity in a
biological synapse.

In the Hebb hypothesis, continuous and repeated stimulation will induce changes in
the cells, such as some growth processes and metabolic changes. In the STDP state, pre-
synaptic neurons continuously stimulate post-synaptic neurons, so the connection degree
between neurons changes, which is an embodiment of LTSP. The concept explains cellular
learning in the neural computing system. The asymmetric properties of STDP were found
in cultures of hippocampal cells. The degree and direction of modification of synaptic
weights is determined by the relative timing of pre-synaptic spikes and post-synaptic
spikes. When a pre-synaptic spike arrives at time tpre before or after the post-synaptic spike
time tpost, the synaptic weight changes, and LTP or LTD behavior is induced [35].

In biology, the STDP learning rule is a typical LTSP. As one of the basic learning
rules for simulating synaptic functions, the synaptic weight can be enhanced/inhibited by
adjusting the spike time or sequence through STDP [36]. For the sake of the STDP function
realization, pulses with an amplitude of 0.3 V and −0.5V are imposed on the artificial
synapse as the pre-synaptic spikes and post-synaptic spikes. Figure 9 displays the STDP
in the artificial synapse. The relative change of synaptic weight (∆W) changes with the
change of relative time (∆t). The artificial synapse is in the LTP state is at ∆t < 0. However,
the artificial synapse turns to LTD at ∆t > 0.

Figure 9. STDP of the Au/CsPbI3/ITO artificial synapse. The relative change of the synaptic weight
(∆W) versus the relative spike timing (∆t); ∆t=tpost − tpre. The blue dots are the measured data, and
the red solid line is the result of fitting by the Origin 2021.

In the case of pre-synaptic spikes or post-synaptic spikes stimulated earlier than post-
synaptic spikes or pre-synaptic spikes, long-term potentiation or inhibition is observed,
and the absolute value of ∆W increases exponentially with decreasing ∆t. The STDP
in biological synapses is expressed as follows, including the Symmetric Hebbian and
antisymmetric Hebbian learning rules [37].

∆W= A exp(−∆t2/τ2) +∆W0 (1)

∆W = A exp(−∆t/τ) +∆W0 (2)

A and τ are the scaling factor and time constant, respectively, and ∆W is the relative
change of the synaptic weight (∆W = (Wpost − Wpre)/Wpre). The experimental data of
∆W and τ could be well fitted with the exponential decay function (Equation (2)) in the
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antisymmetric Hebbian learning rules, where A1 is −19.4, τ1 is 0.26(∆t > 0), A2 is 1078.7,
and τ2 is –0.14 (∆t < 0).

4. Conclusions

We designed an artificial synapse based on halide perovskite. We successfully fabri-
cated the CsPbI3 thin film and adopted a structure of Au/CsPbI3/ITO. The Au/CsPbI3/ITO
artificial synapse exhibited depression/potentiation after positive/negative pulses, which
indicated a performance similar to that of a neural synapse in biology. In addition, the
Au/CsPbI3/ITO artificial synapse exhibited favorable synaptic plasticity, including STSP
and LTSP. STSP is divided into STP and STD. The device displayed a typical behavior of
STP (PPF) and another typical behavior of STD (PPD). The phenomenon of STDP indicates
LTP and LTD in the device, which is a typical behavior of LTSP. We explored the possibility
of long-term memory formation through applying pulses with different time intervals and
different pulse durations. The results indicate that the high-density durable stimulation is
conducive to long-term memory formation. As one of the synaptic properties, the device
also reflects the SNDP and the SNDP index, showing that the number of pulses causes a
change of the PSC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13020284/s1, Table S1: Structure, Synthesized method and
Synaptic properties of artificial neural synapses based on oxide and 2D materials.
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Abstract: A reconfigurable surface-plasmon-based filter/sensor using D-shaped photonic crystal fiber
is proposed. Initially a D-shaped PCF is designed and optimized to realize the highly birefringence
and by ensuring the single polarization filter. A tiny layer of silver is placed on the flat surface
of the D-shaped fiber with a small half-circular opening to activate the plasmon modes. By the
surface plasmon effect a maximum confinement loss of about 713 dB/cm is realized at the operating
wavelength of 1.98 µm in X-polarized mode. At this wavelength the proposed fiber only allows
Y-polarization and filters the X-polarization using surface plasmon resonance. It is also exhibiting
maximum confinement loss of about 426 dB/cm at wavelength 1.92 µm wavelength for Y-polarization.
At this 1.92 µm wavelength the proposed structure attenuated the Y-polarization completely and
allowed X-polarization alone. The proposed PCF polarization filter can be extended as a sensor
by adding an analyte outside this filter structure. The proposed sensor can detect even a small
refractive index (RI) variation of analytes ranging from 1.34–1.37. This sensor provides the maximum
sensitivity of about 5000 nm/RIU; it enables this sensor to be ideally suited for various biosensing
and industrial applications.

Keywords: polarization filter; photonic crystal fiber; surface plasmon resonance; plasmonic sensor; silver

1. Introduction

Photonic crystal fibers (PCF) are a new type of fiber that has a flexible structure and
various unique features, such as high nonlinearity [1], engineered dispersion profile over
the region of interest [2,3], high birefringence [4], endless single mode, low transmission
loss [2–5] and easy filling of materials in fiber [6–8]. PCF has been extended to plasmonic
devices by filling them with various metals, such as gold [9–13], silver [14,15], copper [16]
and titanium [17]. Surface plasmon (SP) develops at the metal/dielectric interface when
plasmonic materials are exposed to electromagnetic waves due to the collective oscillations
of conduction electrons [18]. At the phase-matching condition, the core-guided mode
transfers maximum energy to the plasmon mode. As a result of coupling, core mode energy
decreases, and confinement loss increases. This phenomenon is known as surface plasmon
resonance (SPR) [19].

PCF-based plasmonic devices have gained popularity because of their small size, versatility
and controllability. Sensors [20], polarization filters [21], multiplexers–demultiplexers [22]
and polarization splitters [23] are few examples of PCF-based plasmonic devices applica-
tions. In communication systems, a polarization filter is an essential element. Metal-coated
or metal-filled plasmonic polarization filters have gained a lot of interest in recent years.
When the core-guided mode is phase matched with the plasmon mode at a specific wave-
length, SPR occurs. It will also absorb the power of one polarized mode while allowing
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the other to pass through. As a result, a PCF-based polarization filter can filter different
polarizations. The SPR is present in only a few metals; these noble metals, such as gold and
silver, are widely investigated in SPR due to their high stability.

In recent years, many researchers have proposed novel PCF-based polarization filters.
In 2017, Ying et al. reported a silver-filled tunable single-polarization filter. Their reported
confinement losses for X-polarization were 371 dB/cm and 252 dB/cm at the operating
wavelengths of 1310 nm and 1550 nm, respectively, whereas Y-polarization mode exhibited
very low confinement losses of about 14 dB/cm and 10 dB/cm, respectively. For a propaga-
tion distance of 1 mm, a bandwidth of 179 and 71 nm was obtained at 1310 and 1550 nm
wavelengths [24]. Manish Sharma, et al. (2019) reported an RI sensor using an annular
core photonic crystal fiber. This work exhibits high sensitivity over a large dynamic range.
In particular, in the RI range from 1.31 to 1.39, this proposed fiber displays more propaga-
tion loss to sense the biochemicals, and its recorded sensitivity is 2.65 × 104 (dB/m)/RIU
at 1550 nm and 7.83 × 103 (dB/m/) RIU at 980 nm [25]. Xue et al. published a paper in
2018 that described a novel offset core filled with a gold layer photonic crystal fiber filter.
At a wavelength of 1.55 µm, the confinement loss of a Y-polarized light was 657 dB/cm,
while the X-polarized light was comparatively low. At a wavelength of 1.55 µm, the cross-
talk of 56.2 dB with a bandwidth of 100 nm was obtained for a fiber length of 1 µm [26].
In that year, Yang et al. developed a high-birefringence PCF filter with silver layers that was
selectively coated. At a 1.31 µm operating wavelength, a confinement loss of 500 dB/cm
was obtained, and a full-width half-maximum was 23 nm [27]. Liu et al. suggested a single-
polarization bimetal-coated (Au/Ag) PCF filter with liquid-filled air holes in 2019. Confine-
ment losses for the Y-polarized mode were 544.3 dB/cm and 147.3 dB/cm for a wavelength
of 1.31 µm and 1.55 µm, respectively. In the same wavelength, the X-polarized losses were
12.3 dB/cm and 24.0 dB/cm. At a wavelength of 1.31 µm and 1.55 µm, the cross-talk of
462 dB and 107.1 dB was achieved, respectively, using 224 nm and 504 nm bandwidths [28].
Yan et al. published a new gold-plated PCF polarization filter in 2020. There were two big
air holes in the filter, which was selectively coated with gold after being filled with water.
At 1310 nm, the confinement loss in the Y-polarized mode was 1209.57 dB/cm, but the
confinement loss in the X-polarized mode was almost non-existent [29]. Lavanya et al.
reported a combined silver–graphene layered pentagonal PCF filter in the year 2021. The fil-
ter renders an X-polarized mode with losses of 0.12 dB/cm and 0.59 dB/cm at wavelengths
of 1.31 µm and 1.55 µm, respectively. It also rejects a Y-polarized mode with a loss of
361.26 dB/cm and 1508.37 dB/cm, respectively. At 1.31 µm and 1.55 µm, respectively,
the cross-talk of 216.68 dB and 904.67 dB was obtained for fiber lengths of 300 µm. [30].
Coating a metal in the inner part of the fiber is complex and hard to fabricate, but it is used
in the majority of the filters. A D-shaped plasmonic fiber has been proposed to tackle this
problem, with the top circular portion of the fiber removed and the top surface polished.
In 2018, Ying et al. reported a D-shaped PCF single-polarization filter. A micro-opening had
formed at the top of the PCF, and a gold layer was coated on it. At 1.55 µm, the Y-polarized
mode’s confinement loss reached 376.31 dB/cm, while the X-polarized mode’s loss was
0.17 dB/cm. For a fiber length of 1 mm, a bandwidth of 480 nm was attained with a
crosstalk of 326.7 dB/cm [31]. In 2019, Almewafy et al. proposed an improved D-shaped
filter that deposits gold on both sides. At an operating wavelength of 1.3 µm and 1.52 µm,
the crosstalk was 46.4 and 41.2 dB, respectively, while the bandwidth was 45 nm and
110 nm for a fiber length of 23 µm [32]. In 2020, Shima et al. proposed a bimetallic coated
D-shaped PCF-based single-polarization filter. A Y-polarized mode’s confinement loss
reached 950.68 dB/cm at a wavelength of 1.55 µm. The bandwidth was 380 nm, with an
extinction ratio of 806.52 dB [33].

SPR technique is also widely used in sensing applications because of its accuracy
and extreme sensing performance. At the phase-matching condition, maximal energy
transferred from the fundamental mode to the plasmon mode causes a shift in resonance
wavelength. The resonance wavelength shift method is used in the SPR-based sensor.
It can detect slight variation in the refractive index of the analyte. The external sensing
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technique is used because the filling and removal of analytes within the structure are
complicated [34]. Rifat et al. proposed a PCF-based SPR sensor. For better detection, silver
was utilized as a plasmonic material and was coated with a graphene layer. The external
sensing technique was used to detect the refractive index of the analyte and obtained the
sensitivity of 3000 nm/RIU for the sensing range of 1.46–1.49 [35]. The surface-plasmon-
based sensors using silver as a coating material are being reported by many authors in
their literature [14,15,36].

In this paper, a new simple reconfigurable surface-plasmon-based filter/sensor using
D-shaped photonic crystal fiber is proposed. The proposed structure can be used as a
polarization filter without a filling analyte and, at the same time, it can act as a sensor
when it is filled with an analyte, which is interested in being sensed. The asymmetrical
core design helps enhance the birefringence and, hence, it exhibits the difference in X and
Y-polarization propagation of a fundamental mode. This principle helps the fiber realize
it as a polarization filter. By using the phase-matching condition between the surface
plasmon mode and either one polarization mode of the fiber, particular polarization can be
filtered. A tiny layer of silver is placed on the flat surface of the D-shaped fiber with a small
half-circular opening to activate the plasmon modes. Various structural characteristics,
such as silver thickness, air hole size and shape, and pitch size, are tuned to improve the
filter’s filtering efficiency. As the second part of our proposed work, the same structure
is extended as a sensor by filling analytes in the outer circle of the proposed filter design.
The performances of both polarization filter and RI sensor are analyzed using the finite
element method (FEM). The rest of the paper is organized as follows. Section 2 presents
the design of the D-shaped PCF. Section 3 discusses the results for the proposed PCF as
(Section 3.1) a filter and (Section 3.2) a sensor, and finally, the conclusion is bestowed
in Section 4.

2. Design of D-Shaped Photonic Crystal Fiber

Figure 1 shows the schematic diagram of a D-shaped PCF with a silver layer coated
on its top surface. In the proposed structure, the air holes are arranged in a hexagonal
lattice with 3.5 µm lattice size. The air holes that have different diameters ranging from
1.5 to 3.3 µm form a single-core PCF. Here, a unique PCF structure with minimal number of
air holes is used for higher light confinement. Figure 1 illustrates the schematic diagram
of the proposed reconfigurable D-shaped PCF filter/sensor. D-shaped PCF is formed by
slicing the PCF at 8 µm from the core center. The 15 nm silver layer is coated on the top
surface of the PCF, which acts as the noble metal. In the proposed structure, the air holes are
arranged in a hexagonal lattice with a 3.5 µm lattice size forming a single-core PCF. All air
holes have different diameters, ranging from d1 to d6. The values of these diameters are as
follows: d1 = 2.3 µm, d2= 3.3 µm, d3 = 1.5 µm, d4 = 1.84 µm, d5 = 2 µm and d6 = 1.7 µm.
The pitch value (21) between the d2, d3 and d6 air holes is 7 µm. The pitch values 22 = 9 µm,
23 = 15 µm and 24 = 12 µm are maintained between d4, d5 and top d4, respectively. The air
holes d1, d2 and d3 are located at 3.5 µm from the center in the Y axis. Air holes d4 are
located at 4.5 µm from the center in the Y axis. Air holes d6 and d3 are located in the
Y axis from the center at 7 µm and 6.5 µm, respectively. The chosen diameter of the PCF is
17.5 µm. A minimal number of air holes were preferred for higher confinement and also
to obtain a unique structure. Here, the missing air holes are used to create an asymmetric
core that helps achieve single-mode polarization filtering by increasing the birefringence.
A micro-opening is created in the middle of the top side with a diameter of 3.4 µm to
influence the phase-matching condition between the core mode and the plasmon mode
using analyte. Furthermore, this micro-opening also provides two channels, allowing for
improved interaction between the core and plasmon modes.
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Figure 1. Proposed silver lining D-shaped PCF (for both filter and sensor applications).

Because of the short resonance peak when compared to gold and its resonance ca-
pability from visible to infrared wavelength range, silver is preferred as the plasmonic
material [36,37]. A thin layer of silver with thickness of 15 nm is deposited on these two
pathways. SPR takes place through this silver layer. Light propagating through the core
induces plasmons to develop in the silver layer. The maximum energy couples from the
core mode to the plasmon mode at the phase-matching condition. This coupling creates
a decline in energy in the core mode, which attenuates one of the polarized lights while
allowing the other due to its birefringence behavior. As a result, the PCF can act as a polar-
ization filter. The scattering boundary condition is established to minimize scattering losses.
The performance evaluation of the proposed system is carried out using the finite element
method (FEM). The proposed filter structure can be fabricated using the stack-and-draw
approach [38] and mechanical side polishing methods [39]. The chemical vapor deposition
method is used to deposit the silver lining [40].

Pure silica is used as a core material in this PCF-based Polarization filter, and its
refractive index value is calculated using the Sellmeier equation [41]:

n(λ)2 =
A1λ

2

λ2 − λ2
1
+

A2λ
2

λ2 − λ2
2
+

A3λ
2

λ2 − λ2
3

(1)

where, A1 = 0.6961663, A2 = 0.4079426, A3 = 0.897479, λ1 = 0.068404, λ2 = 0.1162414,
λ3 = 9.896161 are the Sellmeier coefficients.

Dielectric constant value of silver is calculated using the Drude dispersion model [42,43]:

εAg = 1 − λ2λC

λ2
p(λc + iλ)

(2)

where collision wavelength λc = 17.614 µm, Plasma wavelength λp = 0.14541 µm, and λ
being the free space wavelength.

Confinement loss(α) of the filter can be determined numerically using the follow-
ing equation [44]:

α(dB/cm) = 8 · 686 × 2π
λ

× Im(neff)× 104 (3)

where Im(neff)—imaginary part of effective mode index.
Figure 2 shows the birefringence value of the proposed fiber without silver lining and

analyte. The observed birefringence values are 0.73 × 10−4, 1.08 × 10−4 and 1.76 × 10−4

at wavelengths 1.55 µm, 1.8 µm and 2.2 µm, respectively. These birefringence values are
of the order of 2 to 3 times more than the normal PCF. This ensures the SPR at different
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wavelengths for the X and Y-polarization mode. Consequently, this enables the polarization
filter function and sensing behavior at a particular polarization using the proposed PCF.

Figure 2. The birefringence vs wavelength of the proposed fiber without silver lining and analyte.

3. Results and Discussion
3.1. SPR Based Filter
3.1.1. Optimization of the Structural Parameters

To obtain an optimal filter characteristic, the effects of structural parameters such
as size and shape of the air holes, lattice size, and silver layer thickness are examined.
By changing one of these parameters iteratively while keeping the others constant, the per-
formance of the proposed PCF filter design is examined.

3.1.2. Varying Size of Air Holes

The filter characteristics of the proposed PCF structure measured for different air holes
sizes are displayed in Figure 3. The confinement loss is realized using the surface resonance
and it is measured for different air holes diameter values as illustrated in Figure 4a,b
for both X-polarization and Y-polarization. As the air holes size decreases (high lattice),
the sharp confinement loss peak shifts towards shorter wavelengths. The effective area
of the core is increased as the air holes sizes are reduced. At phase-matching conditions,
more energy couples from core mode to plasmon mode and it creates more confinement
loss at core mode. A confinement loss of 713 dB/cm has been reported at 1.98 µm for
X-polarized mode with a pitch of 3.5 µm. For Y-polarization the observed confinement loss
is 426 dB/cm at 1.92 µm.

Figure 3. D-shaped PCF based polarization filter with different air hole’s sizes (a) air holes dia
d1 = 2.3 µm and d2 = 3.3 µm (high lattice) (b) air holes dia d1 = 2.7 µm and d2 = 3.7 µm (Mid lattice)
(c) air holes dia d1 = 3.2 µm and d2 = 4.2 µm (low lattice).
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Figure 4. Confinement loss for the different pitch values (a) X-polarized mode (b) Y-polarized mode.

3.1.3. Varying Shape of the Air Holes

To find the optimal filter structure, different airhole shapes were chosen, from circular
to ones depicted in Figure 5a–c. As the diameter of the air holes increases, the effective area
of the core mode decreases, causing the resonance peak to shift toward shorter wavelengths.
Figure 5a shows PCF with standard circular air holes. Additionally, the modified three
elliptical air holes and four elliptical air holes are shown in Figure 5b,c respectively.
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Figure 5. D-shaped PCF-based polarization filter with different air hole structure (a) all-circular air
holes (b) with three elliptical air holes (c) with four elliptical air holes.

Figure 6a,b show the comparison of confinement loss peaks for the X-polarization
and Y-polarization with different structures of air holes. As shown in Figure 5, circular
air holes, three elliptical air holes and four elliptical air holes are preferred to improve
the structure’s efficiency and thereby find the optimal structure. For wavelengths ranging
from 1.5 µm to 2.6 µm, numerical analysis was carried out with a step value of 0.02.
From this analysis, the observed highest confinement loss for circular air holes is about
713 dB/cm at an operating wavelength of 1.98 µm. For three elliptical holes, the observed
confinement loss is 584 dB/cm at the operating wavelength of 2.38 µm. For four elliptical
holes, the confinement loss is 487 dB/cm at an operating wavelength of 2.4 µm. From this
graph of X-polarization, the circular air holes have the highest confinement loss compared
to three elliptical holes and four elliptical holes; the difference is fairly high. The circular air
holes are only carried for further analysis due to their superior performance in terms of
their confinement loss.

3.1.4. Varying the Thickness of Silver

The silver lining thickness has an impact on the efficiency of the plasmonic based PCF
filter by changing the plasmonic resonance. As per Chao Liu, et.al. [45], 20 nm thickness of
silver provides a better sensitivity among the thickness range from 20 to 50 nm. It clearly
states that less thickness provides a better surface plasmon resonance compared to the
higher thickness level and hence it is decided to carry out further research to improve the
sensitivity of the sensor by changing the silver coating thickness in the range between 5 nm
and 15 nm with a step size of 5 nm. Out of this research, it is found and reported here
that 15 nm thickness of Ag provides good confinement loss and wavelength sensitivity
as shown in Figure 7a,b. Under phase matching conditions, the observed maximum loss
is 713 dB/cm for the X-polarized mode at the operating wavelength of 1.98 µm. Also,
the maximum loss of 426 dB/cm is recorded at the operating wavelength of 1.92 µm for
Y-polarized mode.

3.1.5. Transmission Characteristics and Dispersion Relation

For the optimized structure of the filter, the light coupling characteristics are in-
vestigated over a wavelength range from 0.8 to 2.2 µm in both X and Y-polarizations.
The maximum energy of the core mode is transferred to SPP mode at the phase-matching
condition, and the energy of the core mode rapidly decreases. As a result, it will attenuate
one of the polarized lights while allowing the other to go through. Figure 8a,b illustrate
the electric field distributions of X-polarized mode at wavelength 1.98 µm and Y-polarized
mode at wavelength 1.92 µm.
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Figure 6. The confinement loss for the different shapes of air holes in (a) X-polarized mode
(b) Y-polarized mode.
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Figure 7. Characteristics of confinement loss for various silver layer thicknesses (5, 10 and 15 nm)
(a) X-polarized mode (b) Y-polarized mode.

Figure 8. Modal field distribution (a) Resonance condition for X-polarization at 1.98 µm (b) Resonance
condition for Y-polarization at 1.92 µm.
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The dispersion relation between the real and imaginary values of the effective mode
index (neff) is depicted in Figure 9. As shown in Figure 9, the real part of the core-guided
mode decreases when the wavelength increases. The fiber dispersion characteristic is
defined by the real values of neff [46], and the confinement loss is calculated through
imaginary values of neff [47]. As depicted in Figure 9, the X-polarized mode couples with
the plasmon mode, and hence, the core mode imaginary RI value increases at 1.98 µm.
The observed confinement loss is 713 dB/cm at this wavelength, whereas the Y-polarized
mode couples with the plasmon mode and has a confinement loss of 426 dB/cm at the
wavelength of 1.92 µm. As per the result, at the wavelength of 1.98 µm, only the Y-polarized
mode propagates, and the X-polarized mode is attenuated, and at the wavelength of
1.92 µm, only the X-polarized mode propagates, and the Y-polarized mode is attenuated.
As a result, the proposed structure functions as a polarization filter by removing one of the
polarized light waves at a particular wavelength.

Figure 9. Real and imaginary parts of the PCF filter core guided mode as a function of wavelength.

3.2. SPR Based Sensor

The optimized SPR-based polarization filter structure extends to sensing application
by filling an analyte in the outer layer of the sensor. When the refractive index of the
analyte changes, the structure resonant wavelength will shift. For the sensing purpose,
the resonance wavelength shift (wavelength sensitivity) scheme is preferred because it
results in a high level of sensitivity [48]. A schematic representation of the plasmonic sensor
is shown in Figure 10. A PML layer is used to reduce scattering losses. The analyte’s indices
influence the amount of light coupled into the silver layer (surface plasmon mode) and
thus deciding light propagation through the core.

Figure 11 depicts the real and imaginary values of the core-guided mode for the
analyte RI of 1.36. As shown in Figure 11, the real part of the core-guided mode decreases
as the wavelength increases. The fiber’s core-guided mode is coupled with the plasmon
mode at a wavelength of 2.46 µm. As a result, maximum energy is coupled from the core
mode to the plasmon mode, causing fundamental mode loss. At the resonance condition,
the imaginary value of the core-guided mode reaches its maximum value. The performance
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characteristic of a sensor is defined by its sensitivity, and thus, sensitivity needs to be
analyzed. Sensitivity (wavelength shift) of a sensor is calculated [49] as follows,

Sλ =
∆λPeak

∆na
(nm/RIU) (4)

∆λpeak–resonance wavelength shift, ∆na—analyte RI value shift.

Figure 10. Graphical representation of the SPR based sensor structure.

Figure 11. Real and Imaginary values of 1.36 RI.

For the proposed sensor, a numerical investigation was carried out over a wavelength
ranging from 1.8 µm to 2.8 µm, with a step value of about 0.02 µm. Additionally, for the
analytes, the refractive indices ranging from 1.34 to 1.37 in the step of 0.01 were taken for
the analysis. Figures 12 and 13 illustrate the confinement loss measured in dB/cm for both
the X and Y-polarization. As shown in Figure 12, the observed confinement losses at the
X-polarization are 505 dB/cm, 602 dB/cm, 744 dB/cm, 1048 dB/cm at wavelengths of
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2.38 µm, 2.42 µm, 2.46 µm, 2.52 µm, for the analyte refractive indices of 1.34, 1.35, 1.36, 1.37,
respectively. From this analysis, the maximum confinement loss of about 1048 dB/cm is
observed for the analyte refractive index of 1.37 at the operating wavelength of 2.52 µm,
whereas in the Y-polarization, the observed confinement losses are very low, as depicted
in Figure 12, and for the refractive indices of 1.34, 1.35, 1.36, 1.37, the recorded maximum
values at the wavelength of 2.8 µm are 9.2 dB/cm, 9.5 dB/cm, 10 dB/cm, 32 dB/cm,
respectively. Figure 13 is an extracted image from Figure 12 to display the confinement
loss at the Y-polarization. From this analysis, it is clearly shown that the proposed PCF
structure can be used as a refractive index sensor by shifting the confinement loss with
respect to the wavelength in the X-polarization for the different analyte indices.

Figure 12. Confinement losses in both X and Y-polarizations for the different RI ranging from 1.34 to
1.37 with step value of 0.01.

Figure 13. Confinement loss in Y-polarization with respect to wavelength (extracted from Figure 12
for more clarity).
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The sensitivity of the D-shaped silver lining plasmonic sensor is calculated using
Equation (4). The sensitivity of the proposed system over the RI ranging from 1.34 to
1.37 is depicted in Figure 14. The observed sensitivity from RI 1.34 to 1.36 is 4000 nm/RIU,
and the sensitivity is improved to 5000 nm/RIU for the RI ranging from 1.36 to 1.37. This
sensor can be implemented to detect the small changes in the bio analytes and industry
chemicals. The comparison of the proposed work with contemporary literature works is as
depicted in Table 1. It shows a good wavelength sensitivity in the proposed work over the
RI range from 1.34 to 1.37. This RI range covers the sensing of many industrial solvents
and bio-analytes [50] RIs.

Figure 14. Sensor sensitivity measurement using resonance wavelength shift with reference to analyte
RI changes.

Table 1. Comparison of our proposed work with contemporary literatures.

Year/Ref Plasmonic Material Used Application
Demonstrated

Sensitivity
[nm/RIU] RI Range

2015/[37] Silver/Graphene Sensor 3000 1.46–1.49

2017/[51] Gold Sensor 4000 1.33–1.37

2018/[10] Gold Sensor 4600 1.33–1.38

2018/[52] Gold sensor 9000 1.34–1.37

2019/[15] Silver/Graphene Sensor 3750 1.33–1.35

2019/[53] Silver/Graphene Sensor 833.33 1.30–1.34

2020/[13] Silver/Gold Sensor 3083 1.33–1.366

2020/[54] Gold/Titanium dioxide Sensor 4782 1.49–1.54

2021/[55] Gold/polydimethylsiloxane Sensor 1371 1.33–1.34

2022/[56] Silver Sensor 4100 1.38–1.41

2022/[57] Silver Sensor 1932 1.25–1.30

2022/[58] Gold Sensor 3000 1.40–1.46

2022/[59] Gold Sensor 3300 1.35–1.40

Proposed work Silver Filter/sensor 5000 1.34–1.37

59



Micromachines 2022, 13, 917

Compared to the literature works [10,13,15,51,55,59], the proposed work provides
superior wavelength sensitivity of 5000 nm/RIU, approximately, for the RI ranges from
1.33 to 1.40. The reported work in Ref. [52] covered exactly the RI range of 1.34–1.37,
similar to this proposed work, with a sensitivity of about 9000 nm/RIU. However, the PCF
reported in Refs. [10,52] had the air hole at the axis of the fiber, with a dual channel on
either side of the fiber axis to sense the change in RI values. Compared to these literature
works, the proposed work is very simple in design and less complex to couple the light
for the polarization-sensitive sensors. Contrarily, the literature works [10,52] will create
losses while coupling the light from an external single-mode fiber due to the presence of
the airhole at the center. Moreover, this air hole at the fiber axis will create complexity to
couple the light with proper polarization in polarization-sensitive sensors.

Figure 15 depicts the experimental arrangement for the proposed reconfigurable
D-shaped SPR filter/sensor. A light source with a wide spectrum is launched into the
proposed fiber through SMF for better coupling. Depending on the analyte being filled
or unfilled around the proposed fiber, this setup can act as a polarization filter or sensor.
As a sensor, the addition of a polarizer gives better visibility regarding the confinement
loss under a particular polarization. As per the RI of the analyte, the fiber mode loss varies
at a particular wavelength, and it can be recorded on an optical spectrum analyzer (OSA)
and computer connected to it. By analyzing the data from the computer, the unknown
analyte RI can be identified through the wavelength shift of peak loss in SPR between the
core mode and the plasmon mode.

Figure 15. Experimental arrangement for the proposed reconfigurable D-shaped SPR filter/sensor.

4. Conclusions

SPR based silver lining reconfigurable D-shaped photonic crystal fiber is proposed
to filter out the single-polarization and to sense the RI of analytes. A tiny layer of silver
is deposited over the flat surface of the D-shaped fiber with a small half-circular opening
to activate the plasmon modes. Structural optimization has been done through FEM to
obtain a single polarization filter and the performance parameters are measured. For the
application of PCF as a filter without adding analyte, the maximum confinement loss of
713 dB/cm is observed in X-polarization at the wavelength of 1.98 µm and for Y-polarization
the maximum confinement loss is observed as 426 dB/cm at 1.92 µm. This property allows
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the proposed structure to act as X or Y-polarization filter at the wavelength of 1.98 µm
and 1.92 µm respectively. This PCF filter can be used as a sensor by adding an analyte
outside this filter structure. With a maximum sensitivity of 5000 nm/RIU at X-polarization,
this sensor can detect small refractive index (RI) variation of analytes ranging from 1.34 to
1.37. This sensor can be used for industrial and medical applications to measure chemical
concentrations and disease levels using sample analytes. In future, research can be focused
towards finding a good improvement in the dynamic range of sensing properties by
extending the same structure with different materials like chalcogenide, Fluoride glass and
Bismuth oxide instead of silica.
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Abstract: TiO2 time-dependent electrodeposited thin films were synthesized using an electrophoretic
apparatus. The XRD analysis revealed that the films could exhibit a crystalline structure composed of
~81% anatase and ~6% rutile after 10 s of deposition, with crystallite size of 15 nm. AFM 3D maps
showed that the surfaces obtained between 2 and 10 s of deposition exhibit strong topographical
irregularities with long-range and short-range correlations being observed in different surface regions,
a trend also observed by the Minkowski functionals. The height-based ISO, as well as specific surface
microtexture parameters, showed an overall decrease from 2 to 10 s of deposition, showing a subtle
decrease in the vertical growth of the films. The surfaces were also mapped to have low spatial
dominant frequencies, which is associated with the similar roughness profile of the films, despite the
overall difference in vertical growth observed. The electrical conductivity measurements showed that
despite the decrease in topographical roughness, the films acquired a thickness capable of making
them increasingly insulating from 2 to 10 s of deposition. Thus, our results prove that the deposition
time used during the electrophoretic experiment consistently affects the films’ structure, morphology,
and electrical conductivity.

Keywords: electrodeposition; ITO; morphology; thin films; TiO2

1. Introduction

Titanium dioxide (TiO2) nanopowders have received much interest due to their use
in several technological applications, e.g., in industry and nanotechnology [1]. TiO2 is
used in many products, and its global demand growth is increasing rapidly along with its
low price. It has various advantages, such as high surface tension, specific surface area,
magnetic property, lower melting point, good thermal conductivity, and being environmen-
tally friendly [2,3]. TiO2 is a polymorphic compound with three mainly crystallographic
phases: anatase, rutile, and brookite. They are different in their synthesis and properties,
among which rutile and anatase are the most synthesized phases owing to their good
thermodynamic characteristics and physical properties. Withal, anatase, and rutile titania
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exhibit an excellent refractive index, high dielectric constant, higher hiding power, and
superior chemical stability [4,5].

TiO2 thin films can be deposited using various methods, such as sol–gel dip and spin
coating, pulsed laser deposition (PLD), spray pyrolysis, chemical vapor deposition (CVD),
and sputtering [6,7]. Among these methods, chemical solution deposition is one of the more
promising techniques because it provides higher composition control, lower processing
temperatures, shorter fabrication time, and relatively low cost [8]. It is known that the
coating deposition method can strongly influence the surface formed and affect properties,
which justifies the choice of a method with high composition control.

The comprehension of the growth mechanisms and the study of structure and mor-
phology as a function of the time deposition of the thin films are essential to preparing
materials in a measured way for the desired properties. In this regard, studies based on the
morphology of the thin films when the time deposition varies help to reveal the growth
mechanism of these films [3]. For this purpose, scanning probe microscopy techniques have
been employed. Atomic force microscopy (AFM) has been widely used for morphological
characterization in real space and for determining thickness, roughness, and particle size
in thin films [9]. Moreover, their 3D topographical maps can be used to analyze several
other morphological parameters, e.g., spatial, hybrid, feature, functional and volumetric,
and geometrical morphology shape and spatial frequencies, which can reveal the unique
spatial patterns of the formed topography.

In the present work, we focus on the growth of nanostructured TiO2 films on indium
tin oxide (ITO) substrates obtained using the electrodeposition technique under different
deposition times. This insight aims to analyze the influence of deposition time on the
structural, morphological, and electrical conductivity properties of thin films. A corre-
lation between time deposition, structure, surface roughness, growth morphology, and
electrical properties of the TiO2 films is established, which can help improve the fabri-
cation processes of TiO2-based devices. This study aims to obtain optimized conditions
for electrodeposited TiO2/ITO films at different times to enable photoelectrocatalytic and
photovoltaic applications in future studies.

2. Materials and Methods
2.1. Chemicals and Materials

Potassium hexacyanoferrate (III), potassium chloride, ethyl alcohol (95%), metallic
iodine, and titanium dioxide (P25) were purchased from Sigma-Aldrich (San Luis, MO,
USA). Potassium hexacyanoferrate (II) trihydrate was obtained from Merck (Darmstadt,
HD, Germany). Acetone, acetylacetone (99.5%), ethyl alcohol, and isopropyl alcohol were
obtained from Synth (São Paulo, SP, Brazil). ITO/glass substrates (15 Ω/sq) were acquired
from Lumtec (Taiwan, China).

2.2. Thin Films Electrophoretic Deposition

First, the electrolyte solution was prepared, for which 1.0 g of TiO2 and 80 mL of ethyl
alcohol were mixed in an Erlenmeyer flask. Then, 100 µL of acetylacetone was added to the
system, which remained in magnetic stirring for 24 h. Afterward, 20 mg of metallic iodine
was added to the solution, agitated for 30 min, and taken to an ultrasonic bath (Q335D,
Quimis, São Paulo, SP, Brazil) for 20 min. The ITO electrodes (2 × 1 cm) were previously
cleaned through successive sonication cycles in deionized water, acetone, and isopropyl
alcohol for 15 min each stage [9]. Next, specific support for fixing the ITO electrodes was
designed, using two connectors, and forming the anode and cathode with a separation
of 2 mm. The electrode area to be coated was delimited to 1 cm2, and the electrophoretic
cell was filled with 10 mL of the electrolytic solution. For the electrodeposition process,
the positive and negative poles were connected to the power supply (Agilent E3616A,
Santa Clara, CA, USA) and applied a potential of 10 V. The formation of TiO2 films occurs
by electrostatic attraction of TiO2 together with the negative pole electrode (anode), also
known as TiO2 anodization. Thus, TiO2 films were obtained at different times (2, 4, 6, 8,
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and 10 s) in the TiO2 solution. Subsequently, the films were treated thermally at 300 ◦C for
30 min in a EDG 3P-S muffle from EDG Equipment (São Paulo, SP, Brazil).

2.3. Film Characteristics Techniques
2.3.1. X-ray Diffraction Techniques

The X-ray diffraction (XRD) in grazing incident measurements was carried out with
a LabX XRD-6000 apparatus from Shimadzu (Japan) and Cu–Kα radiation (λ = 1.5414 Å)
source. The measurements were performed from 10 to 60 (2θ) in continuous (0.02/s)
and step (0.02/10 s) modes, respectively. The XRD analysis was complemented with the
Rietveld refinement technique with the GSAS 1.0 program.

2.3.2. AFM Measurements

An Innova AFM from Bruker (Billerica, MA, USA), operated on a taping mode with
a scan rate of 0.5 Hz, was used to make the surface characterization. The samples were
scanned in air and 40 ± 1% relative humidity over scanning areas of 5 × 5 µm2, with a
resolution of 256 × 256 pixels using a silicon cantilever (k = 40 N/m). The feedback control
to obtain the best possible images was adapted to each surface and for all the applied
scans. The analysis of the images was completed with the WSxM software (Madri, Spain),
version 5.0, development 9.1 [10], and, through the images, it is possible to obtain the
surface roughness parameters.

2.3.3. Surface Analysis

The complete analysis of the morphology of the films was based on the evaluation of
3D morphological parameters by the International Organization for Standardization (ISO)
25178-2: 2012 standard, whose parameters have their physical meaning largely described in
references [11–15]. These parameters were obtained by the MountainsMap® 8.0 (Besançon,
France) commercial software from Digital Surf [16]. In summary, we compute and evaluate
several parameters, namely, height, feature, spatial, functional, hybrid, volume, and core
Sk. Furthermore, we have determined the average power spectrum density (PSD) spec-
trum of fractal regions of the spectrum using linearized graphs obtained according to the
mathematical theory explained by Jacobs et al. [17]. Additionally, the Hurst coefficients of
the spectra were calculated using Equation (1), where α is the slope of the linearized curve
obtained using the WSxM© 5.0 software [10].

Hc =
α − 2

2
(1)

Moreover, we know that 3D surface morphology at the micro/nanometric level is
characterized by a series of descriptive parameters defined and quantified according to
standard ISO 25178-2: 2012, as mentioned above. These descriptive shape parameters do not
present a clear quantification of the nanostructured surface model for highlighting fineness
characteristics such as arbitrary permutations of topographic positions of different heights.
To study the topography more carefully, it was necessary to highlight them by applying
integral geometry and morphological descriptors, known as Minkowski functionals (MFs),
which characterize both the connectivity (topology) and the content and shape (geometry)
of spatial models [18–20]. For this purpose, we consider the MFs defined for a convex,
compact set K ⊂ R3 via Steiner’s formula. So, let K ⊕ Br be the dilation of the set K by a
closed ball of radius r centered on the origin. The volume V(3) (for dimension d = 3) of
K ⊕ Br can be written as a polynomial function of r as follows [19,20]:

V(3)(K ⊕ Br) =
3

∑
k=0

(
3
k

)
W(3)

k (K)rk (2)

where Wk
(3) is the kth Minkowski functional.

The MFs can be expressed using the common descriptors volume V, surface area S,
mean breadth B, and Euler–Poincaré characteristic χ by the following relations [18,19]:
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W(3)
0 (K) = V(K); W(3)

1 (K) =
1
3

S(K); W(3)
2 (K) =

2
3

π·B(K); W(3)
3 (K) =

4
3

π·χ(K) (3)

2.3.4. Electrochemical Measurements

The electrochemical measurements were collected in an AUTOLAB PGSTAT 128N
(Metrohm Autolab, Utrecht, The Netherlands), controlled with NOVA version 2.1.5 electro-
chemical analysis software. The electrochemical cell was constituted by three electrodes,
using TiO2/ITO as the working electrode, Ag/AgCl (sat. KCl) as the reference electrode,
and platinum as the auxiliary electrode. The experiments were performed at 22 ± 1 ◦C,
without stirring. The films were characterized by electrochemical impedance spectroscopy
(EIS) in a 5 mmol L−1 [Fe(CN)6]4−/3− + 0.1 mol L−1 KCl solution at 0.2 V, varying the
frequency 10 points per decade in the range from 10 kHz to 100 MHz.

3. Results and Discussion

Figure 1 shows the XRD pattern of semiconductor titanium oxide deposited using
the immersion method at 300 ◦C for 2, 4, 6, 8, and 10 s. The diffraction peaks at 25.82◦,
38.31◦, 41.82◦, 48.55◦, 55.71◦, and 63.34◦ corresponding to the planes (101), (004), (112),
(200), (105), and (215) were observed, indicating the formation of TiO2 anatase phase being
~79% of the main phase in all samples [19–21]. These signals match well with the peaks
previously reported for TiO2 in inorganic crystal structure database (ICSD) card No. 9852
and ICSD card No. 24,276 [21,22], which is ~7% of the ITO phase. Other peaks appear
in the XRD pattern at 27.97◦, 35.72◦, and 54.54◦, and can be assigned to the planes (110),
(101), and (211), revealing the presence of TiO2 rutile phase (TiO2, ICSD card No. 9161) [23],
which is 14% of the other phases. The peaks of indium oxide and tin substrate (indicated
as ITO in Figure 1e) were also registered. New phases are not observed in the different
immersion times.
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Figure 1. XRD spectra of TiO2 thin films at different immersion times: (a) 2 s, (b) 4 s, (c) 6 s, (d) 8 s,
and (e) 10 s. Experimental (Yobs) and theoretical (Yobs) data, in which the residual line (Yobs–Ycal)
and Bragg peaks for all samples.

XRD spectra of TiO2 thin films were refined and used simultaneously for both struc-
tures, anatase (ICSD No. 9852) [21,22] and rutile (ICSD No. 9161) [23], assigned to a
tetragonal structure, with a space group I41/amd (141) and space group P42/mnm (136),
respectively. The phase composition analysis revealed that anatase was the major phase at
81% ± 4% in 10 s electrodeposition time, while having lower rutile phase of 6.1%.

Table S1 (Supplementary Information) shows the lattice parameter of TiO2 thin films
obtained of the refined structure for anatase and rutile in function electrodeposition time.
The results verified the correlation between the experimental and theoretical intensities for
both samples (Figure 1a,e), as observed in the residual line.

The crystallite size (D) for the prepared samples was determined by measuring the
broadening of the most intense (best defined) peak of the phase in a diffraction pattern
associated with a specific planar reflection within the crystal unit cell according to the
Debye–Scherrer equation as follows [24]:
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D =
kλ

β · cos θ
(4)

where k is a correction factor account for particle shapes (in this work, k = 9 was used), λ
is the wavelength of Cu target = 1.5406 Å, β is the full width at half maximum (FWHM)
of the most intense diffraction peak plane, and θ is the Bragg’s angle. The crystalline size
calculated for TiO2 films with different immersion times evidence that anatase structures
have a size of 15 nm for 10 s of immersion compared to rutile structures. Nevertheless, both
structures have similar crystalline values in the range from 4 to 6 s, shown in Table S1.

3.1. Morphology Analysis

Figure 2 provides the first insights into the topographic properties of the electrode-
posited TiO2 thin films. The surfaces display an aspect randomly rough on a global scale
with some spatial domains, manifesting long-range correlations and other regions ex-
hibiting short-range correlations. Also evident is the hierarchical character of the surface
roughness, as several asperities are composed of more asperities that, in turn, are formed
with more asperities. Along with the visual information conveyed in Figure 2, we can
obtain a quantitative assessment of the topography with the set of height-based parameters,
which are provided in Table 1.
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Table 1. Surface parameters of the thin films, according to ISO 25178-2:2012.

Electrodeposition Time
Par [µm]

2 s 4 s 6 s 8 s 10 s

Sq 0.122 ± 0.019 0.108 ± 0.023 0.068 ± 0.010 0.068 ± 0.006 0.091 ± 0.008

Sp 0.411 ± 0.049 0.358 ± 0.085 0.233 ± 0.058 0.267 ± 0.023 0.336 ± 0.076

Sv 0.403 ± 0.046 0.471 ± 0.148 0.234 ± 0.020 0.239 ± 0.014 0.353 ± 0.067

Sz 0.814 ± 0.088 0.829 ± 0.233 0.467 ± 0.070 0.506 ± 0.031 0.688 ± 0.137

Table 1 depicts the temporal values for the root mean square height (Sq), maximum
peak height (Sp), maximum pit height (Sv), and maximum height (Sz). In the films obtained
with electrodeposition time of 4 to 10 s, an overall consonance between the trends of
increase/decrease is noted, related to extreme heights, despite some fluctuations. The
concomitant minimum value further emphasizes this at the same intermediate time (t = 6 s).

3.2. Advanced Stereometry Evaluation

Table 2 presents the values for the spatial and hybrid parameters [11]. The results did
not show significant differences in the autocorrelation length (Sal) for all films, without
evidence of considerable increment or decrement in the relative predominance of correlated
spatial events. The texture aspect ratio (Str) was another quantity that did not show
significant changes over time, suggesting statistical robustness in the magnitude of the
surface texture anisotropy from t = 2 s to t = 10 s. Similarly, the texture direction (Std) did
not show noticeable changes over time, indicating that the dominant orientation of the
surface texture anisotropy persists relatively constant from t = 2 s to t = 10 s.

Table 2. Spatial and hybrid parameters of the thin films, in accordance with ISO 25178-2:2012.

Electrodeposition Time
Par Unit

2 s 4 s 6 s 8 s 10 s

Spatial

Sal * [µm] 0.432 ± 0.044 0.353 ± 0.037 0.383 ± 0.021 0.375 ± 0.050 0.338 ± 0.049

Str * [-] 0.472 ± 0.011 0.427 ± 0.136 0.394 ± 0.191 0.603 ± 0.069 0.613 ± 0.126

Std * [◦] 123.94 ± 67.30 51.75 ± 72.72 52.00 ± 69.28 99.87 ± 77.46 118.44 ± 63.85

Hybrid

Sdq [-] 961.95 ± 54.25 978.06 ± 114.74 495.91 ± 31.63 672.96 ± 141.40 878.85 ± 80.38

Sdr [%] 75.33 ± 3.09 75.75 ± 6.29 42.00 ± 2.37 55.17 ± 11.35 70.08 ± 5.40

* Samples without significant difference, one-way ANOVA and Tukey’s test (p < 0.05).

Now let us focus on the hybrid parameters, which are quantities that have as input
the content of the three spatial directions. The values for the root mean square gradient
(Sdq) (that is zero for a flat surface) reveal that the samples for t = 6 s present the smallest
local steepness. This local property of the surface is corroborated with the interfacial area
ratio (Sdr) results, achieving the smallest value for t = 6 s. Such a qualitative agreement is
also noted for other time values of Sdq and Sdr, signaling that the local steepness and the
relative interfacial surface area incrementally present a coupled response over time in the
current set of experiments.

Table 3 conveys information about the temporal behavior of the feature parameters.
The density of peaks (Spd) did not show substantial changes over time, suggesting statistical
robustness in the number of points (per unit area) for potential contact with other surfaces.
On the other hand, the arithmetic means peak curvature (Spc) exhibited strong changes
over time where the maximum value occurred for t = 8 s, indicating that the curvature of
peaks becomes larger (peaks more rounded) at such an instant. The ten-point height of
surface (S10z) and five-point peak height (S5p) attains the minimum value concomitantly
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at t = 6 s. In contrast, the five-point pit depth (S5v) reaches the minimum value at t = 8 s,
suggesting a close temporal behavior between peaks and valleys in the samples. While the
mean hill area (Sha) manifested substantial changes, the mean dale area (Sda), mean dale
volume (Sdv), and mean hill volume (Shv) presented values without statistical difference.
This indicates that the process of formation of the thin films comprised a coupled evolution
of the Sda, Sdv, and Shv.

Table 3. Feature parameters of the thin films, in accordance with ISO 25178-2:2012.

Electrodeposition Time
Par Unit

2 s 4 s 6 s 8 s 10 s

Spd * [1/µm2] 2.290 ± 0.479 2.620 ± 0.778 1.990 ± 0.401 3.700 ± 1.261 2.940 ± 0.254

Spc [1/µm] 32561 ± 7825 30270 ± 9318 18006 ± 1691 36391 ± 11325 18643 ± 1490

S10z [µm] 0.700 ± 0.088 0.705 ± 0.175 0.381 ± 0.050 0.413 ± 0.050 0.579 ± 0.094

S5p [µm] 0.350 ± 0.041 0.319 ± 0.068 0.190 ± 0.030 0.225 ± 0.030 0.265 ± 0.045

S5v [µm] 0.350 ± 0.050 0.386 ± 0.107 0.191 ± 0.021 0.188 ± 0.023 0.315 ± 0.054

Sda * [µm2] 0.727 ± 0.225 0.508 ± 0.095 0.769 ± 0.114 0.721 ± 0.313 0.516 ± 0.033

Sha [µm2] 0.471 ± 0.083 0.410 ± 0.093 0.575 ± 0.141 0.317 ± 0.112 0.365 ± 0.027

Sdv * [µm3] 2.532 ± 0.535 2.709 ± 0.302 2.077 ± 0.684 3.293 ± 1.816 2.387 ± 1.065

Shv * [µm3] 4.404 ± 1.249 4.063 ± 1.827 4.482 ± 2.068 1.565 ± 0.758 4.044 ± 1.313

* Samples without significant difference, one-way ANOVA and Tukey’s test (p < 0.05).

The panels in Figure 3 reveal that the height histograms have a bell-like shape (with a
basis on the y-axis). In turn, the red curve overlaid on the histogram is a type of Abbott–
Firestone curve [25] that is a suitable statistical method for characterizing surfaces. Such a
curve is a cumulative probability density function that, in practice, is estimated from cumu-
lative sums over the height histogram in a way that its minimum value (0%) is obtained for
the highest peak, and its maximum is attained for the deepest valley (100%). The results
show that the samples of TiO2 thin films produce Abbott–Firestone curves with a quite
smooth S shape (looking from the y-axis). This suggests that for successive depths (from
the highest peak), there is a gradual increase in the percentage of the material traversed
in relation to the area spanned. The panels {b,c, I–f, h,i, l,m, o,p} provide a statistical
interpretation for a plethora of functional parameters [26], which will be discussed further.

Table 4 unveils that the areal material ratio (Smr), peak material portion (Smr1), and
valley material portion (Smr2) present variations without statistical difference. This means
that the percentage of material that constitutes the peak/valley patterns remains stable over
time, despite some fluctuations. It is an obvious general congruence between the patterns
of increase/decrease of the inverse areal material ratio (Smc), peak extreme height (Sxp),
core roughness depth (Sk), reduced peak height (Spk), and the reduced valley depth (Svk),
although there are punctual discrepancies. Similarly, broadly correlated the successive
tendencies of growths/declines of dale void volume (Vvv), core void volume (Vvc), peak
material volume (Vmp), and core material volume (Vmc). In summary, the results for
several functional parameters associated with superficial strata (Smc, Sxp, Sk, Spk, and
Svk) and volume (Vvv, Vvc, Vmp, and Vmc) show a correspondence between the temporal
variations in distinct portions of the Abbott–Firestone curve obtained from the samples.
This points out the overall compatibility between the changes across different slices of the
surface morphology.
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Figure 3. Most relevant Sk and volume parameters representation of (a–c) 2 s, (d–f) 4 s, (g–i) 6 s,
(j–m) 8 s, and (n,o) 10 s. The horizontal axis in (c,f) is related to the percentage of occupied volume.
The vertical axis is related to depth; 10% and 80% are used to divide the reduced peaks and reduced
valleys from the core surface [11].
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Table 4. Functional parameters of the thin films, according to ISO 25178-2:2012.

Electrodeposition Time
Par Unit

2 s 4 s 6 s 8 s 10 s

Functional

Smr * [%] 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.003 ± 0.002 0.003 ± 0

Smc [µm] 0.155 ± 0.027 0.134 ± 0.027 0.087 ± 0.013 0.086 ± 0.006 0.111 ± 0.002

Sxp [µm] 0.239 ± 0.032 0.237 ± 0.063 0.133 ± 0.019 0.132 ± 0.016 0.189 ± 0.016

Sk [µm] 0.289 ± 0.054 0.231 ± 0.027 0.175 ± 0.024 0.166 ± 0.012 0.213 ± 0.011

Spk [µm] 0.131 ± 0.019 0.121 ± 0.036 0.063 ± 0.013 0.076 ± 0.008 0.096 ± 0.038

Svk [µm] 0.127 ± 0.018 0.147 ± 0.052 0.063 ± 0.008 0.070 ± 0.008 0.107 ± 0.016

Smr1 * [%] 11.837 ± 2.197 12.263 ± 1.255 9.786 ± 1.317 10.899 ± 0.298 9.952 ± 0.361

Smr2 * [%] 89.087 ± 2.088 87.854 ± 1.082 89.750 ± 0.913 89.708 ± 0.864 87.83 ± 0.929

Volume

Vmp [µm3/µm2] 6.265 ± 0.823 5.618 ± 1.510 3.205 ± 0.616 3.761 ± 0.462 4.798 ± 1.898

Vmc [µm3/µm2] 105.80 ± 19.58 87.56 ± 13.97 62.73 ± 10.60 59.32 ± 5.25 78.29 ± 4.29

Vvc [µm3/µm2] 147.50 ± 25.924 125.22 ± 24.05 82.89 ± 12.28 81.86 ± 5.82 102.37 ± 6.58

Vvv [µm3/µm2] 14.241 ± 2.300 14.84 ± 4.327 7.504 ± 0.972 7.847 ± 0.837 11.49 ± 1.027

* Samples without significant difference, one-way ANOVA and Tukey’s test (p < 0.05).

3.3. Power Spectrum Density of the TiO2 Thin Films Nanotexture

PSD has been an excellent mathematical tool for evaluating patterns on surfaces with
different dominant wavelengths [27–29]. The linearized graphs of the obtained average
PSD spectrum are shown in Figure 4, whose Hurst coefficient values are exposed in Table 5.
Although the films exhibited different morphologies, their roughness has similar special
frequencies because the spectra are in similar regions. The statistical analysis found no
difference between H values, although its mean value has decreased from 2 to 8 s. This
suggests that the surface nanotexture does not changed as the deposition time increased,
in accordance with Sal, Str, and Std parameters. Due to the film’s uniform deposition, the
nanotexture does not showed statistically different patterns of dominant spatial frequency
(similar dominant wavelength). This nanotexture characteristic can also favor some similar
physical properties, in addition to their homogeneity, as observed by Barcelay et al. [15].

Table 5. Hurst coefficient (H) of the TiO2 thin films with different electrodeposition times: 2, 4, 6, 8,
and 10 s.

Electrodeposition Time
Par

2 s 4 s 6 s 8 s 10 s

H * 0.53 ± 0.04 0.51 ± 0.08 0.48 ± 0.07 0.41 ± 0.16 0.59 ± 0.04
* Samples without significant difference, one-way ANOVA and Tukey’s test (p < 0.05).

3.4. Minkowski Functionals

The MFs of AFM images were calculated and averaged over various positions on
each surface. The resulting graphs for Minkowski volume V, Minkowski boundary S,
and Minkowski connectivity χ are plotted in Figure 5. As can be seen, three descriptors
(Minkowski volume, Minkowski limit, and Minkowski connectivity) show a different
graphical evolution, which highlights a distinct 3D morphology of the surface texture with
different types of nanopatterned templates. For the Minkowski volume V (Figure 5a,b), the
lowest values are for samples with t = 2 s, and the highest values correspond to samples
with t = 10 s. The Minkowski boundary S (Figure 5c,d) presents a maximum peak in the
samples with t = 10 s. Furthermore, the Minkowski connectivity χ (Figure 5e,f) describes
the topological structure of the surfaces’ patterns. All graphs have an oscillated form with
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values dispersed in a wide range of heights. There is a maximum peak for samples with
t = 8 s, while the minimum value is associated with samples with t = 10 s.
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Figure 5. Minkowski volume of the thin films for: (a) 2 s, 4 s, and 6 s; (b) 8 s, and 10 s; Minkowski
boundary of the thin films for: (c) 2 s, 4 s, and 6 s; (d) 8 s, and 10 s; Minkowski connectivity of the
thin films for: (e) 2 s, 4 s, and 6 s; (f) 8 s, and 10 s.

3.5. Electrochemical Impedance Spectroscopy of the TiO2 Films

The results of EIS are represented as Nyquist graphs (Figure 6), which include a
semicircle in high-frequency ranges representing the charge transfer resistance (Rct) and a
linear part at lower frequencies representing the diffusion process. The resistance values
(Rct) were calculated using the Randles equivalent circuit (inset Figure 6), where Rs is
the solution and connectors resistance, Zw is the Warburg impedance that corresponds to
mass transfer of the redox species to the electrode, and constant phase element (CPE) is the
impedance of the electrode/solution interface and is associated with the formation of the
double electrical layer [30].
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As can be observed (Figure 6a), the semicircle at high frequencies increased with
the deposition time due to the formation of a thicker TiO2 layer, attributing insulating
properties to the film. The calibration curve was obtained by plotting resistance (Rct) (kΩ)
versus deposition time (Figure 6b), where a linear behavior is observed. The equation of
regression was defined as Rct (kΩ) = 68.8 [deposition time] + 136.9, with R2 = 0.941.

4. Conclusions

In summary, anatase–rutile time-dependent electrodeposited thin films were success-
fully obtained in this work. The films present a tetragonal crystalline structure ascribed
to the anatase phase (81%), but also exhibit small amounts (~6%) of rutile after 10 s of
deposition. The crystallite size of all films was found to be around 15 nm. The long- and
short-range correlations found along the film’s surface are assigned to the main phenomena
that characterize the strong topographical irregularities of the films. Despite this, the verti-
cal growth decreases as the deposition time increases, showing that the surface of the films
becomes smoother. This trend was confirmed by the analysis of Minkowski functionals.
PSD results indicate that all films are dominated by dominant low spatial frequencies,
which can be attributed to similar surface microtexture, although the surfaces have differ-
ent morphologies. The electrical conductivity tests showed that the films become more
insulating as the deposition time increases, which notably occurs thanks to the increase in
the thickness of the oxide layer that is produced on the ITO substrate. Our findings prove
that the structure, morphology, and electrical conductivity of anatase–rutile films could be
controlled by the deposition time employed in the electrophoretic essay, showing that this
physical parameter plays an important role in the film’s physical properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/mi13081361/s1, Table S1: Calculated Rietveld refinement results for XRD measurements
performed on electrodeposited TiO2 thin films.
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Abstract: The active layer of metal oxide semiconductor thin film transistor (MOS-TFT) prepared by
solution method, with the advantages of being a low cost and simple preparation process, usually
needs heat treatment to improve its performance. Laser treatment has the advantages of high energy,
fast speed, less damage to the substrate and controllable treatment area, which is more suitable for
flexible and large-scale roll-to-roll preparation than thermal treatment. This paper mainly introduces
the basic principle of active layer thin films prepared by laser treatment solution, including laser
photochemical cracking of metastable bonds, laser thermal effect, photoactivation effect and laser
sintering of nanoparticles. In addition, the application of laser treatment in the regulation of MOS-TFT
performance is also described, including the effects of laser energy density, treatment atmosphere,
laser wavelength and other factors on the performance of active layer thin films and MOS-TFT
devices. Finally, the problems and future development trends of laser treatment technology in the
application of metal oxide semiconductor thin films prepared by solution method and MOS-TFT
are summarized.

Keywords: solution method; laser treatment; active layer; metal oxide semiconductor thin film transistor

1. Introduction

At present, new display technology products are endlessly emerging. People con-
tinue to have higher requirements for the characteristics of display devices, such as high
resolution, thin, flexible, transparent, rich color and so on. Metal oxide semiconductor
thin film transistor (MOS-TFT) has the advantages of high mobility (1–100 cm2/Vs) and
good film uniformity [1–5]. It has become a strong competitor in the display backplane
industry represented by active matrix liquid crystal display and active matrix organic light
emitting diode.

Thin film transistor is a kind of field effect transistor. TFT devices are usually com-
posed of active layers, insulating layers, gate electrodes, source electrodes and drain
electrodes, the common TFT device structure is shown in Figure 1. In TFT, the material
that plays the most important role is the semiconductor active layer. According to the
difference of semiconductor active layer materials, TFT can be divided into the following
four categories: a-Si TFT, p-Si TFT, OTFT and MOS-TFT [6–9]. Among them, MOS-TFT has
the advantages of high field effect mobility, high uniformity, good electrical stability and
high transparency, which is suitable for the future display preparation requirements, such
as large size and flexibility [1,4,10].
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Figure 1. Schematic diagram of TFT device structure.

Solution-processed deposition offers the advantages of a simple process, high-throughput,
high material utilization rate, and easy control of chemical components, which provides the
possibility for large-area preparation of metal oxide semiconductor [10–14]. In the study of
solution preparation of MOS-TFT, the active layer is mainly made of precursor prepared by
sol–gel [15,16] or nanoparticles (NPs) dispersed in carrier solvent [17–19], which are deposited
on the substrate by spin coating method, inkjet printing method and so on. Whether the thin
films are prepared by sol–gel method or nano-particle method, the precursors or nanostruc-
tures usually need postprocessing to improve their properties [20]. The typical process of
preparing metal oxide semiconductor thin films and corresponding TFT devices by solution
method is shown in Figure 2.
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The traditional thermal treatment process has some disadvantages, such as high en-
ergy consumption, long treatment time, high process temperature and incompatibility
of flexible substrates [21]. In order to solve this problem, various studies have tried to
reduce the treatment temperature by compensating for other energy sources (for exam-
ple, optical, chemical and physical methods), rather than reducing the activation energy.
Many researchers reduce the treatment temperature of the active layer and MOS-TFT
prepared by solution method by microwave treatment [22–24], plasma treatment [23,25],
ozone ultraviolet treatment (UV) [26–30], high pressure treatment [22,23,31,32], water
based/hydrolysis [28,33], low temperature steam treatment [34] and so on. The common
process parameters of low temperature treatment are shown in Table 1. However, these
methods are not suitable for large-scale roll-to-roll (R2R) processes. On the R2R production
line, the treatment time is limited by the length of the on-line curing furnace. For example,
for the speed of 1 m min−1 and the oven length of 5 m, the curing time of each treatment
layer is limited to 5 min [27,35–37], while these methods require a longer treatment time.

As a new treatment technology in the field of flexible, printing and wearable devices,
laser treatment effectively avoids the shortcomings of other treatment methods, such as
high energy consumption, long processing time, high process temperature, incompatibility
with flexible substrate, only the whole device being treatable without the active layer being
treated accurately. Laser treatment can effectively treat precursor films or nanoparticles
through high-energy radiation and absorption of high-energy photons. By adjusting the
laser processing parameters, such as laser intensity, pulse width and scanning speed, the
energy input into the film can be accurately controlled to achieve the desired thermal
effect [38–43]. In addition, the heating and cooling rate of laser treatment (>106 ◦C s−1)
is several orders of magnitude higher than that of conventional heat treatment and rapid
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thermal treatment, so that the thin films can be processed quickly with minimal energy
loss [44]. Laser treatment is a top-down treatment technology and the treatment position
can be accurately controlled, so the treatment area can be limited to a specific range of
in-plane and thickness direction, and the thin films and nanostructures can be selectively
treated to improve the properties of thin films and MOS-TFT without affecting the sub-
strate and adjacent materials [43,45–47]. Common laser treatment equipment is shown in
Figure 3 [48].

Table 1. Low temperature treatment process parameters.

Treatment Method Treatment Temperature Treatment Time Refs.

Microwave treatment >180 ◦C >30 min [22–24]
Plasma treatment >300 ◦C >20 min [23,25]

Ozone ultraviolet treatment >120 ◦C >5 min [26–30]
High pressure treatment >220 ◦C >1 h [22,23,31,32]
Water based/hydrolysis >230 ◦C >2 h [28,33]
Low temperature steam

treatment >220 ◦C >1 h [34]

Laser treatment >95 ◦C <5 min [38–43]

Micromachines 2021, 12, x FOR PEER REVIEW 3 of 15 
 

 

Table 1. Low temperature treatment process parameters. 

Treatment Method 
Treatment Tempera-

ture 
Treatment 

Time Refs. 

Microwave treatment >180 °C >30 min [22–24] 
Plasma treatment >300 °C >20 min [23,25] 

Ozone ultraviolet treatment >120 °C >5 min [26–30] 
High pressure treatment >220 °C >1 h [22,23,31,32] 
Water based/hydrolysis >230 °C >2 h [28,33] 

Low temperature steam treatment >220 °C >1 h [34] 
Laser treatment >95 °C <5 min [38–43] 

As a new treatment technology in the field of flexible, printing and wearable devices, 
laser treatment effectively avoids the shortcomings of other treatment methods, such as 
high energy consumption, long processing time, high process temperature, incompatibil-
ity with flexible substrate, only the whole device being treatable without the active layer 
being treated accurately. Laser treatment can effectively treat precursor films or nanopar-
ticles through high-energy radiation and absorption of high-energy photons. By adjusting 
the laser processing parameters, such as laser intensity, pulse width and scanning speed, 
the energy input into the film can be accurately controlled to achieve the desired thermal 
effect [38–43]. In addition, the heating and cooling rate of laser treatment (>106 °C s−1) is 
several orders of magnitude higher than that of conventional heat treatment and rapid 
thermal treatment, so that the thin films can be processed quickly with minimal energy 
loss [44]. Laser treatment is a top-down treatment technology and the treatment position 
can be accurately controlled, so the treatment area can be limited to a specific range of in-
plane and thickness direction, and the thin films and nanostructures can be selectively 
treated to improve the properties of thin films and MOS-TFT without affecting the sub-
strate and adjacent materials [43,45–47]. Common laser treatment equipment is shown in 
Figure 3 [48]. 

 
Figure 3. Schematic diagram of laser treatment device [48]. 

Laser treatment technology has many advantages and has made remarkable achieve-
ments in the application of active layer thin films and MOS-TFT devices prepared by so-
lution method. However, there remains some shortcomings in the related research, such 
as less application on flexible substrates, less research on the influence of laser frequency 
and pulse number, and so on, which need to be further studied and improved. 

  

Figure 3. Schematic diagram of laser treatment device [48].

Laser treatment technology has many advantages and has made remarkable achieve-
ments in the application of active layer thin films and MOS-TFT devices prepared by
solution method. However, there remains some shortcomings in the related research, such
as less application on flexible substrates, less research on the influence of laser frequency
and pulse number, and so on, which need to be further studied and improved.

2. Mechanism of Laser Treatment

Laser is a kind of high-energy beam with monochromaticity, coherence and collimation
produced by stimulated emission process. In the process of laser treatment, the thin films
are treated effectively through the thermal effect and photochemical reaction caused by the
absorption of high-energy photons.

Lasers can be divided into solid-state lasers and excimer lasers according to working
substances. The output beam of solid-state laser is usually Gaussian beam, and its energy
curve is similar to Gaussian function curve. In contrast to solid-state lasers, the output
beam of excimer lasers is usually flat-topped beam, and its energy density distribution is
almost the same in a certain region.

According to the pulse width, laser can usually be divided into nanosecond laser,
femtosecond laser and picosecond laser. Compared with nanosecond laser, femtosecond
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laser and picosecond laser can provide ultrashort pulse and low-energy high transient
intensity, avoid damage to surrounding materials, and minimize thermal diffusion zone
and light diffraction in ablated materials in high-resolution pattern making [49–51].

The laser wavelength and the band gap width of the material together determine
the laser absorption mechanism of the material. The shorter the laser wavelength, the
higher the laser photon energy. When the laser photon energy is higher than the material
band gap, single photon absorption is the main mechanism of exciting valence electrons to
the conduction band [51]. When the photon energy is lower than the material band gap
or the single-photon absorption is suppressed by band filling, it is mainly multiphoton
absorption [51].

2.1. Active Layer Thin Films Prepared by Sol-Gel Method

Unlike metal oxide films and MOS-TFT prepared by vacuum method (such as mag-
netron sputtering), there are impurities such as dissolved metal ligands (e.g., alkoxides,
nitrates, chlorides), condensation by-products (e.g., water, alcohol), solvents and stabilizers
in the precursor films prepared by solution method [29]. These impurities act as traps
and hinder the effective formation of metal oxide framework, which plays the role of
carrier channel. Therefore, in order to prepare high quality thin films, the removal of
impurities is crucial. In order to prepare high quality metal oxide thin films, it is neces-
sary not only to remove the impurities contained in the precursors, but also to provide
enough energy to promote the Polycondensation and the densification of the thin films
to form the metal-oxygen-metal (M-O-M) lattice structure [52–55]. The improvement of
the lattice structure and the densification of the thin film help to reduce the traps and the
potential barrier, increase the carrier mobility, and then improve the device performance of
MOS-TFT [43,47,53,54,56–60].

Laser treatment can effectively remove the impurities in the precursor film and pro-
mote the formation of lattice network [29,54,55,61–65]. There are usually three mechanisms
for the interaction between laser and precursor film: (1) thermal effect of laser; (2) pho-
tochemical cleavage of metastable bonds; and (3) photochemical effect. The process of
thermal effect of laser usually includes: (1) carrier excitation; (2) carrier–carrier scattering,
carrier–phonon scattering, and energy transfer to the lattice due to spontaneous phonon
emission; (3) when the carrier and lattice reach equilibrium, the film is heated, as shown
in Figure 4 [51,66]. High energy photons can induce the photochemical cleavage of chem-
ical bonds related to metal alkoxy and carbon impurities and promote the subsequent
reorganization of metal oxide frames [27,55,63]. These mechanisms are also observed in
other light-assisted methods. However, the difference between laser processing and other
photo-assisted methods that take a longer time is that laser combines these photochemi-
cal effects with laser-induced high temperature heating to provide additional local heat
energy. Therefore, the laser treatment can effectively decompose the impurities related
to the precursor, remove the metal oxide defects, and reorder the metal oxide structure
instantly (<100 ns) at a lower substrate temperature (RT). Laser acting on thin films can not
only produce thermal effect through instantaneous high energy radiation, but also produce
photoactivation effect by high energy photons [43,53,67,68]. The photoactivation effect
is that the residual metal ligands in the precursor films are photolyzed by high energy
photons to produce free radicals. The free radicals mediate the reaction to form the M-O-M
lattice structure and decompose the chemical impurities into small gas molecules [29], as
shown in Figure 5.

Juan et al. used KrF excimer laser with wavelength of 248 nm to treat IZO-TFT and
found that excimer laser treatment effectively removed carbon impurities related to the
precursor and improved the lattice structure [43]. Chen et al. used a femtosecond laser
with a wavelength of 800 nm to treat IZO-TFT. The high-energy photons generated by
the laser induced the photo assisted condensation reaction, resulting in the formation of
metal oxide bonds by metal hydroxides, and dehydroxylation reaction at the same time
to remove residual impurities [62]. Dellis et al. treated In2O3 thin films with KrF excimer
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laser and characterized them by X-ray photoelectron spectroscopy (XPS). The degree of
conversion of initial precursors to metal oxides was evaluated by the ratio of In-O to In-OH
bonds. After laser treatment, the proportion of In-O bond increased significantly, while the
proportion of In-OH bond decreased. The results show that laser treatment can effectively
promote the transformation of precursors to metal oxides [69]. Fei et al. used femtosecond
laser treatment to treat IZO-TFT. They proposed that laser treatment can break In-O and
Zn-O bonds and form metal oxygen lattice structures such as In-O-Zn-O or Zn-O-In-O
under thermal effect [52].
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2.2. Active Layer Thin Films Prepared by Nano-Particle Method

In addition to sol–gel method, nano-particle method is another common solution
method to prepare MOS-TFT active layer. Nanoparticles are prepared by coprecipitation
or hydrothermal method and deposited by inkjet printing or rotary coating [44,70]. Laser
treatment can provide high temperature up to the melting point of nanoparticles, sinter
nanoparticles and form semiconductor films [71,72]. Qion et al. prepared AZO thin films by
rotary coating method, and studied the laser sintering process of nano-particles. According
to their simulation study, they proposed that in the process of interaction between laser
and nanoparticles, the contact zone between nanoparticles is first heated to form hot spots,
and then the heat spreads to the interior of the particles and adjacent particles. The hot
spots in the contact zone promote the surface melting and merging of the nanoparticles,
increase the grain size, change the grain shape and compress the internal gap, and finally
form a continuous dense film [71]. Lee et al. prepared ZnO-TFT by nano-particle method
and treated with yttrium vanadate (Nd:YVO4) picosecond (ps) ultraviolet laser. Their
study found that before laser treatment, particles and nano-pores were observed, and the
thickness of the film was 175 nm. After laser treatment, the grains are melted, the voids
are reduced, and the thickness of the film is reduced to 95 nm, indicating that the film is
densified by laser treatment, as shown in Figure 6 [73].
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3. Application of Laser Treatment in MOS-TFT Performance Control

Combined with the properties of the thin film (film thickness, composition, absorption
spectrum, etc.), the physical, optical, electrical and chemical properties of the thin film and
MOS-TFT can be adjusted by changing the laser processing parameters (energy density,
frequency, treatment atmosphere, etc.). Table 2 summarizes the examples of laser processing
of metal oxide semiconductor thin film transistors.

Table 2. Examples of laser treatment of MOS-TFT.

Channel
Material Solution Type Laser Wavelength (nm) µ (cm2 V−1

s−1)
SS (V dec−1) On/Off Ratio Ref.

IGZO Sol-gel 355 7.65 [74]
IGZO Sol-gel 800 4.24 0.91 7.2 × 105 [75]
ZnO NPs 355 0.5 1.7 × 106 [53]

IGZO NPs 355 7.65 2.71 × 106 [53]
IGZO Sol-gel 1064 1.5 1.29 × 106 [76]
In2O3 Sol-gel 700 10.03 ± 0.64 1.44 ± 0.37 3.4 × 105 [63]
In2O3 Sol-gel 248 13 106 [69]
IZO Sol-gel 800 3.75 1.21 1.77 × 105 [52]
IZO Sol-gel 248 0.58 [47]
ZnO NPs 355 3.01 1.8 105 [73]

3.1. Laser Energy Density

Laser energy density is an important factor affecting the lattice structure of metal oxide
films. When the laser energy density is too low, the film may not be treated effectively, and
when the energy density is too high, it may also have an adverse impact on the performance
of the device [77]. Chen et al. prepared IGZO-TFT and treated it with femtosecond laser
with wavelength of 800 nm and energy density of 20, 35, 80, 112 and 130 mJ/cm2. Their
research found that the films treated at 20 mJ/cm2 energy density will produce serious
defects and trap states due to the incomplete transformation of precursors to metal oxide
lattice, and the devices do not have TFT characteristics. With the increase of laser energy
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density, the performance of TFT devices is improved, and the best device performance
is obtained at 112 mJ/cm2. When the laser energy density increases to 130 mJ/cm2, the
performance of the device decreases, as shown in Figure 7 [75].
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There is usually a certain energy threshold in metal oxide thin films, and the laser
energy exceeding the threshold will induce the recrystallization or grain growth of the
thin films [68,78,79]. The grain size usually increases with the increase of laser energy
density [80,81]. For polycrystalline thin films, the bottleneck of field effect mobility usually
occurs at grain boundaries, so reducing the number of grain boundaries and increasing
grain size by laser treatment can improve the device performance [60,82–85]. Nagase et al.
studied the effects of laser energy density and film thickness on the properties of ZnO films.
Their research found that two kinds of crystal ZnO films were obtained under different
laser energy density and different film thickness. Low energy density produces low
crystallinity with weak orientation, while high energy density produces high crystallinity
with strong orientation, and the threshold of energy density increases with the increase of
film thickness [86]. Yang et al. prepared ZnO-TFT and treated it with a Nd:YAG laser with
a wavelength of 355 nm. It is found that laser treatment can improve the crystallinity of
ZnO materials, and the mobility of TFT devices is increased by more than 2.5 times (0.19 to
0.49 cm2/Vs) as shown in Figure 8 [58].
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3.2. Treatment Atmosphere

Laser treatment in air has the advantages of low cost, simple process and more suitable
for large-area manufacturing, but the moisture and oxygen in air will affect the properties
of the film [40,87]. During laser treatment, the film surface will be heated to a temperature
sufficient to destroy the M-O bond and form an oxygen vacancy [88–90]. If treated in an air
atmosphere, the oxygen in the air will oxidize the metal elements in the film again to form
an M-O bond. The destruction rate of M-O bond and the oxidation rate of metal elements
together determine the concentration of oxygen vacancies in the thin films. Usually, the
formation of oxygen vacancies is often accompanied by the generation of electrons, which
increases the carrier concentration of metal oxide films [68,91]. The increase of oxygen
vacancy concentration causes high carrier concentration to form an electron transport path
near the conduction band, thus increasing the mobility of TFT devices and reducing the
threshold voltage [76,92–95]. However, too high oxygen vacancy concentration may lead
to high leakage current of TFT devices due to high carrier concentration, which reduces the
device performance [52]. Therefore, by adjusting the gas atmosphere during laser treatment,
the concentration of oxygen vacancies in the thin films can be effectively controlled and the
electrical properties of MOS-TFT devices can be improved. Lee et al. studied the effects
of ambient atmosphere and argon atmosphere on the laser-treated ZnO thin films. Their
study found that the oxygen vacancy content of the films treated in argon atmosphere
was significantly higher than that in the ambient atmosphere [73]. Juan et al. treated
IZO-TFT with KrF excimer laser in air atmosphere and vacuum. Their study found that
laser treatment in vacuum can inhibit the absorption of extra water and excess oxygen
from the atmosphere, and the device mobility is higher than that of laser treatment in air,
as shown in Figure 9 [43].
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3.3. Laser Wavelength

Due to laser processing is a top-down process, according to Beer-Lambert law, the
radiation intensity of laser attenuates in the film [96,97]. The shorter the laser wavelength
is, the shallower the penetration depth is. Therefore, in the process of laser treatment,
temperature gradients are easy to exist in the film, resulting in differences in the properties
of regions with different depths of the film. This effect is particularly significant in the films
treated by ultraviolet wavelength lasers [55,98,99]. Kwon et al. prepared ZTO thin films by
sol–gel method and treated them with KrF excimer laser. They performed high-resolution
chemical and microstructure analysis of the films. Their study found that during the UV
laser treatment, the top temperature of the ZTO film is much higher than that in the deep
region. This temperature gradient makes the Zn element enriched in the surface region
and the Sn element enriched in the bottom region [55]. Sandu et al. found that due to the
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different penetration thickness of SnO2 thin films by 193 nm and 248 nm laser (66 nm and
148 nm, respectively), the crystallization effect is different, and the crystal gradient of the
thin film irradiated by 193 nm laser is more obvious [80,81]. In contrast to the UV laser, the
infrared laser has a long wavelength and a large penetration depth in the film, which can
heat the film more evenly. However, due to its deep penetration depth, when applied to
flexible MOS-TFT, the flexible substrate may be damaged by a large number of high-energy
photons, which will affect the performance of MOS-TFT [9,51,75,100]. Chen et al. fabricated
MOS-TFT devices and embedded dielectric mirrors (DMs) in them. Their research shows
that the DMs can effectively prevent the penetration of high energy photons into the
PEN substrate, thus avoiding the damage to the substrate and significantly improving the
performance of the device, as shown in Figure 10 [75].
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4. Conclusions and Prospects

The excellent compatibility between laser processing technology and solution method
has been widely recognized. In the sol–gel method, laser treatment can effectively remove
impurities in the precursor films and promote the formation of lattice networks. In the
nano-particle method, the nano-particles are sintered effectively by laser treatment to
form a continuous and dense film. The performance parameters of thin film and MOS-
TFT can be effectively improved by adjusting various parameters in the process of laser
processing. Although laser processing technology has made remarkable achievements
in the application of active layer thin films and MOS-TFT devices prepared by solution
method, there are still some deficiencies in the production of flexible, large-size, low-cost
MOS-TFT and further improving the performance of MOS-TFT devices, which need to be
further studied and improved. These include (1) less research on flexible devices; (2) less
research combined with other low temperature treatment processes. (3) present research
only focused on the effect of different laser energy density on thin films; there are few
studies on other parameters of laser treatment, such as pulse number, frequency and so on;
(4) the research on the mechanism and physical model of the interaction between laser and
thin film is not deep enough. In the future, by using different flexible substrates, adjusting
the process parameters of laser processing, and combining laser processing with other low
temperature treatment processes, study of the application of laser processing technology
in active layer thin films and MOS-TFT devices prepared by solution method, so as to
promote the development of flexible large size display technology should continue.
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Abstract: We investigated the electrical performance and positive bias stress (PBS) stability of the
amorphous InGaZnO thin-film transistors (a-IGZO TFTs) with SiOx passivation layers after the
post-annealing treatments in different atmospheres (air, N2, O2 and vacuum). Both the chamber
atmospheres and the device passivation layers proved important for the post-annealing effects
on a-IGZO TFTs. For the heat treatments in O2 or air, the larger threshold voltage (VTH) and off
current (IOFF), smaller field-effect mobility (µFE), and slightly better PBS stability of a-IGZO TFTs
were obtained. The X-ray photoemission spectroscopy (XPS) and secondary ion mass spectroscopy
(SIMS) measurement results indicated that the oxygen atoms from the ambience led to less oxygen
vacancies (VO) and more oxygen-related defects in a-IGZO after the heat treatments in O2 or air. For
the annealing processes in vacuum or N2, the electrical performance of the a-IGZO TFTs showed
nearly no change, but their PBS stability evidently improved. After 4500 seconds’ stressing at 40 V,
the VTH shift decreased to nearly 1 V. In this situation, the SiOx passivation layers were assumed
to effectively prevent the oxygen diffusion, keep the VO concentration unchanged and refuse the
oxygen-related defects into the a-IGZO films.

Keywords: amorphous InGaZnO (a-IGZO); thin-film transistor (TFT); positive bias stress (PBS);
annealing atmosphere; oxygen vacancy

1. Introduction

Amorphous InGaZnO thin-film transistors (a-IGZO TFTs) have been regarded as
among the most promising active-matrix devices for next-generation flat panel displays
(FPDs) due to their high mobility, good uniformity and low fabrication temperature [1–5].
For mass productions of a-IGZO TFTs, either etching-stopper (ES) or back-channel-etching
(BCE) structures are used. Although the better electrical performance and stability are
obtained for ES-structured devices, BCE is still preferred for its simpler processing and
compatibility with amorphous silicon (a-Si) TFT productions [6–9]. Hence, researchers
have been taking many measures to improve the electrical performance and stability of
BCE-structured a-IGZO TFTs, among which post-annealing treatments seem extremely
useful [10,11]. Some studies pointed out that the annealing effect was closely associated
with the oxygen vacancy (VO), one of the most important defects in a-IGZO films [12,13].
Assuming VO was sensitive to annealing atmospheres, as some researchers obtained
higher performances and stabler properties of a-IGZO TFTs by choosing appropriate
annealing atmospheres (e.g., oxygen, nitrogen, vacuum, and so on) [14–17]. However, all
of these studies were limited to the unpassivated devices whereas the TFT devices are
always passivated in mass production. Since passivation layers might exhibit different
effects under different annealing atmospheres, it might be meaningful to investigate the
atmosphere effect in post-annealing treatments for the a-IGZO TFTs with passivation ayers.

In this study, the electrical performance and positive bias stress (PBS) stability of the
a-IGZO TFTs with SiOx passivation layers under various post-annealing atmospheres (air,
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O2, N2 and vacuum) were comparatively investigated, whose physical essence was deeply
analyzed with the help of X-ray photoemission spectroscopy (XPS) and secondary ion
mass spectroscopy (SIMS). We found that both the chamber atmospheres and the device
passivation layers played important roles in the post-annealing treatments for a-IGZO
TFTs. A qualitative model was also built to explain the experimental results.

2. Materials and Methods

Figure 1 shows the schematic cross-section of the BCE-structured a-IGZO TFTs used in
this study. Firstly, the gate electrodes (150 nm-thick aluminum and 23 nm-thick molybde-
num films) were deposited on the glass substrates by sputtering. Then, 350 nm-thick SiNx
and 50 nm-thick SiOx films were prepared as gate insulators (GIs) by plasma-enhanced
chemical vapor deposition (PECVD). The 60 nm-thick channel layers were deposited
by RF sputtering at room temperature (RT) using an IGZO target, where the atoms ra-
tio of In:Ga:Zn was 1:1:1. After patterning the channel layers, a pre-annealing treat-
ment (300 ◦C/1 h/air) was employed in a furnace, which could increase the film den-
sity/uniformity and reduce the defects in the a-IGZO films. The 30 nm-thick molybdenum
and 150 nm-thick aluminum films were then prepared and patterned as source/drain
(S/D) electrodes before the 200 nm-thick SiOx films were deposited as passivation layers
by PECVD. Finally, the samples were annealed at 300 ◦C for 1 h in different atmospheres
(air, O2, N2 and vacuum) using a rapid thermal processing (RTP) oven, where the gas flows
of O2 (or N2) were set to 1 L/min and the vacuum pressure was kept at 6.5 × 10−3 Pa.
It is worth noting that all the films were patterned by standard lithography and etching
processes. The typical channel width/length of the a-IGZO TFTs was 12/6 µm.
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Figure 1. Schematic cross-section of the back-channel-etching (BCE) -structured amorphous InGaZnO
thin-film transistors (a-IGZO TFTs) in this study.

The electrical performance and PBS stability of the a-IGZO TFTs were measured by a
Keithley 2636 analyzer. The transfer curves were obtained when VGS was scanned from
−20 V to 40 V at a step of 0.5 V and VDS was set to 10 V. During the PBS tests, the transfer
curves were instantly measured following each 1500 s’ stressing (VGS = +40 V). All the
above tests were performed in a dark chamber at RT. An XPS analyzer (AXIS Ultra DLD)
was used to characterize the chemical bonding states of the a-IGZO films (without or with
passivation layers) annealed under different atmospheres. Here, an X-ray source with the
aluminum anode was used to bombard the film surface and obtain the energy spectrum of
different elements. The binding energy of all elements were calibrated using the C1s peak
at 284.8 eV. A SIMS measurement system (TOF SIMS 5 produced by ION-TOF GmbH) with
a Cs+ primary ion source was applied to measure the depth profiles of different elements.
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3. Results and Discussion

Figure 2a shows the transfer curves of the a-IGZO TFTs annealed under different
atmospheres, where the unannealed device was considered the reference sample. The
corresponding performance parameters including threshold voltage (VTH), field-effect
mobility (µFE), sub-threshold swing (SS) and on–off current ratio (ION/IOFF) were extracted
from the transfer curves according to Ref. [18]. Here, 6–12 devices were measured and
statistically analyzed. As shown in Figure 2b, the average mobilities of the devices annealed
under different atmospheres (unannealed, air, O2, N2 and vacuum) were 3.07, 2.08, 1.37,
3.78 and 4.03 cm2/(V·s), respectively. One may notice that the annealing in O2 or air
obviously degraded the device mobility, whereas the annealing in N2 or vacuum slightly
improved µFE. In addition, the corresponding VTH values were 3.6, 5.1, 8.0, 4.7 and 5.4 V, the
SS values were 2.8, 2.4, 2.7, 2.6 and 2.4 V/dec, and the on–off current ratios were 3.8 × 106,
2.4 × 106, 3.9 × 105, 8.2 × 106 and 1.3 × 107, respectively (see Figure 2b,c). Compared with
the unannealed sample, one may observe from Figure 2b that the post-annealing in O2
evidently increased the threshold voltages of a-IGZO TFTs, while the annealing treatments
in N2 or vacuum showed nearly no influence on the VTH values. As shown in Figure 2c,
the SS values of a-IGZO TFTs remained almost the same under various post-annealing
atmospheres. The post-annealing treatments resulted in sufficiently large on/off current
ratios (>106) except that in O2, as shown in Figure 2c.
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The bias stress effect plays an important role in the actual applications of TFT de-
vices [2,19]. Accordingly, we measured the PBS stability of the a-IGZO TFTs with SiOx
passivation under various annealing atmospheres (unannealed, air, O2, N2 and vacuum).
Figure 3a shows the transfer curve evolution of the unannealed a-IGZO TFTs during PBS
tests. With the stressing time elapsed, the transfer curves of the devices shifted positively.
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In order to quantitatively describe this unstable property, we defined a useful term ∆VTH
(the VTH difference between the after-stressing state and the initial state) in this study. It is
worth noting that each ∆VTH value was averaged over 3–6 devices. After 4500 s’ stressing,
∆VTH of the unannealed device became 3.67 V. All the post-annealed devices exhibited
better bias stress stability than the unannealed sample. It is interesting that the ∆VTH value
distinctively depended on the post-annealing atmosphere. As shown in Figure 3b, ∆VTH
decreased to 1.88 V, 2.50 V, 1.13 V and 1.38 V for the devices annealed in air, O2, N2 and
vacuum, respectively. It is worth noting that the post-annealing treatments in N2 and
vacuum showed much larger improvements than those in O2 and air.
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In order to determine the related physical mechanisms, we used the XPS technique
to analyze the a-IGZO films (without or with passivation layers) annealed under various
atmospheres. Firstly, we deposited 60 nm-thick a-IGZO films on glass substrates, annealed
them under different atmospheres, and applied them to XPS measurements. Although
these unpassivated films were different from the real situation in the TFT devices (see
Figure 1), they could more evidently exhibit the influences of the annealing atmospheres
on the back surfaces of the a-IGZO films. Figure 4a shows the deconvolution diagram of
the O1s spectrum of the unannealed sample. The O1s peak can be deconvoluted into three
sub-peaks using Gaussian fitting method which are approximately centered at 529.5 eV
(OI), 530.9 eV (OII) and 532.0 eV (OIII), respectively. The OI peak represents the oxygen
bonds with metal, the OII peak is bound up with VO, and the OIII peak is related to the
hydrated oxides defects [20,21]. Figure 4b,c show the peak area ratios of the OII and OIII
over the total area of O1s peak (OTotal = OI + OII + OIII). The area ratio OII/OTotal of the
a-IGZO films annealed under various atmospheres (unannealed, air, O2, N2 and vacuum)
were 28.56%, 28.19%, 21.78%, 30.20% and 30.02%, respectively. One may observe that
the post-annealing in O2 largely decreased the area ratio OII/OTotal, whereas the heat
treatments in air/N2/vacuum showed little effect in this regard. On the other side, the
area ratio OIII/OTotal of the a-IGZO films under different atmospheres (unannealed, air,
O2, N2 and vacuum) were 13.08%, 16.91%, 17.19%, 17.53% and 17.37%, respectively. It is
obvious that all the post-annealing treatments increased the area ratio OIII/OTotal.
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As shown in Figure 4b, only O2_annealing among five treatments evidently changed
VO in a-IGZO films, which are in need of much further study. Most importantly, could
passivation layers prevent this effect? Attempting to address this question, we used XPS
depth profiling technique to analyze the chemical bonding states in the a-IGZO films
passivated by 50 nm-thick SiOx [22]. As shown in Figure 5a, point A was exactly under the
interface between the a-IGZO and SiOx, whereas point B was in the middle of a-IGZO films.
The characterization results of the unannealed samples and the O2_annealed samples are
shown in Figure 5b. At point A, the area ratio OII/OTotal decreased from 31.0% to 25.8%
by the O2_annealing treatment, which was quite similar to the case of the unpassivated
a-IGZO films (see Figure 4b). At point B, however, there was nearly no difference in the
area ratio OII/OTotal between the unannealed (34.5%) and O2_annealed (34.8%) samples.
These results indicated that the oxygen atoms might also diffuse into the a-IGZO back
surfaces and hence combine with VO even if the SiOx passivation layer was applied during
the O2_annealing treatments. Although the thickness of SiOx used here (50 nm) was
thinner than that of the passivation layer (200 nm) in the a-IGZO TFTs, we assume that this
conclusion was also applied to the real devices.

In order to further ascertain the role of the ambient oxygen atoms during the thermal
annealing treatments, we comparatively measured the SIMS profiles of the unannealed
sample and O2_annealed sample, both of which consisted of 60 nm-thick a-IGZO and
160 nm-thick SiOx films. Here, the SIMS depth profiling technique was used to analyze
the distribution of different elements in the unannealed and O2-annealed samples [23].
Figure 6a shows the depth dependence of the second ion intensity for the unannealed
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sample. One can observe that there were abrupt changes in Si, InO, GaO and ZnO at
the depth of approximately 160 nm, which was close to the interfacial surface between
SiOx and a-IGZO. The O2_annealing brought nearly the same SIMS picture as that of
the unannealed sample except the data about oxygen ions. As shown in Figure 6b, the
secondary ion intensity of oxygen remained almost unchanged within the SiOx films by
the O2_annealing, implying that the entering oxygen atoms from the ambience during the
annealing treatment in O2 were too few to be detected by SIMS. Therefore, we reasonably
assume that the oxygen atoms entering the a-IGZO also could not be detected by SIMS.
However, as shown in Figure 6b, the secondary ion intensity of the oxygen apparently
increased for the O2_annealed sample. We assume that the microstructure of the a-IGZO
evidently changed during the annealing treatment in O2, which might be due to the
entering oxygen atoms from the ambience although their concentration was quite small.
This change also implied that the O2_annealing might bring some oxygen-related-defects
such as interstitial oxygen in the a-IGZO films [24,25].
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It is well known that a-IGZO films are very sensitive to ambient atmospheres, es-
pecially oxygen and water [26,27]. For mass production, passivation layers are always
used to isolate a-IGZO TFTs from the ambience. However, post-annealing treatments
at high temperatures accelerate the interaction between the a-IGZO and outside world.
This interaction is a dynamic process during annealing treatments. Here, we limit our
discussion to the interactions between oxygen atoms because they are dominant in the
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electrical performance and stable properties of a-IGZO TFTs. Figure 7a shows the schematic
diagram of the dynamic process during the annealing treatments at 300 ◦C in O2 (or air)
atmospheres. In this situation, the oxygen atoms were full of the RTP chamber, so the oxy-
gen diffusion from the chamber into the a-IGZO films should prevail that from the device
channel layers into the ambience. It was reported that oxygen atoms could pass through
dielectric films due to thermal diffusion at high temperatures [28,29]. Importantly, these
newcomers (oxygen atoms) combined with oxygen vacancies and effectively decreased
the VO concentration in a-IGZO films, which was confirmed by the XPS measurement
results (see Figures 4b and 5b). This drop in the VO concentration accordingly resulted in
the larger VTH values for the corresponding TFT devices, as shown in Figure 2b. It is worth
noting that this effect was evidently weakened for the annealing treatments in air due to
the existence of much more nitrogen atoms in the RTP chamber. Furthermore, the entering
oxygen atoms also brought some oxygen-related-defects (see the discussion about the
SIMS measurement results), and led to smaller µFE and larger IOFF (as shown in Figure 2).
Generally, heat treatments could improve the bias stress stability of a-IGZO TFTs due to the
drops in the bulk defects and interface traps [30–32]; however, these oxygen-related-defects
degraded this improvement effect. Specifically, the oxygen-related defects might make the
VO formation easier during positive bias stressing [33], which resulted in more unstable
properties of a-IGZO TFTs. Thus, the PBS stability improvements for the a-IGZO TFTs
annealed in O2 and air were not so evident, as shown in Figure 3b.
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Figure 7. Schematic diagrams of the dynamic processes during the post-annealing treatments at 300 ◦C in (a) O2 (or air)
and (b) vacuum (or N2).

Figure 7b shows the dynamic process during the post-annealing at 300 ◦C in vacuum
(or N2). In this situation, there were few oxygen atoms in the RTP chamber, so the oxygen
diffusion from the a-IGZO film to the ambience was assumed to be dominant. If so, the VO
concentration would have become larger. However, this rise in the VO concentration was
not apparent due to the XPS measurement data. As shown in Figure 4b, the annealing in N2
(or vacuum) hardly changed the area ratio OII/OTotal. We ascribe this phenomenon to the
barrier effect of the SiOx passivation layers. In contrast to Figure 7a, the SiOx passivation
layers effectively prevented the oxygen diffusion from the a-IGZO into the ambience
during heat treatments in vacuum (or N2). Since the VO concentration changed little in
this case, the electron concentration in the channel layers of the a-IGZO TFTs remained
nearly unchanged, leading to VTH and µFE values similar to those of the unannealed device
(see Figure 2b). As for the bias stress stability of the a-IGZO TFTs annealed in vacuum
(or N2), we reasonably assume that there were no oxygen-related-defects included here,
so the improvement effect over the stable properties of a-IGZO TFTs by heat treatments
could be well kept [34]. As shown in Figure 3b, the annealing in vacuum (or N2) effectively
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improved the PBS stability of the a-IGZO TFTs with SiOx passivation layers, which should
be preferred in mass productions.

Finally, we briefly discussed two interesting questions relating this study. The first
one is about the function of VO and the other one is relating the choice of passivation
materials. Some researchers reported the VO drop led to better device performance [35,36],
which is different from the results here. We ascribe this difference to the special effects
of O2_annealing treatments, i.e., they not only decreased the VO concentration but also
brought some oxygen-related-defects [24,25]. In this study, the SiOx was selected as passi-
vation layers, which was found to play important roles in the post-annealing treatments
under different atmospheres. We assumed that other passivation materials should bring
similar tendencies but to different extents. This assumption might be supported by the
other research results from our group, which indicated that the a-IGZO TFTs with SiOx and
AlOx passivation layers exhibited almost the same PBS stability if the different passivation
layer thicknesses were used [33]. In fact, not only the passivation material but also some
treatments on passivation layers might also influence their performance during heat treat-
ments. It is reported that the thermal stability of TFTs can be improved by using fluorinated
organic passivation, where the diffusion of F during the annealing process reduced the VO,
leading to better thermal stability [35]. Although the different passivation layers showed
somewhat different performances, all the above reports suggested that passivation layers
have similar barrier effects during post-annealing treatments.

4. Conclusions

The post-annealing atmosphere effectively influenced the electrical performance and
bias stress stability of the a-IGZO TFTs with SiOx passivation layers. For the heat treatments
in O2 (or air), the oxygen atoms in the ambience diffused into the a-IGZO and combined
with oxygen vacancies, leading to less VO and more oxygen-related defects; this resulted in
larger VTH/IOFF, smaller µFE and the slightly better PBS stability of the a-IGZO TFTs. For
the post-annealing process in vacuum (or N2), the oxygen diffusion was effectively pre-
vented by the SiOx passivation layers, and hence the VO concentration hardly changed; the
electrical performance of the a-IGZO TFTs showed nearly no change, but very importantly,
their PBS stability evidently improved. This qualitative model was confirmed by the XPS
and SIMS measurement results.
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Abstract: This paper proposes a simplified fabrication processing for nanosheet Field-Effect Tran-
sistors (FETs) part of beyond-3-nm node technology. Formation of the ground plane (GP) region
can be replaced by an epitaxial grown doped ultra-thin (DUT) layer on the starting wafer prior to
Six/SiGe1−x stack formation. The proposed process flow can be performed in-situ, and does not
require changing chambers or a high temperature annealing process. In short, conventional processes
such as ion implantation and subsequent thermal annealing, which have been utilized for the GP
region, can be replaced without degrading device performance.

Keywords: band-to-band tunneling; epitaxial growth; ground plane region; gate-all-around field-
effect-transistors (GAA FETs); nanosheet FETs (NS FETs); parasitic channel leakage; punch-through

1. Introduction

To suppress short-channel effects (SCEs), which are an important concern with ag-
gressive device scaling, semiconductor devices have evolved from 2-dimensional (2-D)
structures to 3-dimensional (3-D) architectures. This has further benefits. For example,
due to their superior gate controllability, FinFETs have lower subthreshold swing (SS) and
off-state leakage (IOFF) than planar devices [1–3]. However, as device scaling approaches ex-
treme levels, it is becoming difficult to control SCEs using FinFETs. As a solution, nanosheet
FETs (NS FETs), which have multiple channels with a gate-all-around (GAA) backbone
structure, have been introduced as beyond-FinFETs [4–6]. However, even though NS FETs
have shown better suppression of SCEs than FinFETs, as well as better output performance,
there are still many difficulties related to mass production. Producers such as Samsung
Electronics Inc. and TSMC Inc. are planning the mass production of NS FETs in 2022 and
2023, respectively. However, it is unknown whether the yield will be sufficient. The reason
for this lies in difficulties in the fabrication processing of the NS FETs. For example, surface
roughness scattering stemming from germanium diffusion among the nanosheets, striction
stemming from adhesion between nanosheets [6], residue formation (e.g., TiN or Si3N4)
due to uncontrollable wet etching, unwanted void formation during metal gate filling [7],
etc., are very challenging problems in current fabrication processing.

In addition, with respect to source/drain (S/D) modules, the contact depth as well as
inner spacer thickness needs to be optimized [8,9]. It should be noted in particular that,
unlike bulk FinFETs, which have already been mass produced, NS FETs have a parasitic
channel underneath the first floor nanosheet [10–13]. Hence, even though NS FETs have
multiple channels that are completely surrounded by metal gates (i.e., GAA), increased IOFF
stemming from the parasitic channel is inevitable. V. Jegadheesan et al., have suggested
that applying a ground plane (GP) region can effectively minimize the IOFF in the parasitic
channel [14]. However, as we have mentioned above, the fabrication process flow of NS
FETs is very sensitive. For example, ion implantation and rapid thermal annealing (RTA) for
GP region formation are associated with an unwanted non-uniform doping profile [15,16].
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In this context, it would be better, in terms of device variability and yield, if the conventional
processes could be replaced with an alternative process. However, recently, research papers
covering the fabrication process of NS FETs have been modest in number.

In this letter, we propose a fabrication process flow for NS FETs. The proposed
process flow does not require ion implantation or additional thermal treatment, which are
conventionally performed to form the GP region. Alternatively, a doped ultra-thin (DUT)
layer is epitaxially grown on the starting wafer in-situ before Six/SiGe1−x stack formation.
This achieves process simplification, improved variability, and improved yield during the
fabrication of NS FETs.

2. Materials and Method

The proposed fabrication process flow is summarized in Figure 1. In the conventional
NS FETs fabrication process, ion implantation and thermal annealing are performed in
dashed step two for GP region formation. However, the process can be replaced by Si
epitaxial growth for DUT layer formation, as described in the bolded step two. The DUT
layer is doped with a p–type dopant (i.e., boron) to minimize the parasitic channel and
punch-through underneath the first floor nanosheet. The thickness of the DUT is similar to
the thickness of silicon and SixGe1−x layers, which are epitaxially grown as nanosheets and
sacrificial layers, respectively. Hence, the formation of the DUT layer is not problematic
under current processing technology. Above all, it should be noted that the processing
from steps one to three in Figure 1 can be performed in-situ without changing chambers.
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Figure 1. Fabrication process flow of proposed NS FETs including epitaxially grown DUT layer prior
to formation of the SixGe1−x/Si stack. The bolded step two can be alternatively added instead of the
under-lined ion implantation and annealing process.

A 3-D simulator (Synopsys Sentaurus, Mountain View, CA, USA) was utilized to sim-
ulate fabrication processing and device characteristics. The drift-diffusion carrier transport
equation was combined with the Poisson equation, and the density-gradient model was
considered to reflect the quantum confinement effect of the nanosheet channels [17–20].
The Slotboom model was included for doping-dependent bandgap narrowing in the overall
region [21]. Thin layer models such as inversion and accumulation layer mobility model
(IALMob) were included to reflect impurity and phonon scattering [22]. In addition, the
Shockley-Read-Hall (SRH) and non-local band-to-band tunneling (BTBT) recombination
models were included to reflect gate-induced drain leakage (GIDL) during the simula-
tions [22].
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Figure 2 shows the backbone structure of the NS FETs used in the process simulation.
Channel thickness (TCH) and width (WNS) were 5 nm and 45 nm, respectively. To elaborate,
the dielectric constant of the HfO2 gate dielectric and effective-oxide-thickness (EOT) were
assumed to be 25 and 0.7 nm, respectively. In terms of doping concentration, epitaxially
grown S/D regions were doped with arsenic at 3 × 1020 cm−3 [14,23]. The three nanosheet
channels and silicon substrate (NSub) were lightly doped with boron at 1 × 1017 cm−3 and
1 × 1016 cm−3, respectively. The doping concentration of the DUT layer was 1 × 1019 cm−3

of boron. The work-function of the titanium nitride for the metal gate was 4.5 eV. Detailed
device parameters used for the simulations are summarized in Table 1.
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Table 1. Dimensions and parameters used for the TCAD simulations.

Parameter Value

Gate Length, LG 12 nm

Nanosheet Width, WNS 45 nm

Inner Spacer Thickness, TSPACER 3 nm

Nanosheet-to-Nanosheet Vertical Space, VSPC 10 nm

Nanosheet Thickness, TNS 5 nm

Doped Ultra-Thin (DUT) Layer Thickness, TDUT 5–100 nm

Doping Concentration of DUT Layer (NDUT) 1019 cm−3

Inter Layer SiO2 Thickness, TIL 0.5 nm

High-k Gate Dielectric Thickness, THK 1.28 nm

Contacted Poly-Si Pitch (CPP) 44 nm
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Then, the simulated ID-VG was carefully calibrated based on fabricated devices (i.e.,
such as doping concentration, structure, and gate work function) reported in [6], as shown
in Figure 3a. Threshold voltage (VTH) was extracted using a constant current method at
ID of 100 nA. Multiple VTH characteristic can be visible when series resistance of NS FET
is high due to defect existence or low doping concentration of S/D regions, as well as
excessively long VSPC. However, there was no observable multiple value of VTH observed
in the subthreshold region. Hence such concerns were not problematic, as shown in
Figure 3b.
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Figure 3. (a) Calibration of ID-VG curve with the fabricated device in Reference [6]. (b) Transconduc-
tance of (a).

3. Results and Discussion

Figure 4a shows the simulated doping profile during the off-state when the GP region
as well as the DUT layer were not included. An unwanted parasitic channel and punch-
through were formed underneath the first floor nanosheet. These concerns led to increased
IOFF during the off-state (Figure 4b).
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Figure 4. Simulated (a) doping profile distribution and (b) current density of a NS FET without a
DUT layer during off–state.
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Figure 5a shows the simulated transfer characteristics of the NS FETs with various
thicknesses of DUT layers (TDUT) from 0 nm to 7 nm. As the thickness of the DUT layer
increases, IOFF, as well as SS, improve. The IOFF extracted at VG = −0.2 V was 21.8 nA with
a 0 nm DUT layer but improved to 0.98 pA with a 7 nm DUT layer. Figure 5b shows the
current density profile of the NS FETs in Figure 5a extracted at the off-state with VD = 0.7 V,
VG = −0.2 V. As the TDUT increases, IOFF flowing through the parasitic channel (Y–Y′

direction) can be suppressed, aided by the increased energy barrier height (Φbi of the
parasitic channel), as shown in Figure 5c. In addition, punch-through can be suppressed by
applying a DUT layer.
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However, when TDUT is thicker than 7 nm, the IOFF increases (Figure 6a). Considering
the IOFF value in the range of VG of –0.2 V to 0 V are identical to the drain–to–substrate
leakage current, the source of the IOFF increase is not the parasitic channel, but rather
the BTBT between the drain and the DUT layer. In other words, when TDUT is thicker
than 7 nm, the DUT forms a p-n diode between the drain and the DUT layer, as shown in
Figure 6b. During the off-state, the reverse biased p-n diode triggers BTBT of electrons, and
increases the IOFF. Figure 6c shows the simulated rate of electron generation between the
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drain and the substrate by the BTBT. As the TDUT increases, there is a noticeable increase in
electron generation by the BTBT. As a result, it can be concluded that a 7 nm thickness DUT
layer is optimal to avoid unwanted increasing IOFF.
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Figure 7a shows a simulated ID-VG curve for various doping concentrations (NDUT)
of the DUT layer. When the NDUT is a low doping concentration of 1 × 1018 cm−3, the IOFF
cannot be controlled due to increased SS. However, as the NDUT increases, leakage current
through the parasitic channel can be suppressed by the increased built-in potential (Φbi)
from 0.39 eV to 0.59 eV, as shown in Figure 7b. In addition, suppression of punch-through
is possible with increased substrate doping concentration.
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Figure 7. (a) ID-VG characteristic with different NDUT layer. (b) Energy band diagram of the para-
sitic channel.

Figure 8 shows extracted ID-VG curve at VD = 50 mV and 0.7 V, as well as ID-VD curve.
The drain-induced barrier lowering (DIBL) of the proposed NS FET is 35 mV, which a low
value compared with the value of 33 nm of the planar FET [19] or 15 nm of FinFET [24], as
summarized in Table 2. In other words, the superior gate controllability of the NS FET does
not degrade even when a DUT layer is applied.
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Figure 8. (a) Extracted ID-VG and (b) ID–VD characteristics of NS FET with DUT layer.

Table 2. Comparison of DIBL and SS characteristics with various devices.

Planar FET [19] FinFET [24] NS FET
[This Work]

DIBL (mV/V)
(VD = 50 mV and 0.7 V) 208 89 35

SS (mV/dec) - 72 69

Figure 9 introduces various approaches to suppress the leakage current from the
parasitic channel without the formation of a GP region [14,25]. A full bottom dielectric
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(FBD) can eliminate the parasitic channel perfectly (Figure 9a). However, fabrication of the
FBD inevitably requires a starting wafer composed of silicon-on-insulator (SOI) which is
vulnerable to self-heating as well as expensive wafer cost. In this context, a steep-retrograde
(SSR) region which contains a deep and heavily doped layer is preferred. However, forming
an abrupt doping profile for the SSR is impossible using ion implantation and spike
annealing. Even though epitaxial growth can be utilized, at least one more epitaxial growth
step is required compared to the DUT case. Figure 9d shows the simulated electrical
characteristics of the FBD, SSR, and DUT structures, respectively. Even though the DUT
layer has a simpler fabrication process than the others, device characteristics in terms of
VTH, SS, and ION are not remarkable. Exact device parameters are summarized in Table 3.
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4. Conclusions

For better process simplification, the fabrication process for nanosheet FETs was newly
suggested based on 3-D simulation. The doped ultra-thin (DUT) layer can be epitaxially
grown in-situ on the starting wafer. Conventional ground plane (GP) doping implantation
as well as annealing process can be excluded while forming the DUT layer. The thickness
of the DUT layer has been optimized to suppress parasitic channel leakage, punch-through,
and band-to-band tunneling (BTBT). The NS FET with the DUT layer showed comparable
performance, but has a simpler fabrication process compared with other NS FETs, including
full bottom dielectric (FBD) or steep-retrograde region (SSR).
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Abstract: Stretchable electronic devices must conform to curved surfaces and display highly repro-
ducible and predictable performance over a range of mechanical deformations. Mechanical resilience
in stretchable devices arises from the inherent robustness and stretchability of each component, as
well as from good adhesive contact between functional and structural components. In this work,
we combine bench-top thin film structuring with solvent assisted lift-off transfer to produce flex-
ible and stretchable multi-material thin film devices. Patterned wrinkled thin films made of gold
(Au), silicon dioxide (SiO2), or indium tin oxide (ITO) were produced through thermal shrinking
of pre-stressed polystyrene (PS) substrates. The wrinkled films were then transferred from the PS
to poly(dimethylsiloxane) (PDMS) substrates through covalent bonding and solvent-assisted disso-
lution of the PS. Using this approach, different materials and hybrid structures could be lifted off
simultaneously from the PS, simplifying the fabrication of multi-material stretchable thin film devices.
As proof-of-concept, we used this structuring and transfer method to fabricate flexible and stretchable
thin film heaters. Their characterization at a variety of applied voltages and under cyclic tensile strain
showed highly reproducible heating performance. We anticipate this fabrication method can aid in
the development of flexible and stretchable electronic devices.

Keywords: flexible electronics; wrinkling; shape-memory polymer; lift-off; hybrid structure; multilayer
conductive films; wearable electronics

1. Introduction

The implementation of stretchable electronics can enable new types of devices for a
range of applications, like devices that can integrate with the human body for advanced
therapeutic treatment, sensory skins for robotics, and wearable communication devices,
which are impossible to achieve with conventional rigid electronics [1]. Flexible and
stretchable components are key to the development of such devices for biomedicine, as has
been shown in devices for intracardial and neural monitoring as well as human/machine
interface integrated circuits [2]. Stretchable electronic devices should be mechanically
robust to make it possible to conformally span curved surfaces and movable parts [3,4], and
should be able to withstand large strains with no fracture or substantial degradation of their
electrical properties [5]. For example, in a humanoid robot, areas covering the shoulders,
elbows, and knees should be able to deform to 130–160% of their original dimensions [6].
Thin films have been used to implement stretchable electronic components because when
the thickness of a thin film becomes 1/1000 of the desired radii of curvature, the tensile
and compressive strains on the film during bending are small and the film becomes flexible
and rollable [3,7].

Wrinkled structures, arising from the buckling mechanics of thin films, have been
used to fabricate heterogeneous metal-elastomer stretchable electronic devices. The basis
of this approach is that a supported thin film responds to an applied strain by buckling
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due to the stiffness mismatch between the rigid film and the compliant substrate. In such
buckled materials, changes in amplitude and wavelength can occur reversibly when they
are stretched or compressed [8]. For example, buckles with uniform 20–50 µm wavelengths
have been created by thermally expanding a PDMS substrate, depositing a gold film by
e-beam evaporation, and cooling down the system after gold deposition [9]. Similarly,
stretchable and foldable silicon circuits have been fabricated by transferring the circuits
from silicon-on-insulator wafer carrier substrates onto PDMS. In this approach, poly(methyl
methacrylate) was spin coated as a sacrificial layer before the fabrication of the circuit arrays,
and this layer was subsequently dissolved to release the ultrathin, flexible circuits during
the transfer process [10].

The wrinkling of gold films by shrinking shape memory polymer substrates has
been shown as an alternative cost-effective and simple method to make highly conductive
stretchable electrodes. In this fabrication approach, thin gold films are deposited onto a
shape-memory polymer substrate (e.g., polystyrene—PS) that is subsequently thermally
shrunk [11], resulting in wrinkled thin films that can then be transferred from the rigid
substrate to an elastomer like PDMS or Ecoflex [12,13]. In one example of this approach, the
thin film transfer was done by dissolving a sacrificial photoresist layer under the gold film,
manually lifting off the wrinkled film from the substrate, and depositing it onto partially
cured PDMS. The advantage of a lift-off approach is that the photoresist layer can be quickly
dissolved using acetone leaving behind minimal residues. A limitation of this method was
the size of the transferred devices, as smaller, more fragile thin structures or thin films are
difficult to transfer by hand without damage. A second method has been reported that
avoids the use of a sacrificial layer and can faithfully transfer thin films patterned into
complex shapes with small dimensions [12]. In this approach, the surface of a wrinkled gold
film is treated with a solution of (3-mercaptopropyl)trimethoxysilane (MPTMS) to form
a self-assembled monolayer that can covalently bond the film with a silicone elastomer
mixture that is poured directly on top of it and cured. Through this method, highly
stretchable wrinkled gold thin film electrodes were successfully fabricated. However, only
a single layer gold film transfer was demonstrated, which limits the application of this
method to more complex electronic devices and arrays, as many electronic devices are
made in the form of multilayer composites.

In this work, we present two solvent-assisted lift-off methods for the transfer of
various wrinkled thin film materials and multilayer structures from rigid PS substrates to
elastomeric substrates. The process begins with the fabrication of structured thin films by
shrinking thin films deposited onto pre-stressed PS sheets. The wrinkled films are then
treated by plasma oxidation or through the formation of a self-assembled monolayer, which
promotes the covalent binding of the thin films to a PDMS elastomer that is cast on top and
cured. Finally, either the sacrificial layer is dissolved, or the PS substrate is swelled and
partially dissolved to remove the film/PDMS from the rigid PS substrate. These methods
are simple and effective ways of fabricating composite structures for stretchable electronic
devices. They can reliably transfer complex patterns of materials, and different architectures
with varied dimensions. The ability to transfer complex multi-material composites can open
the door to applications that require stretchable electrodes, dielectric, and semiconductor
components. It can also solve interconnect problems, which are one of the key challenges
for wearable electronic devices and arrays [14].

As proof-of-concept of this fabrication approach, we have implemented Au and
ITO/Au/ITO stretchable resistive heaters and characterized their response to applied
voltage and strain. Both types of heaters show fast heating response, high robustness, and
remarkable resilience through stretching and relaxation cycles. This type of stretchable
heater can address the need for portable, comfortable, functional materials for physiother-
apy, where thermal therapy is frequently used to alleviate joint pain caused by obesity,
aging, or workplace injuries [15]. Thin film wearable heaters with high mechanical robust-
ness and good Joule heating performance can be used to overcome the mechanical rigidity
and weight of current heat packs or wraps used for this method of therapeutic care. We
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anticipate that the fabrication of stretchable electronic devices through solvent-assisted
lift-off and transfer of composite wrinkled thin films can be a simple and cost-effective way
to producing highly stable and stretchable wearable electronics.

2. Materials and Methods
2.1. Wrinkled Thin Film Fabrication

PS sheets (Graphix shrink film, Graphix, Maple Heights, OH, USA) were cut to desired
sizes and cleaned by immersing them in isopropanol, ethanol, and 18.2 MΩ cm water
(obtained from a Milli-Q Reference A+ Water Purification System, Millipore, Molsheim,
France, subsequently referred to simply as “water”) bath sequentially and washing them
on an orbital shaker (MAXQ 2000, Thermo Fisher Scientific, Waltham, MA, USA), for
5 min for each solvent. The PS sheets (shape memory polymer) used in this work are
commercially available and biaxially pre-stressed. As a result, the side length of a PS
sheet can be shrunken to 40% of its original size by simply heating the substrate above
the glass transition temperature. Mask stencils were created by cutting self-adhesive vinyl
(FDC-4300, FDC graphic films, South Bend, IN, USA) with a Robo Pro CE5000-40-CRP
cutter (Graphtec America Inc., Irvine, CA, USA) to create the desired patterns for different
devices. The self-adhesive vinyl stencil was then applied onto the clean PS substrates. For
the samples lifted off with a sacrificial layer, positive photoresist (Microposit S1805, Shipley,
Marlborough, MA, USA) was spin coated onto the masked PS substrate at 7000 RPM for
30 s and baked at 90 ◦C for 3 min to remove the solvent in the photoresist. The thickness of
the spin-coated photoresist was measured with a surface profilometer (Tencor Alpha Step
200, KLA Corp., Milpitas, CA, USA). Thin films were deposited onto masked PS substrates
by sputtering using a Torr Compact Research Coater CRC-600 manual planar magnetron
sputtering system (New Windsor, NY, USA). A 99.999% purity gold target (LTS Chemical
Inc., Chestnut Ridge, NY, USA), SiO2 target (Bayville Chemical Supply Company Inc., Deer
Park, NY, USA), and ITO target (LTS Research Laboratories, Inc., Orangeburg, NY, USA)
were used to deposit thin films of the respective materials. Gold films were sputtered using
a DC (direct current) gun, and SiO2 and ITO films were deposited by RF (radio frequency)
gun. After peeling off the vinyl mask, the PS substrate with deposited films were heated in
an oven at 130 ◦C for 5 min to induce biaxial shrinking and flatted on a silicon wafer by
annealing at 160 ◦C for 10 min.

2.2. Lift-Off of Wrinkled Films from PS to PDMS

All samples with a gold film as the interface to be transferred to the elastomer were
immersed in 5 mM (3-Mercaptopropyl) trimethoxysilane (MPTMS) (95% MPTMS, Sigma-
Aldrich, MO, USA) aqueous solution for 1 h, rinsed with water and dried with nitrogen
gas. Samples with SiO2/ITO films interfacing the elastomer were treated using a Harrick
High Power Plasma Cleaner (PDC, Harrick Plasma Inc., Ithaca, NY, USA) for 1 min at high
power (30 W). At the same time, the base of PDMS and curing agent (Sylgard 184 silicone
elastomer kit, Dow Corning Corporation, Corning, NY, USA) were fully mixed in a 10:1
mass ratio and degassed in a desiccator with a mechanical vacuum pump until air bubbles
were removed. The degassed PDMS was cast onto the surface-treated structured films,
then put in an oven at 60 ◦C for 4 h to be cured.

The cured PDMS was cut with a blade to expose the edges of PS substrate. Samples
with and without photoresist were put into crystallization dishes with acetone and washed
on an orbital shaker at 100 RPM. The photoresist was dissolved in acetone for approximately
1 h, at which point the PS substrate detached from the film/PDMS. For samples without a
photoresist layer, the PS substrate was detached by swelling and softening PS in acetone for
approximately 6 h, at which point the wrinkled thin films could be manually detached from
the softened PS due to the strong chemical bonding between film and PDMS. However,
a small amount of PS residue was visible on the surface of transferred films using this
direct transfer method without photoresist. The PS residue was then removed by gently
rinsing with toluene. The samples were then placed in the vacuum to extract excess solvent.
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Although toluene is effective at removing PS residues, the PDMS also swelled significantly
in this solvent and PS residues were observed via SEM on samples with short toluene
rinsing times.

Hybrid films of Au/ITO/SiO2 were made by the fabrication procedure described and
transferred with no sacrificial layer.

2.3. Fabrication of Stretchable Thin Film Heaters

The stretchable heater is comprised of conductive pads made of 50 nm-thick Au films,
and heating elements made of 50 nm-thick Au films or 5 nm-thick ITO/50 nm-thick Au/5
nm-thick ITO composite films. Single deposition was conducted for the Au heater; for the
ITO/Au/ITO heaters, both ITO layers were deposited on the heating element area, and
Au was deposited on the whole area. The thin films were deposited onto pre-stressed PS
substrates, and subsequently heated in an oven at 130 ◦C for 1 min to shrink the sample
and produce wrinkled films. The transfer process used was the same as the procedure
described in Section 2.2.

2.4. Characterization of Stretchable Thin Film Heaters

To characterize the thermal and mechanical properties of the two types of thin film
heaters, voltage was supplied by a source meter (2450 Source Meter, Keithley, Tektronix
Inc., Solon, OH, USA). Thermal compound (ARCTIC MX-4, ARCTIC Ltd., Brunswick,
Germany) was placed onto the heating element to absorb the heat and a thermocouple (T1
thermocouple, MS-6514 Thermometer, MASTECH-Group, Dongguan, China) was used
to measure the temperature of the thermal compound. A home-built stretcher with the
ability to control the stretch step and stretch distance was used to apply the external strain.
The wires of the thermocouple were fixed onto a lab jack to ensure that the thermocouple
would be reliably inserted into the thermal paste. The morphology of the thin films was
characterized by scanning electron microscopy (SEM) imaging (JSM-7000F, JEOL Ltd.,
Tokyo, Japan), with a 10.0 kV acceleration voltage.

3. Results and Discussion
3.1. Thin Film Transfer with and without a Sacrificial Layer

Two solvent-assisted methods to transfer wrinkled thin films onto elastomeric sub-
strates, one with a sacrificial layer and another without, were compared to evaluate the
advantages and disadvantages of each approach. Figure 1 shows a schematic represen-
tation of the two processes tested to transfer wrinkled thin films (A and B) as well as a
photo of sample patterned films transferred onto PDMS (C). Figure 1A shows the transfer
process with a sacrificial layer of photoresist. To transfer the film with a sacrificial layer, a
400 nm-thick photoresist layer was spin-coated onto vinyl-masked PS prior to gold film
deposition. The addition of the photoresist layer increased the wrinkle size compared to
wrinkles formed on 20 nm-thick gold films deposited directly onto the PS substrate. This
is because the wavelength of the wrinkles is proportional to the combined thickness of
the stiff film and the sacrificial layer, and because the sacrificial layer can soften and flow
during the shrinking process [11,16,17].
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Figure 1. Schematic of two solvent-assisted processes to transfer wrinkled films from PS to PDMS. 
(A) Shrunken electrode with photoresist underneath as sacrificial layer. The surface of the wrinkled 
thin film was treated with MPTMS, and PDMS was cast onto the treated films and cured. The sacri-
ficial layer was dissolved in acetone, completing the transfer of the wrinkled thin film to PDMS. (B) 
Shrunken electrode with no sacrificial layer on PS substrate. The surface of the wrinkled thin film 
was treated with MPTMS and PDMS was cast onto the treated films and cured. Incubation in ace-
tone was used to swell and partially remove the PS, leaving some residues on the wrinkled surface. 
Washing with toluene was then used to remove the residues. (C) Thin films transferred onto PDMS 
with different compositions and thicknesses form an apple tree and horse scene: trunk—5 nm ITO/5 
nm Au/5 nm ITO, leaves—1.3 nm ITO/1.3 nm Au/1.3 nm ITO, apples—50 nm Au, horses—20 nm 
SiO2. 

A strong bond between the thin films and the elastomer substrates is essential to im-
part the robustness and reliability needed for stretchable electronics. However, the bare 
gold film interacts very weakly with PDMS. To ensure strong adhesion between the wrin-
kled thin film and the elastomer, MPTMS was used to functionalize the gold surface. 
MPTMS is a molecular adhesion promoter that can form self-assembled monolayers and 
has two types of terminal groups with different functionalities. The three methoxy (-
OCH3) groups can covalently bind to the surface of PDMS and the thiol (-SH) can bond to 
the gold surface. Thus, when a PDMS base and crosslinker mixture was cast onto the func-
tionalized surface of the shrunken electrode and cured at 60 °C for 4 h, the two materials 
became strongly bonded. Once the elastomer was cured, it was cut along the edge of the 
PS to expose the PS/PDMS interface. The PS with cured PDMS was then immersed in an 
acetone bath to dissolve the photoresist between the wrinkled Au film and the PS. The 
wrinkled films could be fully lifted off from the PS after only 1 h in acetone, while remain-
ing adhered to the PDMS.  

Figure 1B illustrates the transfer process that involves no sacrificial layer. In this ex-
ample, a 20 nm-thick Au film was directly sputtered onto a PS substrate. In contrast to 
Figure 1A, the wavelength of the bare Au film (<1 µm) is much smaller than that of the 20 

Figure 1. Schematic of two solvent-assisted processes to transfer wrinkled films from PS to PDMS.
(A) Shrunken electrode with photoresist underneath as sacrificial layer. The surface of the wrinkled
thin film was treated with MPTMS, and PDMS was cast onto the treated films and cured. The
sacrificial layer was dissolved in acetone, completing the transfer of the wrinkled thin film to PDMS.
(B) Shrunken electrode with no sacrificial layer on PS substrate. The surface of the wrinkled thin
film was treated with MPTMS and PDMS was cast onto the treated films and cured. Incubation
in acetone was used to swell and partially remove the PS, leaving some residues on the wrinkled
surface. Washing with toluene was then used to remove the residues. (C) Thin films transferred
onto PDMS with different compositions and thicknesses form an apple tree and horse scene: trunk—
5 nm ITO/5 nm Au/5 nm ITO, leaves—1.3 nm ITO/1.3 nm Au/1.3 nm ITO, apples—50 nm Au,
horses—20 nm SiO2.

A strong bond between the thin films and the elastomer substrates is essential to
impart the robustness and reliability needed for stretchable electronics. However, the
bare gold film interacts very weakly with PDMS. To ensure strong adhesion between the
wrinkled thin film and the elastomer, MPTMS was used to functionalize the gold surface.
MPTMS is a molecular adhesion promoter that can form self-assembled monolayers and
has two types of terminal groups with different functionalities. The three methoxy (-OCH3)
groups can covalently bind to the surface of PDMS and the thiol (-SH) can bond to the gold
surface. Thus, when a PDMS base and crosslinker mixture was cast onto the functionalized
surface of the shrunken electrode and cured at 60 ◦C for 4 h, the two materials became
strongly bonded. Once the elastomer was cured, it was cut along the edge of the PS to
expose the PS/PDMS interface. The PS with cured PDMS was then immersed in an acetone
bath to dissolve the photoresist between the wrinkled Au film and the PS. The wrinkled
films could be fully lifted off from the PS after only 1 h in acetone, while remaining adhered
to the PDMS.

Figure 1B illustrates the transfer process that involves no sacrificial layer. In this
example, a 20 nm-thick Au film was directly sputtered onto a PS substrate. In contrast to
Figure 1A, the wavelength of the bare Au film (<1 µm) is much smaller than that of the
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20 nm-thick Au film with a layer of photoresist (~4 µm). The wrinkled Au surface was
also functionalized with MPTMS and PDMS was cast and cut using the same procedure as
above. The cured sample of PS/Au/PDMS was put in an acetone bath for ~6 h. During
this time, the PS substrate softened and swelled, and could be removed from the PDMS
substrate. However, because of the softening of the PS, residue was left on the surface of the
Au film. Since PS is more readily solubilized in toluene than acetone, as a last step, toluene
was used to remove residue on the surface of the wrinkled film. Many toluene rinsing steps
(~40) were needed to ensure that the rough wrinkled surface was devoid of any PS residue.
Although toluene is useful to remove residual PS from the Au films, it causes swelling of
PDMS by ~30% [18]. Swelled PDMS is, however, capable of shrinking back to its original
dimensions by removing the solvent in a vacuum or through evaporation in an oven at
60 ◦C. The swelling introduced about 5% strain onto the wrinkled film and no cracks or
delamination were observed on the transferred films.

To showcase the potential of transferring electronic devices with complexity by one
of the methods described above, a pattern comprised of various materials in different
shapes and layout was transferred. Figure 1C shows structured films transferred to PDMS
made from various material layers and with different thicknesses: trunk of the apple
tree—5 nm ITO/5 nm Au/5 nm ITO, leaves—1.3 nm ITO/1.3 nm Au/1.3 nm ITO, apples—
50 nm Au, horses—20 nm SiO2. In addition to different film thicknesses and compositions,
the pattern transferred is complex and shows dimensions across different scales, from
the base of the tree representing a couple millimeters and the stripes of the horse being
~120 µm in width. These films were transferred simultaneously and with no sacrificial layer,
demonstrating the ability of this method to transfer different materials, hybrid structures,
and multiscale complex patterns. This method is thus straightforward and high-fidelity,
enabling the fabrication of stretchable thin film devices comprised of different materials
and hybrid structures.

Both transfer methods have advantages and disadvantages based on the simplicity
of the process and fidelity of the transferred patterns. The method using a sacrificial
photoresist layer is simpler and more efficient, involving only the direct dissolution of
photoresist with acetone, with no PS residue observed via SEM. However, the wavelength
of the wrinkles is much larger compared to that of samples with similar Au film thickness
transferred with the method devoid of photoresist. Figure 2A shows the surface topography
of a 20 nm-thick gold wrinkled film transferred onto PDMS with a sacrificial layer. The
increase in wrinkle size arises primarily from the greater combined film thickness (~400 nm
for Au + photoresist versus 20 nm for Au only) as previously mentioned. The transfer
process without sacrificial layer is longer and requires an extra toluene rinsing step to
remove PS residue after the acetone bath. The residue, which can be seen in Figure 2B,
fills the valleys on the wrinkled surface after removing the softened PS, but can be ef-
fectively eliminated with toluene (Figure 2C shows the same sample as Figure 2B after
toluene rinsing). Therefore, the transfer method can be selected depending on the material
requirements and the desired application. With the sacrificial layer, the transfer is fast
and requires less post-transfer cleanup, but produces larger wrinkles whereas without the
sacrificial layer, the transfer requires more time and an extra toluene rinsing stage, however
the result is smaller wrinkled features. Each transfer method could prove useful depending
on the requirements of roughness (wrinkle size), tolerance to PS residue and swelling, and
compatibility with toluene for the stretchable electronic device.
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multilayer, high modulus, and low fracture toughness wrinkled films from PS to PDMS. 
This will bring real benefit to the development of stretchable thin film electronic devices 
because most devices incorporate specific architectures composed of conductor, dielectric, 
and insulator materials. The one-time transfer will simplify the fabrication of stretchable 
devices and circuits, and significantly improve the bonding between different films. More-
over, the wrinkles increase the tolerance of modulus films to external strain during the 
fabrication, as shown by the comparison between Figure 3B,D.  

Figure 2. Scanning electron microscope images show the differences arising from of the two trans-
ferring methods. (A) Topography of a 20 nm-thick Au wrinkled film transferred onto PDMS using
a sacrificial photoresist layer. Topography of a 20 nm-thick wrinkled gold film transferred without
photoresist onto PDMS (B) with polystyrene residue after the acetone bath step and (C) after rinsing
with toluene.

3.2. Multi-Material Thin Film Transfer

Most stretchable thin film devices or integrated circuits require the incorporation of
multiple materials into layers with dimensions going from the macro to the microscale
and functions ranging from conductor to dielectric. Therefore, it is essential that transfer
methods can accommodate different materials and structures simultaneously. This would
significantly simplify stretchable electronic device fabrication, achieve better adhesion
between the different layers, and solve interconnection problems between different parts of
the device, as well as prove useful for the fabrication of large area wearable electronic arrays.

To this end, we tested the ability of the direct transfer method to transfer composite
layered thin films. SEM images of flat and wrinkled 5 nm ITO/5 nm Au/5 nm ITO film
on PS substrates are shown in Figure 3A,C, respectively. The same films transferred onto
PDMS are shown in Figure 3B,D, respectively. When measuring the resistance of transferred
films, wrinkled films on PDMS showed the same values as on the rigid PS substrate. On
the other hand, the transferred flat films (Figure 3B) were not electrically conductive due
to extensive cracking. Both the morphology and electrical measurements suggest that
the wrinkled structures make the thin film more tolerant to the strain applied during the
transfer process. Figure 3C,D (ITO/Au/ITO films), along with Figure 3E,F (20 nm-thick
SiO2 on PS and PDMS), highlight the potential of this method for transferring multilayer,
high modulus, and low fracture toughness wrinkled films from PS to PDMS. This will bring
real benefit to the development of stretchable thin film electronic devices because most
devices incorporate specific architectures composed of conductor, dielectric, and insulator
materials. The one-time transfer will simplify the fabrication of stretchable devices and
circuits, and significantly improve the bonding between different films. Moreover, the
wrinkles increase the tolerance of modulus films to external strain during the fabrication,
as shown by the comparison between Figure 3B,D.
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films on PS and PDMS substrates. (A) Flat ITO/Au/ITO film on PS. (B) Flat ITO/Au/ITO film
transferred onto PDMS. (C) Wrinkled ITO/Au/ITO film on PS. (D) Wrinkled ITO/Au/ITO film on
PDMS. (E) Wrinkled 20 nm SiO2 on PS. (F) Wrinkled 20 nm SiO2 on PDMS.

3.3. Stretchable Thin-Film Heaters

As proof-of-concept of the fabrication of stretchable devices through solvent-assisted
transfer of structured thin films, stretchable thin film heaters were fabricated. Two types
of heaters were built: heaters with a single layer of Au and heaters with multiple layers,
composed of ITO/Au/ITO. The heaters were made containing a resistive heating pad
(3 × 1.5 cm) and two small contact pads (0.5 × 0.5 cm). To characterize the mechanical and
thermal properties of the stretchable heaters, thermal paste was applied on the surface of
the resistive heating element, and the temperature of the thermal paste was monitored
for various applied input voltages (Figure S1). The temperature vs. time profile for Au
heaters under various applied voltages (0.2–1.7 V) over 420 s is shown in Figure 4A. At
first the temperature of the thermal paste increases rapidly, especially during the first 60 s,
then slows down and reaches a plateau (or stable temperature) within 100–200 s. Within
the first 60 s, the temperature increases almost linearly, with heating rates for Au heaters
of 0.25 ◦C/s and 0.70 ◦C/s under a bias of 1.0 V and 1.7 V, respectively. When the input
voltage is below 1 V, the plateau temperature is reached faster than with higher applied
voltages, as expected from the smaller change in temperature from room temperature.
From the temperature-time profile it can be seen that the temperature of the heater could
reach and maintain a stable temperature within minutes.

To investigate the stretchability of the structured Au film resistive elements, the heater
was operated under various applied tensile strains at constant voltage and the plateau
temperatures were measured. This was repeated for various applied voltages and the
results are summarized in Figure 4B,C. The plot of temperature vs. strain (Figure 4B)
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shows mostly uniform horizontal lines for every applied voltage, indicating that Joule
heating is stable when the heater is stretched. Figure 4C shows the same data, but now
presented as a temperature vs. voltage plot. In this plot, it can be clearly observed that the
heater presents a non-linear, quadratic (Figure S2), response to voltage. This functional
dependence is maintained even at different applied strains, although higher voltages
(higher temperatures) produce higher variability. This is expected as the heat can be
quickly dissipated and small changes in the conductivity of the heating element can have
a strong influence on the recorded temperature. It is worth noting that the temperatures
recorded for strains at 5% show a slightly higher temperature compared to the temperature
recorded under no applied strain. This can be explained by the way the stretchable heater
is fixed in the stretching setup; when the thin film on the PDMS substrate was fixed on the
stretcher and the screws that clamped the substrates were tightened, the PDMS substrate
was squeezed, causing the film to undergo a small amount of compressive bending. The
film was subsequently flattened during stretching, which means that the 0% strain state
resulted in a slightly bent film and 5% strain state more accurately represented a relaxed
“0% strain” state. To further check the temperature reproducibility, on-off cycles were
applied to the heaters every 60 s under an applied voltage of 1.5 V (Figure 4D). The thin
film heaters showed highly reproducible behavior, reliable performance, and fast heating
response as indicated by the uniformity of the on/off response curve.
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voltage (0.2–1.7 V). (B) The plateau temperature changes with various voltages but remains similar
for any given voltage under different strains. (C) Changes in temperature vs. voltage for various
applied strains (each series corresponds to an applied strain). (D) Cycling on/off response under an
applied voltage of 1.5 V shows the reproducibility of the heating and cooling cycles.

To investigate the applicability of our solvent-assisted transfer fabrication of resistive
heaters to composite ceramic/metal multilayered films, ITO/Au/ITO thin film heaters were
fabricated and characterized. Although the heating element is comprised of ITO/Au/ITO
multilayers, the contact pads were directly connected to the central Au heating layer.
This fabrication step is very important to prevent the heater from burning because of a
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high contact resistance that could lead to overheating of the contact area. The composite
thin film heaters were characterized in the same way as the Au heaters described above.
Overall, similar thermal and mechanical characteristics were observed as with the Au
heaters (Figure 5): fast and reproducible heating kinetics, excellent stretchability, and
no noticeable deterioration over on/off cycling. However, some minor differences were
observed between the two types of heaters. The temperature-time profile of composite
heaters (Figure 5A) shows a slightly lower stable temperature and slower heating rate for
each applied voltage. The temperature increases at a rate of 0.20 ◦C/s and 0.55 ◦C/s under
1.0 V and 1.7 V, respectively. This difference is attributed to the difference in heat transfer
between the central Au resistive layer and the 5 nm ITO layer, which ultimately limits heat
transfer to the thermal paste. The temperature versus strain profiles (Figure 5B,C) indicate
that the multilayer thin film heaters have slightly less reproducibility as evidenced by the
larger error bars obtained from replicate devices, especially at higher applied voltages.
The lower reproducibility of the multilayer heaters at higher voltages could be caused by
the two 5 nm ITO layers that are more brittle and could lead to some cracking during the
stretching process.
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varying applied voltage (0.2–1.7 V). (B) The plateau temperature changes with various voltages but
remains similar for any given voltage under different strains. (C) Changes in temperature vs. voltage
for various applied strains (each series represents a given strain value). (D) Cycling on/off response
under an applied voltage of 1.5 V shows the reproducibility of the temperature reached at the plateau.

It is worth mentioning that the ITO/Au/ITO multilayer heater is representative of
an electronic device with a hybrid structure incorporating various materials (metal and
ceramic); together with the contact pads which interconnect with other components, they
comprise a unit cell that can be integrated into an array or a more complex circuit. This
fabrication approach can be further extended to encompass other device components like
resistors, capacitors, inductors, transistors, and even a hybrid network of them can be
realized. The simultaneous transfer of multiple device components would also address
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interconnection issues that arise for stretchable electronic arrays, leading to improved
long-term stability.

4. Conclusions

This work demonstrates a method for the fabrication of thin film stretchable devices by
solvent-assisted transfer of wrinkled thin films from rigid substrates to elastomeric PDMS.
Wrinkled thin films were obtained by shrinking flat films patterned on and supported
by a shape memory polymer. The transfer process involves modifying the surface of the
wrinkled film with an adhesion promoter that forms a chemical bond between PDMS
and the film, and the subsequent release of the structured film through dissolution of a
sacrificial layer or softening of the PS substrate. Structured films transferred using these
two approaches were characterized and compared. The solvent-assisted transfer process
ensures the faithful transfer of the wrinkled structures with millimeter to micrometer
dimensions in the stretchable devices.

A proof-of-concept application was demonstrated by fabricating and characterizing
stretchable thin film Au and ITO/Au/ITO multilayer stretchable heaters. The fabrication
of highly stretchable heaters is simple, and since the connection pads and the heating
elements were already overlayed, the transfer approach results in very strong adhesion
between all elements of the heater. To measure thermal properties and stretchability of
the heaters, the temperature of thermal paste in contact with the heaters was monitored at
various applied strains and voltages. The results show that both types of stretchable thin
films have rapid Joule heating kinetics, and the temperature can reach more than 50 ◦C
with only 1 V of applied voltage. The heaters also displayed high stretchability with nearly
constant performance even at 75% applied strain, and high reproducibility when subjected
to on/off duty cycles. Overall, the transfer process is a simple and effective method for
fabricating hybrid materials and structures for stretchable electronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13020334/s1, Figure S1: Schematic of the characterization of
stretchable Au heaters and ITO/Au/ITO heaters; Figure S2: Non-linear regression performed showing
the quadratic fits presented in Figures 4C and 5C for stretchable Au heaters and ITO/Au/ITO heaters.
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Abstract: This paper describes the non-contact optical detection of debris material that adheres to the
substrates of color filters (CFs) and thin-film transistors (TFTs) by area charge-coupled devices (CCDs)
and laser sensors. One of the optical detections is a side-view illumination by an area CCD that emits
a coherency light to detect debris on the CF. In contrast to the height of the debris material, the image
is acquired by transforming the geometric shape from a square to a circle. As a result, the side-view
illumination from the area CCD identified the height of the debris adhered to the black matrix (BM)
as well as the red, green, and blue of a CF with 95, 97, 98, and 99% accuracy compared to the golden
sample. The uncertainty analysis was at 5% for the BM, 3% for the red, 2% for the green, and 1%
for the blue. The other optical detection, a laser optical interception with a horizontal alignment,
inspected the material foreign to the TFT. At the same time, laser sensors intercepted the debris on the
TFT at a voltage of 3.5 V, which the five sets of laser optics make scanning the sample. Consequently,
the scanning rate reached over 98% accuracy, and the uncertainty analysis was within 5%. Thus, both
non-contact optical methods can detect debris at a 50 µm height or lower. The experiment presents a
successful design for the efficient prevention of a valuable component malfunction.

Keywords: foreign material; laser sensor; area charge-coupled device; color filter; thin-film transistor

1. Introduction

A thin-film transistor liquid crystal display (TFT-LCD) comprises a sandwiched profile
in which the central layer of a liquid crystal is between two substrates. The upper substrate
combines the colorful layers of red, green, and blue in a color filter (CF). In contrast, the
lower substrate is embedded with a microelectrode pixel with a data line and gate line
across an electrical circuit, making up the thin-film transistor (TFT) [1]. Once a forward
current flows through the electrode, the voltage of the pixel shifts the liquid crystal to
switch the light in its optic direction. At the same time, a light penetrates the polarizer to
filter out the random light and adjusts the brightness and darkness of the display.

A high-power exposure machine engraves the pattern of the CF in a gap from 100
to 300 µm with a deep ultraviolet light [2–4]. The array check tester inspects the electro
pixel of the electric circuit in the gap 50 µm between the tester and TFT substrate [5].
The spin coater works with various photoresistors to inject the thin-film substrate into the
narrow tolerance range, just several centimeters high—the chromaticity provides a vivid
hue, colorful saturation, and level lightness [6,7].

The TFT-LCD requires large displays, and the uncertain issues in the factory’s products
create a huge challenge. Significantly, the valuable photomask, the critical modulator, and
the precious inject coater can cause inevitable scratches due to foreign materials [2].
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An abnormal process results in foreign material on the glass surface of the substrate;
consequently, accidents can happen that damage the component. Such accidents affect the
performance of the electronic switch and chromatic variation in the valuable component
simultaneously and without warning. Thus, this is concerning to the thin-film maker.

The debris is caused by the fragmented glass, whose shapes are similar to the shiny
parts of the micro and colorful photoresistors. Certain components loosen their parts,
which then automatically adhere to the glass substrate, and the other foreign material is
from the random texture of the bunny suit. The statistics indicate that the debris consists
of 70% fragmented glass, 20% metal particles, and 10% other materials [2]. Thus, this is a
well-known production problem.

Various literature reviews have proposed a measurement height from a diversified
field. Groot (2017) [8] explained that the vertical resolution was miscalculated in the
measurement height provided by an interference microscope operating with a 100 Hz,
1000 × 1000 pixel camera by the sinusoidal waveform, converting the intensity to a
heightmap. Consequently, the repeatability was 0.072 nm. Musaoglu et al. (2019) [9]
employed an atomic force microscope (AFM) to measure the height of copper oxide (CuOx).
As a result, the accurate measurement reached a mean grain height of 11 nm. Kaplan
(2021) [10] researched the Si photodiode and material characterization of TiO2 and pro-
posed a different technique to measure the height with an AFM. The result was 3 nm
high, and the accuracy was significant. Kaplan also used X-ray diffraction to observe
the polycrystalline structure. Thomas (2021) [11] investigated optical surface topography
measurement methods by utilizing a scanning interferometer. The surface measurement
based on optical imaging relied on an objective lens to collect diffracted rays. Moreover, Liu
and He (2018) [12] developed a vehicle height system to use the transmitter and a receiver
of laser detection to measure the vehicle’s height.

The paper utilizes non-contact optical inspection of the debris material by an area
photosensor and laser optics to detect foreign materials, as compared to the literature review.
As a result, our topology is quick and economical for detection and accuracy. Other methods,
such as an AFM and SEM, measure the height. An AFM uses unique tiny probes to detect a
particular interaction between the probe and the sample surface and utilizes a piezoelectric
ceramic scanner with a three-axis displacement to scan the surface of the sample. Thus, an
AFM can measure the nanometer scale even at a height of several angstroms. Moreover, an
AFM uses Van der Waals forces to present the surface characteristics of a sample. Another
frequent method of height measurement is a scanning electric microscope (SEM), which
utilizes an electron beam as a light source and the electromagnetic field as a lens to obtain
the surface morphology of an object by collecting, sorting, and analyzing information
generated by the interaction of electrons and samples.

The proposed method in this paper can measure the height at the micro-scale and is
suitable for the thin-film transistor of a factory. The paper presents an original method
of utilizing fast and accurate detection to meet the requirements of mass production in a
factory. A non-contact optical inspection detects foreign material in the leading TFT-LCD
foundries. A side-view illumination engages the photosensor on the top to inspect the CF
in the dark field. The other intercepted debris is detected on the TFT by laser scanning.
Each topology significantly remedies the loss of valuable components.

2. Principle of Detected Debris on the TFT-LCD

This study utilizes a non-contact optical method to detect debris adhered to the
glass substrate. The side-view illumination installed on the edges of the glass emits the
opposite in the dark field. The top of the photosensor receives the reflectance shade if any
suspensive debris adheres to the panel. At that moment, the mapping of the grayscale
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calculates the height of the protrusion on the basis of transforming the area from square to
circle. Equation (1) is as follows:

n

∑
i=1

X2 × k ∼= π

4
D2 (1)

where D is the circle’s diameter/height, X represents the length of the effective pixel of
the square based on the threshold grayscale, and k is a ratio value to approach both areas
compared to the sample’s known height. Figure 1 illustrates the structure of the debris
detection using the side-view illumination emitting a coherence light to the suspension
protrusion in the dark field. Figure 1A demonstrates the area CCDs installed on the top at
a specific optical work distance. The illustration shows the six sets of CCDs, #1–2, #3–4,
and #5–6, indicating a field of view that covers the inspected platform depending on the
inspected size of the glass generation. The side-view illumination emits non-UV light
to irradiate the suspension debris. The working distance (WD) is set for the optimum
resolution of the pixel size of the color filter. The granite platform is a support to prevent
the deformation of the mechanism. This is a robust construction to support the glass
sample. When the area CCD acquires a reflected image, the acquired dada automatic
program (ADAP) can judge the protrusion and send out a warning. The protrusion found
most often is debris in the CF from non-uniform photoresistors, such as the red, blue, green,
and black shown in the figure.
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Figure 1. The struture of the photosensor that detects debris on the color filter (CF); (A) is a topology
of the side-view illumination by the photosensor in the dark field, and (B) is the grayscale tendency.

Figure 1B demonstrates the grayscale tendency, indicating the base, normal, and
abnormal signals during photosensor scanning. The abnormal signal expresses the height
of the debris identified over the certainty height to compare the grayscale intensity. The
topology applies to the CF; the background layer illustrates the non-transparent film. The
experiment detects foreign material adhering to the substrate.

129



Micromachines 2022, 13, 101

Furthermore, the surface of the glass guarantees that debris of no particular height
adhere to the glass before the exposure machine; i.e., the gap is roughly 100~300 µm
between the substrate and the exposure machine. When debris adheres to the CF, the
ADAP detection completes the process to distribute the grayscale from 0 to 255. The
granite platform maintains evenness to avoid variations due to changes in temperature.
The photosensor takes the high-resolution 5 µm image (IMX204 CMOS color sensor, Sony
Inc., Tokyo, Japan). The resolution is 5184 (H) × 3888 (V) at the number of recommended
recording pixels. The magnification lens is 2×; thus, the optical resolution shifts to 10 µm,
and, therefore, the detection is very powerful on the substrate glass. The structure detects
foreign material quickly and accurately.

Moreover, the working distance (WD) expresses the height distance between the
photosensor and objective for the optical resolution [12,13]. Equation (2) presents the
thin-lens maker as follows:

WD = f ×
(

M + 1
M

)
+ f × (M + 1) + (HH∗) (2)

where f expresses the focal point to determine the image quality. The magnification of the
image is presented by M; however, the coarse optical resolution is inverse to the image
quality. The thickness of the optical lens in the photosensor is indicated by HH∗. The
photosensor converts the electrical signal to an image while scanning. A signal capacitor
array triggers the photon electronic current in the photoactive region. The electrical current
can amplify the signal to create an analog-to-digital conversion. Each capacitor accumulates
electron charges in proportion to the light intensity. Alternatively, laser optics indicate
foreign material adhered to the TFT in Equation (3):

u =

{
3.5, v ≤ 3.5
5.0, v = 5.0

. (3)

Equation (3) demonstrates a voltage variation from 5 to 3.5 V once light travel is
blocked, and the debris is adhered to the substrate. The illustration of the laser in Figure 2
presents two pieces of debris adhered to the TFT substrate. The task involves five sets of
laser sensors with a coherency light to detect the debris from the transmitter to the receiver
in Figure 2A. The illustration demonstrates the structure of laser optics that intercepts
foreign debris and is moved by a servo motor to simultaneously drive the transmitter and
receiver. The red line indicates the laser’s beam, which travels to the inspected region.
When the debris blocks the travel of the laser beam, the system detects the protrusion. The
stage is robust enough to prevent deformation from external factors, such as temperature
variations and stress and strain concentration. While the platform is moving, a sensor
emits a spotlight from the transmitter. The platform is sixth-generation glass, 1800 mm ×
1500 mm, which is a standard size in a TFT-LCD factory. Thus, the laser detects a sample
and intercepts the debris by moving back and forth. The ADAP sends out a warning if the
voltage is below 3.5 V.

In contrast to the CF, the TFT needs the laser to intercept the debris because the
transparent film on the bottom layer reflects the background and interferes with the results.
Thus, we chose a laser sensor to detect the debris, rather than the area CCD.

Furthermore, the light source of the laser is the red semiconductor at 670 nm (Model
LX2-110W, Keyence Inc., Osaka, Japan). The transmitter emits the coherency light at
1~2.5 mm diameter of the spotlight to detect at a distance of 300~2000 mm. The response
time is 0.5 ms, and the power is 12~24 VDC ± 10% ripple. Figure 2B indicates the profile of
voltage variation. Once a voltage drop below 3.5 V is detected, a certain height is identified
over the gap. The laser is an optical oscillator that generates light with coherence, directivity,
and narrow width.

The standard deviation is known as the mean square deviation, and the mathematical
symbol σ (sigma) is most commonly used in probability statistics to measure the degree of
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dispersion of a set of values. Thus, the higher the standard deviation, the more significant
the difference among the data. This paper takes Equation (4) to analyze the difference using
the ten times measurement, which quantifies the accuracy:

σ =

√
1

n − 1

n

∑
1
(pi−p)2 (4)

where p expresses a mean value of the data set, and the symbol n expresses the sam-
ples. The gauge of repeatability and reproducibility (R&R) shows the measurement’s
deviation [14–16]. The purpose of gauging R&R is to evaluate the accuracy of the measure-
ment system and the personnel operation. Repeatability is a feature of one part measured
multiple times to analyze the sum of each difference by the same operator. Reproducibility
is a feature of the same part measured using measuring tools that analyze the sum of
different operators [17,18]. Experimentally, the non-contact optical detection adopts the
repeatability measurement [19,20].
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Figure 2. The architecture of the laser sensor illustrating the topology of a thin-film transistor (TFT),
(A) is a topology of the foreign materials on TFT by laser optics (B) is a voltage tendency.

3. Experimental Architecture

The experiment used a photo image to calculate the height of the debris on the CF
and performed laser scanning to intercept foreign material on the TFT in the clean Room
10 of the factory. Figure 3A illustrates the structure for detecting the foreign material on
the CF glass. First, the glass was aligned before detection in (1). The station detected the
debris to calculate the height of the protrusion with a photosensor, where the photosensor
was installed on the top at (2). After completing the detection, the glass was delivered to
Station (3) for UV light exposure, and then the glass was delivered to Station (4). Figure 3B
illustrates an interceptive topology of the laser sensor. The glass was delivered to Station (1)
for alignment. Station (2) was a scanning region for the laser sensor. Station (3) performed
an array check with the electrical field applied modulator. This was a non-contact detection
by rotating the liquid crystal in the electronic circuit of the electrode pixel that caused
the light to switch on and off. Finally, the glass was delivered out of Station (4). The
experiment’s optical parameters are tabulated in Table 1. The parameter for the non-contact
optical detection of the debris on the CF indicated the CCD pixel at 5 µm optical resolution
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applied on sixth-generation glass. The substrate size was 1850 mm × 1500 mm, which
enabled the area photosensor room to cover the detectible region for six sets of CCDs. The
working distance was 605 mm.
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Figure 3. The architecture of the optical detection system comprising (A) of CF at (1) glass-in, (2) CCD
detection, (3) exposure machine, (4) glass-out; below diagram (B) of TFT includes (1) glass-in, (2) laser
optic scanning, (3) array check system, and (4) glass-out.

Table 1. The parameters for optical detection of the debris on the color filter.

Description Value Detailed Length Width

CCD Pixel Size (µm) 5 Substrate dimension (mm) 1850 1500
Magnification 2 Signal CCD FOV (mm) 1037 778

Optical resolution (µm) 10 Require CCD quantity 3 2
Focused lens (mm) 50 Signal overlap (mm) 252 14

Working distance (mm) 605 All overlap (mm) 533 750

Figure 4 illustrates the array check system for detecting an electrode pixel in the
narrow gap of 50 µm between the modulator and the substrate. Significantly, the second-
to-last layer on the modulator is made of the multi-layer pellicle mirror, which is mostly a
combination of zirconium (Zr) and oxygen (O). The paper will discuss the details later.
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4. Result and Discussion

The experiment used the image of the CF taken by an area CCD and a laser sensor
to detect the TFT debris from a factory. The task detected the height of the debris by
engaging a side-view illumination to compare it with the known height from the golden
sample. Figure 5 illustrates that the known height from the golden sample was 130 µm
for the black matrix (BM), 131 µm for the red, 155 µm for the green, and 146 µm for the
blue. Figure 5A indicates a 10× magnification of the raw image by microscope (MODEL:
M-10X, Newport Inc., Irvine, CA, USA). The golden sample comprised the lead-free solder
ball (S010, Unano Technology, Tainan, Taiwan). Figure 5B shows the image made by the
photosensor. Figure 5C is the image enlarged 1600% by Photoshop software. Figure 6
indicates a grayscale intensity label in the color pixel of the image. As a result, the height of
detection was 124 µm for the BM, 127 µm for the red, 151 µm for the green, and 145 µm
for the blue. The uncertainty analysis was based on repeatability to acquire 10 times the
data. Table 2 tabulates the repeatability of the BM, red, green, and blue measurements at
10 times. The measurement averages were 131, 135, 161, and 153 for the BM, red, green, and
blue, respectively. After comparing the known heights from the golden sample, the result
showed error levels of 5% for the BM, 3% for the red, 2% for the green, and 1% for the blue.
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Figure 6. Images showing the grayscale with the threshold value for the black matrix (BM) as well as
the red, green, and blue for the color filter (CF).

Table 2. The height measurement as indicated ten times compared to the golden sample, including
uncertainty analysis.

Glass 1 2 3 4 5 6 7 8 9 10 Avg Calculated (µm) Known (µm) Error 3σ

BM 125 132 130 132 130 132 133 130 132 133 131 124 130 5% 5%
Red 135 135 132 134 135 136 135 135 136 135 135 127 131 3% 3%

Green 160 160 162 163 160 160 162 160 160 160 161 152 155 2% 2%
Blue 153 153 155 153 153 153 153 153 153 154 153 145 146 1% 1%

Since the BM is a black layer that absorbs reflective light from the environment, the
PR was shown as the weakest response. Thus, the error was higher than those for the
colored PRs. The most common standard deviation was applied to the probability statistics
to measure the degree of statistical dispersion. Statistically, the 68–95–99.7 rule was within
the normal distribution [21]. The mean percentage concerned one standard deviation, two
standard deviations, and three standard deviations. At the same time, the experiment took
the three standard deviations (3σ) at a 99.7% confidence level [22,23].

Furthermore, the blue PR indicated that the minor deviation in the measurement
was due to short wavelength with a significant reflective response. Consequently, the 3σ
indicated this at 5% for the BM, 3% for the red, 2% for the green, and 1% for the blue.

The task filtered out UV wavelengths smaller than 400 nm to avoid overexposure of
the thin film and to prevent the characteristic PR variance [24], as seen in Figure 7. The
wavelength distribution illustrates the profiles for the BM, red, green, and blue. In addition,
the air was a reference spectrum against which each PR response was compared. The BM
demonstrated the weakest light response because of the black body. The red PR presented
40% intensity. The green PR demonstrated the highest intensity at over 60% response
intensity because the green wavelength had the most vision sensitivity among the colors.
The response of the blue light was around 40%.
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Figure 7. The distribution of the spectrum measures of the photoresists for the black matrix (BM),
red, green, and blue.

Figure 8 illustrates the uniform light emitted from the region that connects the multiple
fibers to the light source. The start-and-end position tended toward a sloop shape; thus, we
chose the uniformity brightness as a detection region.
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Figure 8. The uniformity of the side-view illumination indicating the distribution.

The experiment used the laser sensor to scan the whole region. Figure 9 shows the
laser’s tendency to intercept the debris. The horizontal lines express the scanning length
using five sets of coherence light-emitting sensors across the receiver. We specifically
installed a granite platform with optimized flatness to avoid the warpage. The vertical lines
indicate voltage variation. Once the voltage was below 3.5 V, it was considered a successful
interception on the glass of the substrate.

Moreover, the laser beam was a coherence light that traveled the detected region from
transmitter to receiver above the 100 µm height of the substrate. It was an excellent choice
to apply the transparent and non-transparent thin films. Otherwise, we had not used the
laser optics, the reflective image with a sub-layer pattern of the TFT would have interfered
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with detection. Conversely, we developed the optical detection to apply laser optics to the
thin-film transistors.
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Figure 9. The profile of the laser sensor indicating the five sets of receivers.

Moreover, the voltage for sensor #1 indicated the normal condition at 5 V. Sensors
#2–5 intercepted the debris at 4, 3, 2, and 4. Accordingly, the voltage was below 3.5 V. The
experiment was undertaken ten times for accuracy of the statistics. The measurements are
tabulated in Table 3. The height of the golden sample is in the table. Consequently, the
maximum 5% for the 3σ was a 99.7% confidence interval.

Table 3. Statistics of the uncertainty indicating the ten measurements for three standard deviations
(3σ).

Laser # 1 2 3 4 5 6 7 8 9 10 Average Height (um) 3σ (%)

1 4.99 4.99 4.95 4.99 4.95 4.99 4.95 4.90 4.98 4.98 4.97 100 2%
2 2.55 2.45 2.45 2.52 2.55 2.44 2.55 2.50 2.45 2.45 2.49 200 5%
2 3.23 3.25 3.15 3.25 3.24 3.33 3.22 3.28 3.26 3.25 3.25 200 4%
2 2.81 2.85 2.88 2.85 2.75 2.81 2.80 2.80 2.85 2.75 2.82 200 4%
2 3.22 3.15 3.23 3.25 3.15 3.15 3.25 3.21 3.10 3.15 3.19 200 5%
3 2.54 2.55 2.56 2.45 2.47 2.48 2.48 2.49 2.45 2.45 2.49 250 5%
3 3.48 3.52 3.55 3.45 3.45 3.56 3.47 3.41 3.42 3.55 3.49 250 5%
3 2.51 2.52 2.52 2.55 2.53 2.55 2.55 2.45 2.52 2.51 2.52 250 3%
4 2.45 2.45 2.55 2.45 2.55 2.45 2.45 2.50 2.45 2.44 2.47 260 5%
4 3.52 3.45 3.55 3.45 3.55 3.42 3.52 3.41 3.46 3.55 3.49 260 5%
5 2.82 2.78 2.77 2.81 2.88 2.85 2.85 2.82 2.88 2.88 2.83 280 4%
5 2.52 2.55 2.45 2.45 2.52 2.51 2.55 2.52 2.47 2.48 2.50 280 4%
5 3.25 3.22 3.32 3.27 3.28 3.25 3.26 3.25 3.22 3.21 3.25 280 3%
5 3.26 3.25 3.15 3.25 3.22 3.24 3.25 3.21 3.29 3.28 3.24 280 3%
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Furthermore, the modulator of the array check system was a critical component for the
liquid crystal layer to inspect the electrode pixel at the dimensions of 143 mm × 133 mm.
An energy-dispersive X-ray spectroscopy (EDX) was used to detect the elemental analysis
and chemical characterization. The experiment was conducted with a field emission
scanning electron microscope (FESEM) manufactured by PhotoMetrics, Inc. (Huntington
Beach, CA, USA), which analyzed the spectrum for the modulator. Since elements emit
different emission spectra because of their different atomic structures, the components
were distinguished by their X-ray spectra. As a result, the most significant elements on
the layer of the modulator were oxygen (O) and zirconium (Zr), i.e., O35.51Zr32.64B14.42
Si8.38C9.05 (wt.%), as investigated by EDX.

Zr is a metal element used mainly for heat-resistance and as a sunscreen agent, while
a small amount of zirconium is an alloying agent to resist corrosion. Zr is the prevalent
metal in electronic instruments. A Zr foil was applied in a thin film, including chemical
vapor deposition (CVD) and physical vapor deposition (PVD). The thickness of the foil
was approximately 2 mm on the modulator. A hard polymer coat was the bottom layer,
and a multi-layer pellicle of the Zr was the second-to-last layer. Figure 10 shows the EDX
spectrum, and Table 4 tabulates the presence of the constituent elements statistically.
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Figure 10. The EDX spectrum of the FISEM indicating the response of the material.

Table 4. Statistics of the element combinations tabulating the weight %.

Element O Zr B Si C Total

Mean 35.51 32.64 14.42 8.38 9.05 100
Max. 35.51 32.64 14.42 8.38 9.05 100
Min. 35.51 32.64 14.42 8.38 9.05 100

Std. deviation 0 0 0 0 0 0

In particular, the experiment investigated the damaged condition of the array check
system modulator with a photosensor. Figure 11 illustrates the (A) typical structure of the
modulator, (B) indicates a scratch across the area and several debris pieces adhered to the
surface, and (C) is an enlarged view.
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Table 5. Measurements of the debris on the modulator. 

Debris 1 2 3 4 5 6 7 8 9 10 Avg 
Calculated 

(um) 

Known 

(um) 
Error 3 σ 

A 132 130 130 130 130 129 130 128 130 129 130  123  125  2% 2% 

B 260 259 260 258 260 260 258 260 256 260 259  245  250  2% 2% 

C 725 730 730 735 730 730 720 725 725 730 728  687  700  2% 2% 

Figure 11. Analysis of the debris adhering to the modulator indicates (A) of the damaged modulator,
(B) of scratch across the area, and (C) of the enlarged view.

Figure 12 shows enlarged views of the raw and grayscale images to investigate the
debris on the modulator. The images underwent a magnification of 400% to show the
grayscale distribution. As a result, the calculated heights (A) 123 µm, (B) 245 µm, and
(C) 687 µm were the bases of a threshold of 50 for the golden sample by transforming the
square to the circle. Table 5 indicates the known heights (A) 125 µm, (B) 250 µm, and (C)
700 µm. Thus, the calculated height exceeded the known height by an error of 2% with
the 3σ of 2% for the repeatability measurement. Thus, the non-contact optical detection
provided high accuracy, and the damage-free significance was very impressive.
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Table 5. Measurements of the debris on the modulator.

Debris 1 2 3 4 5 6 7 8 9 10 Avg Calculated
(um)

Known
(um) Error 3σ

A 132 130 130 130 130 129 130 128 130 129 130 123 125 2% 2%
B 260 259 260 258 260 260 258 260 256 260 259 245 250 2% 2%
C 725 730 730 735 730 730 720 725 725 730 728 687 700 2% 2%
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5. Conclusions

This study experimentally investigated the non-contact optical method for detecting
the height of debris on CF glass by engaging a side-view illumination using the area CCD
and a laser sensor emitting a coherency light to scan the TFT. The result showed the CF
accuracy was at 5% for the BM, 3% for red, 2% for green, and 1% for blue. In addition, the
repeatability of the three standard deviations was at 5% for the BM, 3% for the red, 2%
for the green, and 1% for the blue. Alternatively, the laser intercepting the certain height
of debris adhered to the TFT was indicated at a voltage below 3.5 V. The accuracy of the
repeatability was also within 5%.

Moreover, the calculated debris height indicated a 2% error over the known height
and a 2% repeatability at the three standard deviations on the modulator. Thus, an optical
inspection can ensure the damage-free condition of the critical component. In other words,
the non-contact optical inspection extends the necessary applications.
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