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Abstract

A bottom gate staggered 30 nm Zn,_,,Sn,;O (x=0.14) (TZO)-based thin-film transistors (TFTs) were fabricated using
DC magnetron reactive sputtering method. Highly transparent 120 nm dc sputtered ZrO, was used as a gate dielectric. The
oxygen flow rate was varied from 20 to 24% during channel layer (TZO) coating and its effect on structural, morphological,
optical, chemical, and electrical parameters were systematically studied. A nano scale roughness was noticed by atomic force
microscopy (AFM), and ultra-smooth nature in root mean square roughness (RMS) was observed with an increment in the
oxygen flow ratio. The increase in the oxygen-related defects with increase in the oxygen flow ratio in channel layer was
evident from X-ray photoelectron spectroscopy (XPS). The electrical characterization of gate dielectric was carried out for
Al-ZrO,—Al structure. The high capacitance density ~ 121.9 nF/cm? for 120 nm ZrO, was obtained from the capacitance—
voltage (C—V) measurement. The fabricated TFTs operated in n-channel depletion mode and indicated pinch-off region at
lower source—drain voltages. In addition, the transfer characteristics of TFTs confirmed I, /I ; ratio of 10°, with a field effect
mobility of 23 cm?/V.s. This low temperature processed TFT unlocks the possibility of use in the next generation foldable

display technology.
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1 Introduction

Thin-film transistors (TFTs) have been extensively studied
in recent years by several researchers due to their poten-
tial applications in power electronics, display technology,
RFID integrated circuits, and other fields [1]. The selec-
tion of suitable ionic semiconductors is critical in achieving
desired device performance. The material properties such
as high carrier mobility and high optical transparency are
most crucial for achieving enhanced device performance.
In addition, materials that can be processed using low-tem-
perature synthesis techniques ensures scalability for large-
scale device fabrication [2]. Hoson et al. [3] created the first
breakthrough TFT in 2004 based on indium—gallium-zinc
oxide (IGZO), which were employed in display technology
and memory applications due to high electron mobility and
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low voltage consumption. However, the toxicity nature of
indium along with high material cost and elemental scarcity,
makes it imperative for finding other alternatives. Among
the possible replacements, such as ZnAlO, MgZnO, and
ZnSnO [4], ZnSnO is the most popular ones due to the low-
cost, non-toxic and earth-abundant nature. Recently, TFTs
fabricated with zinc—tin—oxide active channel layers have
been demonstrated to have excellent electrical performance
comparable to IGZO-based TFTs [5-7]. It is noteworthy that
for best performing TFTs, a gate oxide layer with a high
dielectric constant (k) is essential. However, the major-
ity of TFTs use SiO, as a gate dielectric material, which
has lower dielectric constant (k), requires a higher power
supply for operation and optically opaque. Recent trend in
display technology is active-matrix—organic light emitting
(AMOLED) panels which calls for transparent gate dielec-
tric layers with higher dielectric constant (k). Henceforth,
transparent dielectric layers that have high capacitance den-
sity with lower leakage current at significantly low thick-
nesses are gaining the attention [8—12]. High-k binary oxides
include Ta,O5 [13], Y,05 [14], TiO, [15], Al,04 [16], HfO,
[17], and ZrO, [18-22] etc., which are potential candidates
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for transparent gate dielectric layers in TFTs. Among these
binary oxide dielectric materials, ZrO, is notable for its high
dielectric constant (~ 16) and optical transparency (transmit-
tance > 85%), low processing temperature (<200 °C) and
significant thermal stability. In addition to these properties,
Zr0, also has a high band offset with prominent large band-
gap oxide semiconductors such as ZnO, SnO,, NiO, and
others used for TFT applications. Chiu et al. [23] worked on
IGZO-based TFTs, they observed current on—off ratio about
10°, and field effect mobility of 18 cm* Vs with a threshold
voltage of 1 V. Li et al. [24] observed current on—off ratio
about 10* and threshold voltage of 0.94 V in IZO-based
TFTs, likewise R. Navamathavan et al. [25] reported cur-
rent on—off ratio about 10° and field effect mobility of 34
cm?/Vs in ZnO-based TFTs. There have been many articles
on the production of pristine and doped ZnO thin films uti-
lising different deposition processes, such as pulsed laser
deposition [13], sputtering [14, 15], chemical vapour depo-
sition [16], sol-gel method [17], and so on. Among these
techniques we selected of reactive sputtering method in the
present work, because sputtering technique is industrially
recommended method for most device fabrications. Moreo-
ver, it possess main advantages, such as (i) low processing
growth temperature, (ii) good adherence to substrate, (iii)
high deposition rate, and (iv) improved control over scaling
to a vast area [26-29]. It is well-known that to synthesize
the gate dielectric layers, radio frequency (RF) sputtering
with ceramic targets has been the most popular technique
[30]. However, the method is not cost-effective and can be
replaced with direct current (DC) reactive magnetron sput-
tering, which also offers a higher deposition rate with better
film uniformity and the option of using metal targets, which
are significantly less expensive to produce than ceramic tar-
gets [2]. This work proposes respective novel aspects in the
field of thin-film transistors (TFTs). It explores Zn, _,Sn,,O
(x=0.14) (TZO)/ZrO, TFTs, employing ZrO, as a transpar-
ent gate dielectric layer. The impact of oxygen flow ratio
during TZO thin-film deposition on TFT performance is
examined. Moreover, the study substitutes ceramic targets
with metal targets in the fabrication process using direct cur-
rent (DC) reactive magnetron sputtering. These influences
offer new understandings and potential advancements in
TFT design, addressing issues related to material toxicity,
cost and scalability.

2 Experimental details
2.1 TFT fabrication
Zn_,)Sn,,O (TZO) and Zirconium oxide (ZrO,) thin

films were synthesized using direct current (DC) magne-
tron reactive sputtering on a glass substrate. A standard
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substrate cleaning procedure and can be found in elsewhere
[31]. To get a base vacuum of 9.8 X 10~* Pa the diffusion
pump was used, which was assisted by a rotary pump. High
pure (99.99%) metallic targets of Zn, Sn and Zr were used
for the coating. To control the flowrate of argon and oxy-
gen, individual mass flow controllers (ALICAT Scientific)
were used, and the working pressure was maintained about
0.9 Pa. For performing co sputtering of Zn and Sn, two inde-
pendent power supplies were used, and sputtering power
was fixed about 35W for Zn and 6W for Sn metallic tar-
gets. Similarly, for the deposition of ZrO,, the 100W power
was maintained for Zr metallic target. Initially to check the
leakage current and the capacitance of the dielectric mate-
rial (ZrO,) metal-insulator—metal (MIM) architecture was
constructed by sandwiching the ZrO, layer in between Alu-
minum (Al) electrodes. The top and bottom Al contacts of
ultra-thin 120 nm were thermally evaporated. Later to con-
struct the TFT device, patterned Al electrode were made on
glass substrate for gate contact by utilizing thermal evapo-
ration technique. On the top of these patterned gate elec-
trodes, the ZrO, having the thickness of 120 nm was coated
using DC magnetron reactive sputtering method. The O,/
(O, + Ar)x 100 flow ratio was maintained at about 15.38%
for ZrO, coating. Later the active channel layer magnetron
sputtered (TZO) was synthesized at different oxygen flow
ratios (i.e., at 20%, 22% and 24%) having the film thickness
of 30 nm. The samples are coded, respectively, as TZO-
20, TZ0O-22, and TZ0-24. Meanwhile, ex-situ thermal air-
annealing was performed at 100 °C for all the samples on
a hotplate for about 20 min. Finally, thermally evaporated
120 nm source and drain contacts were made on active chan-
nel layer. In this report all the fabricated TFTs were having a
fixed channel length of 30 um and width of about 1000 um.
The detailed process flow of the constructed TFT is shown
in Fig. 1a.

2.2 Characterization methods

The crystalline nature of TZO and ZrO, thin films was ana-
lyzed by glancing angle X-ray diffraction method (GXRD-
Rigaku smart lab) with the glancing angle of 0.5 degrees.
To find the elemental composition in the sample energy
dispersive spectroscopy (EDS) was used [EVOMA 18
with oxford EDS (X-act)]. The thickness of the thin-film
samples was measured by utilizing profilometer (Dektak
XT). The surface morphology of each layer was exam-
ined by atomic force microscope (AFM-Innova SPM). To
reveal the optical nature of the samples UV—visible dual
beam spectrophotometer (Shimadzu UV-1800) was used.
Chemical composition and oxidation states of the samples
were determined using X-ray photoelectron spectroscopy
(XPS) (AXIS 165 ULTRA DLD-Kartos, Analytical Limited
Instrument). The instrument equipped with monochromatic
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Fig. 1 Schematic of thin-film transistors (TFTs), a process flow of TFTs, b vertical view of TFT

Al K, = 1486.69¢V (X-ray) source having the small spot
capability of 15 microns. The vacuum before the measure-
ment was achieved ~ 10~ mbar. To avoid the broadening of
XPS spectra due to charging effect an electron flood gun
was used. The electrical characterization of MIM structure
and TFT devices were examined by Keithley 4200-SCS and
Keithley 2636 B source meter. All the devices were charac-
terized at room temperature condition.

3 Results and discussion
3.1 Structural analysis

Figure 2 shows glancing angle X-ray diffraction patterns of
both active channel layer (TZO) and dielectric layer (ZrO,).
In the XRD graph, the spectra corresponds to TZO synthe-
sized at various oxygen flow ratio exhibits a strong c-axis
orientation along (002) plane, which confirms that synthe-
sized film is highly crystallized with highly preferred hexag-
onal structure and it is confirmed by JCPDS (36-1451) [31].
The tetragonal nature of ZrO, was also noticed in accord-
ance with JCPDS (88-1007) [32]. To get the correlation of
the dependency of the oxygen flow ratio with crystallite size
using the Scherrer’s formula [33]:

_ 091
" Bcosd 1)

where A is the wavelength of the X-ray (Cu Ka=1.5406 A),
p is full-width half maximum (FWHM) of the diffraction
peak and 0 is known to be Bragg angle. The active layer TZO
grown on 20% oxygen flow ratio has exhibited average crys-
tallite sizes about 11.6 nm. The decrease in the crystallite
sizes to 6.4 nm and 6.3 nm were observed as oxygen flow ratio

Intensity(a.u.)

25 30 35 40 45 50 55 60 65 70 75 80
20 (degrees)

Fig.2 Glancing angle X-ray diffraction pattern of TZO synthesized
at 20%, 22% and 24% oxygen flow ratio, and ZrO, synthesized at
15.38% oxygen flow ratio

increased to 22% and 24%, respectively. This decrement in the
crystallite sizes may be due to kinetics of sputtered film. Dur-
ing sputtering process, there are two main factors that affect
the growth of the film, (i) bombardment of high energetic Ar*
ions, (ii) reaction and re-sputtering of oxygen atoms. In the
condition of low oxygen flow ratio bombardment of Ar* ions
are dominant, and due to the increment in the oxygen flow
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ratio, reaction rate increases compared to sputtering rate, and
it develops strain in the crystal matrix consequently leading to
reduction in crystallite size. To find the strain in the crystalline
matrix, the following formula was used:

e b _ B
Dsin0 tan0

@

where € is the developed strain, and g is the FWHM, 0 indi-
cates the Bragg diffraction angle. The minimum strain 5.3 X
10~ was observed in the TZO films grown on 20% oxygen
flow ratio. Similarly, the strains 11.8 X 10~ and 16.1 x 10
were observed for 22% and 24% oxygen flow ratio grown
film, respectively. Likewise, ZrO, layer exhibited crystallite
size of 7.7 nm with a lattice strain of about 3.5 x 107, There-
fore, these comparable sizes of crystallites of both active
and dielectric layers could be supportive to achieve efficient
thin-film device fabrication.

3.2 Surface morphology and compositional
analysis

To operate the device in low operating voltage, with
higher filed effect mobility smooth and defect free surface

'“oag;

(c)

is crucial. Figure 3a—c represents the 3D AFM images of
TZO samples prepared at different oxygen flow ratios.
The image exhibits that all the samples have surface as
homogenous, uniform, free from cracks and compact. The
measured AFM in 5 um X 5 um area reveals the root mean
square (RMS) roughness. The computed RMS value of
TZ0O-20, TZO-22 and TZO-24 are found to be 0.62 nm,
0.34 nm, and 0.32 nm, respectively. This decrement in the
RMS value of TZO film coated at different oxygen flow
ratios may be due to decrease in the deposition rate with
rise in the oxygen flow ratio, which gives sufficient time
for the adatoms to form an ultra-smooth surface. Similarly,
Fig. 3d represents the AFM image of ZrO, thin film, and
the measured RMS roughness was found to be 0.45 nm. To
find the Sn (at%) in the TZO samples and to check the dis-
tributional uniformity EDS with elemental mapping was
performed. Figures 4a, 5a show the EDS spectrum. The
observed cationic ratio (Sn/(Sn + Zn) = 0.145 for TZ0O-20
sample, and (Sn/(Sn + Zn) = 0.140) was noticed in TZO-
24 sample. Figures 4b—e, 5b—e represents the elemental
mapping of TZ0O-20, TZ0O-24 and which confirms the uni-
form distribution of constituent elements.

(b)
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~20
¥

o
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Fig.3 AFM 3D images. a TZO at 20% oxygen flow ratio, b TZO at 22% oxygen flow ratio, ¢ TZO at 24% oxygen flow ratio, d ZrO,
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Fig.4 EDS and elemental mapping of TZO-20. a EDS spectrum, b elemental mapping of carbon, ¢ oxygen, d zinc, e tin
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Fig.5 EDS and elemental mapping of TZO-24. a EDS spectrum, b elemental mapping of carbon, ¢ oxygen, d zinc, e tin

3.3 Optical property

Figure 6a represents the transmittance nature of the TZO
samples with the inset representing the transmittance spec-
trum of ZrO, thin films. TZO film exhibited a transmit-
tance of ~70% or above in the visible region. The die-
lectric layer has shown a transmittance of above 80% in
the measured wavelength. From Fig. 6a, the interference
fringes are evident in the spectrum, and it discloses that,
the synthesized thin films have long range uniformity. The
optical bandgap (E,) of TZO films coated at different oxy-
gen flow ratios was calculated by adopting standard Tauc
plot for direct transition [34], by considering the intercept
extrapolation line with x-axis in (othv)” versus hv graph,
as shown in Fig. 6b. The computed bandgap values are

3.42 eV, 3.40 eV and 3.30 eV for TZO-20, TZ0O-22, and
TZ0-24 samples, respectively. Similarly, the bandgap of
ZrO, was found to be 3.96 eV (inset, Fig. 6b). The decre-
ment in the bandgap with increase in the oxygen flow ratio
for active layer could be because of the strain development
in the crystal matrix. It is very important to select a gate
dielectric material having good band offset with active
channel layer to control the transport properties. By select-
ing proper band offset dielectric one can reduce the car-
rier injection into conduction and/or valence band of gate
dielectric. Herein, the band offset of dielectric material
with active channel layers were noted 0.54 eV, 0.56 eV and
0.66 eV for TZO-20, TZ0O-22, and TZO-24, respectively,
with ZrO,.
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Fig.6 Optical properties, a transmittance nature of TZO (inset: transmittance nature of ZrO,), b optical energy bandgap of TZO (inset: optical

energy bandgap of ZrO,)

3.4 Chemical analysis

To check the chemical composition of both the active and
dielectric layers XPS analyses were performed. XPS spec-
tra were analysed with Casa XPS software, and Ar+ion
etching was employed to remove surface impurities. For
further investigation, the Shirley type background was
applied to all the core spectra. In addition, the peaks were
deconvoluted by selecting mixed Gaussian—Lorentzian fit-
ting. Prior to measuring our samples, a calibration was per-
formed using Au, Ag, and Cu metal samples. The measured
binding energy peaks are located at 83.96 eV, 368.21 eV,
and 932.62 eV, respectively, and these values are well-
matched with literature [35]. According to the literature
[36, 37], the standard carbon Cls peak at 284.80 eV was
used for charge correction in this work for further analysis.
The small and distinct satellite peaks noticed at 285.43 eV
and 288.73 eV for TZ0-20, 285.71 eV and 288.81 eV for
TZ0O-24 corresponds to C—O-C and O-C=0, respectively,
as shown in Fig. 7a. Figure 7b shows Zn 2p core spectra
for TZO samples prepared at different oxygen flow ratios.
The sample TZO-20 represents peak doublets Zn2p;,,
Zn 2p,,, at 1021.48 eV and 1044.56 eV, correspondingly.
Similarly, TZO-24 sample exhibits spin—orbit doublets Zn
2p;/, and Zn 2p,, at 1021.34 eV and 1044.42 eV accord-
ingly. Likewise, Fig. 7c shows Sn 3d core spectra of TZO
samples. The sample TZO-20 characterises peak doublets
Sn 3ds;, at 486.40 eV, Sn3d;,, at 494.80 eV, 498.52 eV.
Moreover, TZO-24 sample exhibits spin—orbit doublets
Sn 3ds,, at 486.30 eV, Sn3d;,, at 494.72 eV, 498.34 Ev, as
presented in Fig. 7c. The binding energy centred at 486.40
for TZ0O-20 and 486.30 eV for TZO-24 samples desig-
nated that substitution of Sn** in the Zn>* sites [38]. The
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binding energy peak centred at 494.80 eV, 498.52 eV for
TZ0-20 and 494.72 eV, 498.34 eV for TZ0-24 in Sn 3d
spectra may be corresponds SnO, and Zn,SnO, phases,
respectively, as per the literature [39]. However, diffraction
peaks related to SnO, and Zn,SnO, are not observed in the
XRD analysis, so Sn doping can be interpreted as Sn ion
substitution at Zn sites in the ZnO matrix. Alternatively,
secondary phase formation appears to be very low in con-
tent and is thought to be lag behind the sensitivity of XRD
detection. The broad as well as asymmetric Ols peaks
were deconvoluted resulting in two distinct components in
the TZO samples prepared at different oxygen flow ratios.
Figure 7d displays Ols spectra of TZO samples, the lower
binding energy peak (O)) centred at 529.82 eV for TZO-20
and 529.55 eV for TZ0O-24, represents the oxygen atom
connected with metal (Zn, Sn) atoms [5, 6]. The higher
binding energy peak (Oy) centred at 531.64 eV for TZO-
20 and 531.41 eV for TZ0O-24 is related to oxygen ions
located at oxygen scarce regions inside the crystal matrix
[40, 41]. Detailed information on percentage concentra-
tion of each peak in the TZ0O-20 and TZO-24 samples are
mentioned in Table 1. The increase in the oxygen-related
defects (32.59-50.42%) was noticed for increased in the
oxygen flow ratio. It means that composition in the film
relatively changed with the oxygen flow ratio. The binding
energy of SnO and SnO, are smaller than that of ZnO, it is
infer that that oxygen atom can combine with Sn atom rel-
atively easier in comparison with that with Zn atom; how-
ever, increase in the oxygen flow ratio increases the oxygen
vacancies. The similar behaviour was observed by Chen
et al. [42] in ITO thin films. The deconvoluted Zn 2p spec-
tra (Fig. 7b) reveals that presence of Zinc interstitials (Zn;)
at 1023.23 eV and 1023.04 eV for TZO-20 and TZO-24
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samples, respectively, which decreases with respect to
increase in oxygen flow ratio, as mentioned in Table 1. In
general, Zn; and Vo defects (oxygen vacancies, Oy;) acts
as trap centres and shallow donors [41], the increment
in the oxygen-related defects could enhance the electrical
properties of n-channel TFTs. Figure 8a shows deconvo-
luted Cls spectra, which represents binding energy peaks
at 284.80 eV, 286.20 eV and 288.60 eV, that corresponds
to C-C, C-0O-C and O-C=0, respectively. Figure 8b rep-
resents the core spectra of Zr 3d, the strong spin—orbit
doublet peaks were observed at 180.00 eV (59.36%) for
Zr 3ds;, and 184.38 eV (40.64%) for Zr 3d;,,. Similarly,
the O1s spectra (Fig. 8c) of ZrO, indicates three different
peaks, the first peak (O;) at 529.72 eV (63.52%) related to

Binding energy (eV)

oxygen ions combined with metal cations in ZrO,, the sec-
ond peak (Oy) at 531.40 eV (34.35%) associated with oxy-
gen ions located at oxygen vacancy region. The last peak
(Oyyp) corresponds to binding energy 533.31 eV (2.13%)
represents the adsorbed water content on the surface of the
sample [43]. However, the oxygen-related defects in chan-
nel layer helps to improve the on-current, and the same
may be responsible for leakage current in the dielectric
material. Here, in this study, TZO-24 sample possess
oxygen-related defect at 531.41 eV (50.42%) and which
is comparatively higher than that of ZrO, at 531.40 eV
(34.35%). Hence, by this XPS analysis, we can expect the
minimum leakage current and maximum on-current in
Z10,/TZ0-24-based TFT.
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Table 1 XPS spectral peaks of TZO and corresponding atomic percentage concentration

O-1s

Sn-3d

Zn-2p

Sample

Conc. (%) 2p,p (eV) Conc. (%) 3ds, (eV) Conc. (%) 3ds, (eV) Conc. (%) O; (eV) Conc. (%) Oy (eV) Conc. (%)

2p;5, (eV)

36.17 529.82 67.41 531.64 32.59

494.80

32.66 486.40 44.90

1044.56

63.75

1021.46
1023.23
1021.33

TZO-20

18.93

34.92
2242

498.52

03.59

50.42

531.41

49.58

529.55

33.05 486.30 42.67 494.72

1044.42

62.60
02.75

TZO-24

498.34

1023.04

3.5 Metal-insulator-metal (MIM) studies

The selection of wide bandgap dielectric is essential to cre-
ate band offset with wide bandgap channel layer, which
avoids the carrier injection from gate dielectric to channel
layer. In this work large bandgap ZrO, films were chosen
as a gate dielectric. To study the leakage current density of
selected ZrO,, the MIM structure was constructed, using Al
electrodes. The variation in the current density with volt-
age is displayed in Fig. 9a. To avoid the charging effect, the
voltage sweep speed was fixed at 0.1 V/sec [44]. Almost
zero offset was noticed in both the curve measured at room
temperature and 100 °C. The curve exhibited less leakage
current densities in the range of 107 A/cm? between the
voltage range — 5 V to+5 V. Similarly, to find the capaci-
tance nature of the ZrO,, the capacitance—voltage (C-V)
measurement (Fig. 9b) was performed at different frequen-
cies for same MIM structure. The average capacitance den-
sity was extracted at 10 kHz, 100 kHz, and 1 MHz were
121.9 nF/cm?, 121.8 nF/cm? and 65.0 nF/cm?, respectively.
The dielectric constant of ZrO, was calculated by taking the
following equation [1]:

_Gd
k= A 3)

where C is known for capacitance, d indicates the ZrO,
thickness (120 nm), €, is permittivity of free space, and A is
known to be contact area (4.53 x 10~ cm?) of the top elec-
trodes. The estimated dielectric constants are 16.52, 16.51
and 8.81 for 10 kHz, 100 kHz, and 1 MHz, respectively. This
high dielectric feature considered to be important for excess
accumulation of charge carriers at dielectric/semiconductor
interface, which lowers the operating voltage of TFTs.

3.6 TFT characteristics

Output characteristics of TZO TFTs at various gate voltages
is displayed in Fig. 10a—c. All the devices have exhibited
n-channel field effect transistor behaviour and operates in
depletion mode. The device clearly indicates a saturation
(pinch-off) drain current I; at lower source—drain voltage
(V4. The channel resistivity was determined from the slope
at linear region at V,,=0 V. The estimated values are 28.30
Q-cm, 3.23 Q-cm and 0.054 Q-cm for TZ0O-20-, TZO-22-,
and TZO-24-related TFTs, respectively. All the fabricated
devices had shown high output current, and it was found
that the order of the current increased from pA to mA as a
function of oxygen flow ratio of channel layer. Figure 9d—f
indicates the transfer characteristics of TFTs computed at
drain—source voltage of 4 V. The source—drain current (/4)
is followed by the relation as follows [44]:
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where W, L are width and length of the channels, C; is the
oxide capacitance per unit area, g is the field effect mobil-
ity, Vy, Vr are gate—source voltage and threshold voltage,
respectively. The threshold voltage of the devices was
obtained from x-axis intercept in the I, versus Vs graph
(Fig. 10d—f). The threshold voltage and current on/off ratio
were estimated for all the devices and mentioned in Table 2.
The betterment in the current on/off ratio (10% to 10.%) with
increase in the oxygen flow ratio for channel layer, which
may be due to increase in the oxygen vacancies and good
band offset formation as demonstrated by XPS and opti-
cal study, respectively. The field effect mobility (pgg) was
derived at low bias of V4 (4 V) and is given by [45]

where L and W are length and width of the channel layer,
C, be the oxide capacitance per unit area, and Vg is the
drain voltage (4 V). The filed effect mobility was noticed
7.50% 10 cm*/V-s, 0.87 cm?/V-s and 23.31 cm?/V-s for
TZO-20-, TZO-22- and TZ0O-24-based TFTs. The increment
in the field effect mobility is ascribed to high quality inter-
face between ZrO, and TZO at higher oxygen flow rate of
channel layer because of reduction in the RMS roughness
in the TZO films as oxygen flow rate progresses [46]. The
subthreshold swing (SS) of the fabricated device can be cal-
culated using the formula [47]:
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Table 2 Electrical parameters of thin-film transistors

Devices  Threshold Currenton/  Field effect mobil-  Subthreshold swing Surface densi-  Trap densities Grain boundary
voltage (V) off ratio ity in p pg (cm*V.  (SS) in V/decade ties (Dyp) in N) (cm™) limited mobility p,,
inv I/ 5) cm™2 (cm?/V.s)

TZO-20 0.80 6.00x 10 7.50x 107 1.78 2.16x 10" 1.46x10%  8.71x10°%

TZO-22 1.87 7.85x10* 0.87 0.91 1.20x 10" 1.75%10"%  0.625

TZO-24 1.85 2.87x10° 2331 0.66 7.95%x 10" 2.11x10"”  76.24

dV progress in the oxygen flow ratio of the active channel layer

s = dlogl,) (6)  (TZO). The higher value of SS and Dy in case of low oxygen

S

In this work, the decrease in the SS from 1.78 V/decade
to 0.66 V/decade was obtained under the analysis as oxygen
flow ratio increased during the channel layer fabrication.
Furthermore, to find the surface density of states (Dyy) at the
interface of dielectric/semiconductor, the following formula
was used [1]:

_ [ SSlog(e) C;
pe= (St )4 @

where k is the Boltzmann’s constant, e is natural logarithm
base, and T indicates absolute temperature, SS is the sub-
threshold swing, C; is the capacitance of dielectric material
per unit area (121.9 nF/cmz). From Table 2, we can notice
that the computed trap densities found to be decreased as

@ Springer

flow rated channel layer TFT could be due to dangling bonds
presents at the interface between semiconductor—insulator
layers, these dangling bonds might be relaxed and formed
better interface as increment in the oxygen flow ratio while
channel layer coating [48]. We compared the performance
of our device with reported work, as mentioned in Table 3.

By analysing XRD results TZO is known to be polycrys-
talline in nature and found that Levinson’s plot is useful to
describes the grain boundary limited conduction [44]. Based
on this model I4, and V are at linear region is related as
below:

—q°N?t

w
Ids = p’gbvdsfcivgsexp W (8)
ivgs
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Table 3 Performance evaluation of ZnO-based thin-film transistors

Active layer Threshold voltage Current on/off ratio Subthreshold swing (SS) Field effect mobility in u  References
(Vyp) in V 1,/ in V/decade i (cm?/V. 5)
ZnO 1.2 NR 0.13 NR [20]
Zn0O 2.7 10° 0.5 NR [50]
Zn0O 0.1 107 0.06 ~37 [43]
Indium zinc oxide 3.22 10° 0.25 ~07 [51]
Zinc-tin—oxide -0.9 10° 0.25 ~04 [52]
Li-doped ZnO -1 10° NR ~32 [53]
Indium gallium zinc oxide 3.2 NR 0.56 ~28 [54]
Tin doped zinc oxide 1.85 10 0.66 ~23 This work

NR not reported

where NV, is the trap density at grain boundary, p, is mobil-
ity of carriers at the grain boundary, t is the thickness of the
active layer, € is the permittivity of active layer, C; be the
dielectric capacitance density, T is the absolute temperature.
By taking the slope of ln(%) versus 1/V plot, the trap

g

density (V¢) can be calculated, and py, can be extracted from
the intercept. The estimated trap densities are found to be in
the order of ~ 10'%/cm? for all the samples. Figure 11a—c dis-

plays the ln< %) versus 1/V,, plot, the computed values are
gs
mentioned in Table 2. The maximum p, (76.24 cm?/V. s)

was observed in the device TZO-24 (i.e., active layer TZO
coated at 24% of oxygen flow ratio). By comparing the field
effect mobility (pgg), the grain boundary mobility (py,) is
nearly three times larger, which depicts that grain boundary
traps plays vital role in the transport phenomena of TFTs.
From XRD analysis we noticed a slight decrement in the
crystallite size with increase in the oxygen flow rate for
channel layer coating. It leads to an increase in the grain
boundaries and affects the grain boundary limited mobility
(Kgp)- The computed trap density and p, values are good
agreement with the results obtained from literature [49].

4 Conclusions

In summary, we have examined the influence of oxygen to
argon flow ratio on the properties of co-sputtered TZO thin
films synthesized at room temperature. XRD analysis con-
firmed polycrystalline structure for both the dielectric and
active channel layers. AFM analysis showed that increas-
ing the oxygen flow ratio resulted in smoother TZO thin
films. Optical analysis revealed over 70% transmittance and
improved band offset for TZO and ZrO, thin films. XPS
analysis revealed an increase in oxygen-related defects and
a decrease in zinc interstitials with higher oxygen flow ratio
in the active channel. Low leakage current density (108 A/
cm?) and high dielectric constant (~ 16) was confirmed by
transport characteristics. The fabricated TFTs operated in
the n-channel depletion mode and exhibited good satura-
tion characteristics. Increasing the oxygen flow ratio from
20 to 24% in the channel resulted in a decrease in chan-
nel resistivity from 28.30 to 0.054 Q-cm. The device based
on the channel layer synthesized at 24% oxygen flow ratio
showed the lowest subthreshold swing of 0.66 V/decade and

-18.0 -15.0
( a) —TZ0-20 (b) —TZ20-22 ( C) —TZ0-24
-18.2 _ -12.01
-15.54
-18.4 _ -12.8-
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5197 & = sl 17.07
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= -19.0 |Sn|:::e 322125 77 -17.04  siope=11.75 g -144 Intercept = 06.69
- P ’ Intercept = 11.49
-19.24 -17.54 -15.24
-19.4 T T T T T T _|8‘0 T T - T T T -16.0 T T T T T T T
030 032 034 036 038 W40 042 036 039 042 045 048 051 030 033 0.36 039 0.42 045 0.48 0.51
lNgS(VJ) l/VgS(V-I) l/vgs(v-l)

Fig. 11 Levison plots, a TZO-20-based TFT, b TZO-22-based TFT, ¢ TZO-24-based TFT
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the highest I,,/I ; ratio of 10°. Overall, this work highlights
the potential of high-performance, transparent, low-voltage
thin-film transistors with low processing temperatures for
next-generation smart transparent flexible display applica-
tions in various electronic devices.
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