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Abstract

In this work, we examined the influence of In doping on the morphological and structural characteristics of ZnO active
layers grown by the spin coating and the electrical performance of ZnO-based thin film transistors. XRD results indicated
that the active layers were amorphous due to the absence of any sharp peaks. XPS analysis was carried out to determine
indium amounts as an atomic percentage in ZnO and oxidation state of In. AFM images indicated that the roughness of the
active layers decreased with increasing indium concentration in ZnO. The indium doping has dramatically improved the
electrical parameters of ZnO-based transistors. The field-effect mobility of undoped TFT increased ~ 157 times by adding
%3 In content. The highest field-effect mobility (u,,) of 12.9 cm?V~! 57! was obtained for %3 In-doped ZnO TFT (IZO3).
Also 1Z03 has a 6.96 V threshold voltage (V,,), 10° I /I ratio, 1.98 V/dec subthreshold slope (SS), and a high on-current
of 4.6 mA. We ascribed the performance enhancement of devices with In doping due to increasing carrier concentration of
channel. These results show that the low concentration of indium incorporation is very crucial to change the morphological

properties of ZnO active layers and to obtain high-performance solution-processed TFTs.

1 Introduction

Recently, amorphous metal oxide semiconductors, which
are utilized as the active layer of TFTs (thin film transis-
tors), have drawn great attention owing to their high field
effective mobility (upgpy), wide optical bandgap, and high
transparency in comparison with traditional amorphous sili-
con [1-3]. These amorphous-based TFTs with high field-
effect mobility allow them to be used as pixel drivers for the
active-matrix organic LED display (AMOLED) backplanes
and active-matrix LCD display (AMLCDs) [4, 5]. Among
many inorganic metal oxide active materials, ZnO has been
widely investigated and turned into an attractive because of
its excellent optoelectronic properties [6, 7]. ZnO is richly
abundant and environmentally friendly. It has n-type semi-
conductor nature, superior carrier mobility and high optical
bandgap energy (3.4 eV) at room temperature. ZnO TFT can
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be a promising candidate for transparent electronic because
of its transparency [8]. The electrical characteristic of ZnO
can be controlled a wide range of conductivity from insulat-
ing to metallic by the methods of preparation active layer,
the type, and the concentration of doping materials [9-11].
Recent researches exhibited that the resistivity of ZnO active
layer can be decreased with increasing donor concentration
by doping IIIB elements such as In, Ga, Al, and B when they
are replaced with Zn sites. Because these elements behave
as shallow donors in ZnO due to their weakly bounded outer
p electron, it is considered as the source of more free elec-
trons that contribute to the increase of electrical conductivity
[12-14]. So, the indium-doped ZnO (IZO) thin film can be
considered as a promising semiconductor layer for achieving
high-performance TFTs. [ZO has excellent properties such
as high optical transparency, high electrical conductivity,
and good chemical-physical stability in comparison with
undoped ZnO active layers [15—-17]. Also, since the differ-
ence between the ionic radii of the In** (~80 pm) and Zn?*
(~74 pm) is small, the In can be a promising candidate for
substitutionary replacing Zinc in the ZnO crystal structure
[18, 19]. As an active layer of transistors, IZO thin films
can be deposited with different techniques such as mag-
netron sputtering [1], electron beam evaporation [20], and
plasma-enhanced chemical vapor deposition (AP-PECVD)
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[21]. Semiconductor active layers having excellent electrical
properties can be obtained using these methods requiring a
high vacuum [22]. But most of these methods have some
disadvantages such as requiring expensive instruments, lim-
ited deposition area, and long processing times [23]. On the
other hand, the sol-gel technique offers several advantages
such as simplicity, applicability to a large area, low fabri-
cation cost, and easy controlling of chemical composition
with homogeneity [17, 24]. Taking all these advantages into
account, there are very few studies [12, 25] reported on ZnO
with different indium content deposited by sol-gel methods
to fabricate thin film transistor. Therefore, the ZnO and IZO
active layers were prepared via a solution-processed sol—gel
spin coating technique on SiO, gate insulators. The aim of
this study is to examine the influence of In doping on mor-
phological, structural characteristics of ZnO films and elec-
trical performances of TFTs when used as transistor active
layers. We also recommend the optimal composition for a
channel layer from which the best performance is achieved.

2 Experimental

In this study, the amorphous ZnO and IZO active layers
were deposited by sol—gel spin coating method. The experi-
mental details for deposition active layers and fabrication
of TFTs can be found in a previously published work in
our group [26]. Only in this experiment, Indium chloride
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(InCl13) was used as a dopant source. Also, the nominal vol-
ume ratio of the In/Zn was arranged at 0%, 1%, 3%, 5%,
and 10%. Each device has four active layers deposited by
spin coater on 100 nm SiO, coated Si (highly doped) layer
(University wafer, USA). Each sample was annealed at fixed
750 °C into a furnace for 2 h. After the annealing, to form
source and drain electrodes, high-purity aluminum metal
was evaporated on top of the active layers with the help
of a shadow mask having an interdigitated-finger geometry
(channel length 50 pm, width 1000 pm) at a pressure of
10~° mbar. At the end of this process, 60 nm thick aluminum
source and drain contacts were obtained. The device struc-
ture and its interdigitated electrodes are shown in Fig. 1.
Finally, the silver paste was used as gate contact for the last
process of fabrication of TFTs. The transistors are labeled
Zn0, 1701 (%1), 1203 (%3), 1Z05 (%5), and IZ010 (%10),
respectively. The flow chart depicting the device fabrication
step by step is illustrated in Fig. 1. The surface morphol-
ogy of TFTs was investigated with NT-MDT Nanoeducator
IT model atomic force microscopy (AFM) in non-conduct
mode and in acoustic enclosure. AFM image analysis was
carried out with Image Analysis P9 Program. The struc-
tural characterization of active layers and electrical perfor-
mances of TFTs were performed by BRUKER D2 Phaser
X-ray diffractometer and Keithley 4200 SCS with connected
Signatone Probe Station, respectively. X-ray photoelectron
spectroscopy (XPS) (SPECS) was used to determine the oxi-
dation stage of In and the atomic percentage of In in ZnO
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and before this analysis, the calibration according to the C
1s peak at 284.6 eV was carried out.

3 Result and discussion

XPS analysis of (a) full spectrum of In-doped ZnO films with
the associated binding energies of the elements and (b) In 3d
spectrum of IZO films is shown in Fig. 2. The related ele-
ments in the films are shown in Fig. 2a, and also the intensity
of characteristic 3d two peaks associated with In between
440 and 460 eV increases as the amount of indium in ZnO
increases. The atomic percentages (at.%) of In obtained from
these spectra are 0.741, 1.329, 1.978, and 3.801 for IZO1,
1703, 1205, and IZ0O10, respectively. Figure 2b shows the
oxidation state of In and the spectra having the binding
energies of 3ds;, and 3d;;, at around 444.5 eV and 452 eV
separated by 7.6 eV from each other indicate that indium
has 3 + oxidation state in ZnO. The investigation of surface
morphology of the active layer for TFT is crucial to improve
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Fig.2 XPS spectra of ZnO and 1ZO TFTs a full spectra and b In 3d
core peaks
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their performances. Therefore, the effect of In doping on
ZnO morphology was examined by AFM. Figure 3a and
b illustrates AFM images and the roughness of IZO active
layers as a function of the In concentrations, respectively.
It is observed that the dopant concentration strongly affects
the surface morphology of the active layers. The change of
surface roughness values of active layers with In doping
is given in Table 1. The root-mean-square (RMS) rough-
ness value of thin films decreases from 16.45 nm (ZnO) to
10.75 nm (IZO10) as the In concentration increases. The
effect of a metal dopant on the decreasing of the surface
roughness of ZnO has been reported many times [26, 27].
The difference between the ionic radii of Zn>* (~74 pm)
and In** (~80 pm) causes compression stresses and can
limit grain growth in the c-axis direction of the structure.
Therefore, the smoothness of films may increase with the
doping of In [28]. A smoother surface of the semiconductor
thin film can help transport the charge along the channel as
it suppresses the interface traps and the scattering center,
which leads to higher carrier mobility [29]. The similar sur-
face variations of ZnO with different doping metals have
also been reported in the literature [30-32]. However, it can
easily be seen from Fig. 3 that the surface homogeneity of
IZ0O3 is better than the others. Figure 4 shows XRD spectra
of the ZnO and IZO films. All films indicate an amorphous
nature due to the absence of any sharp peaks. The amor-
phous structure can occur in many multicomponent complex
oxide films where the thermal energy is considerably lower
than crystallization energy at room temperature [26, 33].
The output characteristics of the TFTs are shown in
Fig. 5a. All transistors show typical n-channel nature
because of increasing the current of the channel with
increasing positive gate voltage. Also, the kink current in
the linear/saturation region and crowding current in the low
V, region were not observed in TFTs. This case indicates
that the metal source/drain contacts deposited on the semi-
conductor have good ohmic character [34]. In order to exam-
ine the influence of In dopant on the electrical performance
of the ZnO TFTs, the transfer characteristics of TFTs were
measured at room temperature, under dark conditions with
a constant source-to-drain voltage (V) of 25 V and given in
Fig. 5b. The key parameters for transistors such as mobility
(i) I,/ rate, the threshold voltage (V,;,), subthreshold
swing (SS), and the maximum interface trap states (Nfix )
need to be analyzed to evaluate the performance of the TFTs.
The field-effect mobility in the saturation region of drain
current and the threshold voltage can be extracted from a lin-
ear fitting to (Ids)“ 2—Vgs plot using the following relation (1):

cw
— HgarLi Vv _Vth)2 (1)

Ids 7L ( gs
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Table 1 A comparison of the

various electrical parameters of Transistor code ~ p , Vi I/l SS NSS Surface rough-
ZnO and IZO TFTs including (emV) (V) (Videcade) (10" ev~!em™)  ness RMS (nm)
lsaL;ffsce roughness of active Zn0 0082 1566 10° 324 11.52 16.45
1Z01 11.94 7.35 107 2.06 7.26 14.90
1203 12.90 7.27 10° 1.98 6.96 12.54
1205 10.13 6.33 10° 2.42 8.58 11.32
1Z010 9.39 319 10t 4.87 17.44 10.75
interface trap density between semiconductor/insulator and
w trap density of the bulk active layer [36]. The SS values and
Nrsnix for the transistors show a decrease from ZnO to IZO3
than an increase from 1Z03 to IZO10. A similar trend of
w variation in the SS values has been reported for the lith-
E w ium-doped ZnO transistor [37]. The increase in SS value
> was attributed to the excess carrier concentration after opti-
g M\\w mum doping, which deteriorated conductivity in the chan-
i 1ZO1 nel. In addition, the decrease in the SS value indicates that
the interface between the semiconductor and the insulator
Zno is improved [38]. The density and roughness of the active
layers are generally directly related to Ngfdx. The decreas-
. . . . . . . . . . ing of the roughness value reduces the number of carriers

30 32 34 36 38 40 42 44 46 48 50
2Theta(degree)

Fig.4 The X-ray diffraction analysis of the ZnO and 1ZO films

where V, is gate-source voltage, I is drain-source current,
C, is the gate capacitance per unit area, W is the width of
the channel, and L is the length of the channel. The electri-
cal performance of the transistors is influenced by the trap
density in the active layers and the channel/gate insulator
interface, which are dependent on the subthreshold swing
(SS) value [22]. The SS can be obtained from Eq. (2):

(@)

The interface trap density for the transistor can be
extracted from the following relation [35]:

ss _ [SSlog(e) | Ci
max_[ kT/q 1] (3)

q
where kT is the thermal energy and ¢ is the electronic
charge. The electrical parameters of transistors are shown
as graphically in Fig. 5b. In addition, as seen in Table 1, It
is clear that the electrical properties of IZO TFTs are very
sensitive to the concentration of In in ZnO active layers.
The SS value provides information about the total of the

@ Springer

to fall into the trap in defect sites [32]. Thus, an increase
in mobility can be obtained. Also, It is seen that the SS
and Nrsnix values are consistent with the trend of mobility
change. The I /I  switching ratio of transistors is a crucial
parameter, especially for active-matrix TFT applications.
It is important to have a sufficiently high conductivity in
the channel to obtain good drive currents. However, the
conductivity must be low enough to achieve a high on/off
ratio and pinch off [39, 40]. when the transfer character-
istics are examined, it is clearly seen that the off current
(I %) increases with increasing In doping. A high off cur-
rent is an indication of many mobile charge carriers (extra
electrons) in the active layer, which is due to the fact that
trivalent In acts as a donor in ZnO [25, 32]. As a result, IZO1
TFT showed the highest 7, /I ratio of ~ 107 in this study. It
was clear that Vy; decreased from 15.66 to 6.33 V as the In
concentration increased in ZnO. The decreasing Vy, is due
to the increased electron concentrations in the active layers
related to the continuously increasing In dopants. Also, the
mobility values of all doped transistors were higher than
undoped ZnO. The highest mobility value of 12.90 cm?/V,
was obtained from IZ03 and this value is 157 times higher
than the mobility of undoped ZnO transistor. Similar results
are observed by Kumar et al. [41] for spin-coated undoped
ZnO, In-doped ZnO, and Ag nanowires (AgNWs) embed-
ded indium-doped ZnO thin films. They have reported that
doping In and In with AgNWs to ZnO gave rise to increase
mobility and decrease the V;, and the SS values according
to undoped ZnO-based transistor. They expressed that the
improvement of these parameters referred to reduction of
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Fig.5 a Output characteristics of TFTs. b Typical drain current-gate voltage transfer characteristics of undoped and IZO TFTs (W/L=1000/50,
V4s=25 V), ¢ the obtained electrical characteristics of TFTs as a function of the In concentrations

hydroxyl groups and increase in charge carriers due to dop-
ing In and In-AgNWs. Zhu et al. [42] fabricated undoped
and In-doped ZnO horizontal nanorod array-based thin film
transistors. The field-effect mobility, Vi, and on/off values
of undoped ZnO and In-doped ZnO TFTs were obtained
as 1.06 cm® V™' s7',10.99 V, 10° and 26.3cm* V™' 57,
—-3.32V, 103, respectively. This variation was attributed
that the In doping could lead to an increase in the concen-
tration of oxygen vacancy and carrier density. Kim et al.
[25] reported the effect of Indium doping on the electrical
properties of ZnO-based TFT. The highest mobility of 5.22
cm? V™! s! and on/off rate of 4.54 x 10* were achieved from
60 pL Indium solution-doped ZnO TFT. Although the car-
rier concentration of thin films increased with In doping,
the conductivity of films increased to only 60 uL In-doped
film, then decreased. As an explanation of this case, they

stated that increasing scattering centers and microcracks in
the film structure led to this variation. This variation trend
was reflected to their mobility value of TFTs, similar to our
study. Also, they reported that V,, and SS values decreased
with increasing In doping. Similar results have been reported
by other researchers for In-doped ZnO-based TFTs [38, 43].
The highest mobility value for this study is higher than the
mobility of previously published ZnO-based TFTs [2, 5, 12,
22, 25, 32, 39, 44, 45]. For this purpose, in the literature,
the electrical parameters of In-doped ZnO-based TFTs pre-
viously published are listed in the Table 2 to make better
comparison. Considering the studies carried out in the lit-
erature, the improved ZnO-based TFT performance should
be evaluated with regard to increasing the carrier concen-
tration and the conductivity of the active layers due to In
doping [12, 22]. Also, a smoother surface of the IZO films
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Table 2 Electrical parameters

) Sample u Vi I /1 SS References

of Indlum-.doped ZnQ-based (cm?/Vs) ) (V/decade)

TFTs previously published
Ge:1Z0O/SiO, 0.25 0.2 1.7x 108 0.58 [2]
5%Hf:InZnO/SiO, 0.27 3.7 106 1.2 [5]
5%In:Zn0O/Si0, 0.14 8.4 9.5%x10° - [12]
In:ZnO(3:1)/Si0, 11.1 - 108 0.2 [22]
In(60 pL):ZnO/iongel 5.22 0.65 4.5%10* 0.16 [25]
In:Ga:Zn(5:1:2)/SiNx 1.25 -5.09 4.14x10° 1.05 [32]
SnInZnO/SiO, 3.12 32.5 1.8x10° - [39]
InZnO/AIO, 0.53 1.1 106 - [44]
~2.9%Mo:InZn0/SiO, 2.62 3.8 106 0.7 [45]
1Z03/Si0, 12.90 7.27 106 1.98 present

can support transport the charge, which ensures higher car-
rier mobility. However, it is observed that the mobility of
transistors first increases and then decreases with increasing
In doping. The highest mobility value (IZO3) indicates that
the In dopant in ZnO lattice has reached the optimum con-
centration for this study. The addition of further In doping
in ZnO can degrade the electrical performance of transis-
tors as dopants act as an impurity scattering center [25, 46].
Therefore, this degradation of mobility can be ascribed to
this additional carrier scattering. Of course, the increase in
the interface trap density after 3% In doping may have also
led to this degradation. These results indicate that optimized
doping concentration in metal oxide active layers can be
a very efficient way of enhancement device performance.
Similar results have been also observed in a few studies on
the fabrication of In-doped ZnO TFTs by sol-gel method in
the literature. In one of these studies, Zhang et al. [12] have
investigated the influence of low-concentration indium (In)
doping on ZnO TFTs. In this study, they obtained the highest
mobility value of 0.16 cm? V., for the 7% In-doped ZnO TFT.
Similarly, Choi et al. [23] deposited InZnO semiconductors
by sol—gel spin coating method to use as the active layers of
TFTs. They investigated the photo-response characteristics
of these TFTs. They achieved the highest mobility value
of 2.30 cm?/Vs from the TFT with the composition of the
Iy5Z sO + 1 ;Z, ;0 active layer in the dark state. Finally,
the mobility value obtained in this work is higher than those
fabricated by the same method.

4 Conclusion

In summary, the ZnO and IZO thin films were deposited
by sol-gel spin coating method to use as the active layers
of TFTs. Then, we examined the effect of In doping on
the morphological and structural characteristics of ZnO
thin films and the electrical performance of TFTs. XPS
analysis revealed that the incorporated indium in ZnO has

@ Springer

3+ oxidation state and showed us the atomic ratios of indium
in ZnO. The results of X-ray diffraction indicated that the
active layers were amorphous due to the absence of any
sharp peaks. The atomic force microscope (AFM) images
displayed that the roughness of the active layers decreased
with increasing In concentration. Depending on the increas-
ing indium doping concentration, the off current increased
while the V;, decreased. TFT performance was remarkably
enhanced with optimized In doping. The highest mobil-
ity value of 12.90 cm?/V, was obtained from 1ZO3. This
mobility value is 157 times higher than the mobility of the
undoped ZnO transistor. The performance enhancement of
TFTs was ascribed due to increasing the electron concen-
tration and the conductivity of the channel because of In
doping. Thus, we have indicated that the performance of
TFTs can be improved with optimized In concentration in
sol—gel-processed ZnO active layers.
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