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High-Mobility ZnO Thin Film Transistors Based on
Solution-processed Hafnium Oxide Gate Dielectrics

Mazran Esro, George Vourlias, Christopher Somerton, William I. Milne,

and George Adamopoulos*

The properties of metal oxides with high dielectric constant (k) are being
extensively studied for use as gate dielectric alternatives to silicon dioxide
(SiO,). Despite their attractive properties, these high-k dielectrics are
usually manufactured using costly vacuum-based techniques. In that
respect, recent research has been focused on the development of alter-
native deposition methods based on solution-processable metal oxides.
Here, the application of the spray pyrolysis (SP) technique for processing
high-quality hafnium oxide (HfO,) gate dielectrics and their implemen-
tation in thin film transistors employing spray-coated zinc oxide (ZnO)
semiconducting channels are reported. The films are studied by means

of admittance spectroscopy, atomic force microscopy, X-ray diffraction,
UV-Visible absorption spectroscopy, FTIR, spectroscopic ellipsometry, and
field-effect measurements. Analyses reveal polycrystalline HfO, layers of
monoclinic structure that exhibit wide band gap (=5.7 eV), low roughness
(=0.8 nm), high dielectric constant (k = 18.8), and high breakdown voltage
(=2.7 MV/cm). Thin film transistors based on HfO,/ZnO stacks exhibit
excellent electron transport characteristics with low operating voltages

(=6 V), high on/off current modulation ratio (~107) and electron mobility in

1. Introduction

The high optical transparency and excel-
lent charge transport characteristics
combined with their excellent chemical
stability and mechanical tolerance make
metal oxides semiconductors attractive for
applications in large area optoelectronics
and particularly thin film transistors
(TFTs). Despite their short history, metal
oxide semiconductor based thin-film tran-
sistors! 3l have already been demonstrated
with high performance comparable to poly-
crystalline silicon.*>! Nevertheless, those
high-performance metal oxide-based TFTs
are usually manufactured using costly vac-
uum-based techniques.l®”] To address this
problem, recent research has been focused
on the development of TFTs using alterna-
tive deposition methods based on solution-
processed oxide semiconductors.®14
Along with the progress on solution-
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processed metal oxide semiconductors,
research towards solution processed gate
dielectrics based on high-k or electrolyte
dielectrics has also been boosted.[215-1]
However the vast majority of the reported work employs conven-
tional dielectrics based on SiO,. Amongst high-k dielectrics that
include a wide range of transition metals??*?! and rare earth?223l
metal oxides, hafnium oxide (HfO,) is one of the most extensively
studied material as a gate dielectric due to its high dielectric con-
stant and wide band gap. HfO, thin films can be grown using a
wide range of vacuum based deposition techniques namely the
atomic layer deposition (ALD),?*?] chemical vapor deposition
(CVD),262l magnetron sputtering,?63% pulsed laser deposition
(PLD)2*-32 and molecular beam epitaxy (MBE).}¥l HfO, films
deposition from solutions have also been reported.’*3”] How-
ever the preferred industrial scale methods are CVD and ALD.
In this report we demonstrate the deposition of HfO, gate
dielectrics using a simple and large area compatible technique
namely spray pyrolysis (SP). HfO, dielectrics were deposited
onto antimony-doped tin oxide coated glass, fused silica, KBr,
and c-Si substrates. The film properties were investigated using
a wide range of characterization techniques including UV-Vis
absorption spectroscopy, spectroscopic ellipsometry, admittance
spectroscopy, X-ray diffraction, AFM, and FTIR. TFT character-
istics were obtained from optimized bottom-gate, top-contact
transistor architecture employing spray coated HfO, gate die-
lectric and ZnO semiconducting channels.

Adv. Funct. Mater. 2015, 25, 134-141


http://doi.wiley.com/10.1002/adfm.201402684

el
Mo View'S
www.MaterialsViews.com

100

80

(9]
o

Transmittance T (%)
iy
o

N
o

1 n 1 n 1 n 1 n
500 1000 1500 2000 2500

Photon wavelength (nm)

www.afm-journal.de

n
o
T

=
a1
T

0.5

Absorption Coefficient (cm™) (x10°)
-
o

0.0 1 1 1 1 1
5.0 54 56 658 6.0

Photon Energy (eV)

6.2

Refractive index n

3 JUSIOI90D UONOUNXT

Energy (eV)

Figure 1. a) Transmittance T% of HfO, sprayed at 450 °C on fused silica substrates. b) The Tauc plot of the HfO, film. c) Refractive index and extinc-
tion coefficient of HfO, films spray coated at 450 °C on Si as derived from spectroscopic ellipsometry.

2. Results and Discussion

2.1. Optical Properties of HfO, Films

The UV-Vis transmission spectra of HfO, films grown on
fused silica substrates are shown in Figure 1la. The spectra
clearly demonstrate films of high optical transmittance. The
onset of the optical transitions of the HfO, films near the band
edge is illustrated in Figure 1b by the Tauc plot?*¥l that shows a
direct optical band gap of =5.7 eV.

Adv. Funct. Mater. 2015, 25, 134-141
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The optical properties of HfO, films were investigated inde-
pendently by ex situ UV-visible spectroscopic ellipsometry
within the range of photon energies from 1.5 to 6 eV. Para-
meterization of optical constants in the UV-visible range is
based on the fact that the energy dependent dielectric function
£(E) of a semiconductor can be expressed by the contributions of
band-to-band optical transitions that can be taken into account
by Lorentzian oscillators. For HfO, films, one Lorentz oscillator
was found to yield a good fit to the data. The use of one Lorentz
oscillator is also consistent with material's electronic structure
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Figure 2. a) Susceptance and conductance dispersions of HfO, MIM structures at the frequency range between 20 Hz and 10 MHz. b) Capacitance
and dissipation factor of spray coated =104 nm thick HfO, dielectric. ¢) Nyquist plot and equivalent circuit (inset) of HfO, MIM device.

and takes into account contributions from high energy band-
to-band transitions. The refractive index (n) and extinction coef-
ficient (k) dispersions are illustrated in Figure 1c. The derived
optical band gap was found to be of =5.7 eV consistent with
the value obtained from UV-Vis absorption spectroscopy. Addi-
tionally, the static dielectric constant (k) as well as the infinite
dielectric constant (€..) were found to be =18.5 and =3.9 respec-
tively. The latter value indicates a capacitance of =155 nF/cm?
and pinning factor S of =0.54.39-41]

2.2. HfO, Dielectric Properties and Leakage Currents

The current-voltage characteristics and dielectric properties
of HfO, films were assessed by employing a metal-insulator-
metal (MIM) device architecture. HfO, films of thickness
of =104 nm were sandwiched between SnO,:Sb and Au elec-
trodes (SnO,:Sb(180 nm)/HfO,(104 nm)/Au(50 nm)). The

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

susceptance (B) and conductance (G) spectra in the frequency
range between 20 Hz and 10 MHz are shown in Figure 2a. The
recorded capacitance C,,, dissipation factor (D), as well as the
Nyquist plots and equivalent circuit are illustrated in Figure 2b
and Figure 2c respectively.

The static dielectric constant k of =18.8 as extracted from
admittance spectroscopy was also found to be in good agree-
ment with the one that was extrapolated from spectroscopic
ellipsometry. Also, the geometric capacitance at 100 Hz
extracted from the Bode plot was found to be 151 nF/cm? in
very good agreement with the theoretical one derived from the
spectroscopic ellipsometry (assuming k = 18.5). The dissipation
factor that was found to be less than 0.01 at low frequencies
shows a resonance at about 8 MHz that may be attributed to
dipole relaxation at high frequencies. In addition, the equiva-
lent circuit (inset Figure 2c) derived from admittance spec-
troscopy data analysis show excellent capacitive properties
in terms of high shunt (=<1 GOhm) and low series resistance

Adv. Funct. Mater. 2015, 25, 134-141
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2.3. Structural Characterization of HfO,
} and SnO,:Sb/HfO,/ZnO Stacks

The microstructure of the spray coated
Sn0,:Sb gate electrodes, HfO, gate dielectric,
ZnO semiconducting channel and SnO,:Sb/
HfO,/Zn0O stack were investigated by X-ray
4 diffraction. The raw grazing incidence
(GIXRD) diffraction patterns are illustrated
in Figure 5. Prior to data analysis, the back-
ground, mainly due to the glass substrate
contribution, was subtracted using the Son-
0o/  nerveld method.P!! Peak positions were deter-
mined by fitting the diffraction pattern data
to a pseudo-Voight function. Basal spacings
were obtained using the Bragg equations.
The average crystallite sizes were determined
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Figure 3. a) Leakage current density and b) F-N plot of a =104 nm HfO, MIM device deposited

by SP.

(=25 Ohms). The current-density and electric field character-
istics of the same stacks (SnO,:Sb(180 nm)/HfO,(105 nm)/
Au(50 nm)) are shown in Figure 3a. As shown, the devices
exhibit very low leakage currents (<74 nA cm™ @ 6 V) with a
dielectric breakdown around 2.7 MV cm™..

Figure 3b shows the Fowler Nordheim (F-N) plots of the
same device. The linearity of the F-N plot over a wide J/F?
range demonstrates that the conduction is indeed determined
by F-N tunneling indicating an interface limited process.*>*

As mentioned before, one of the gate requirements is that
the oxide’s k value should be high enough,
preferably in the range between 25 and 30. 10

1/E (cm/MV)

1.2 1.4 using the Debye-Scherrer formula assuming

a shape factor of 0.9.

The relatively broad peaks of the HfO,
pattern on glass substrate indicate small crys-
tallite size. Analysis of the (111) diffraction
peak at =31.7° using the Debye—Scherrer for-
mula yields an average crystallite size of 8.27 nm. Based on the
pattern of the HfO, we may safely claim deposition of mono-
clinic HfO,, space group P2;/c (ICDD 43-1017 and 65-1142).
Spray coated HfO, films on KBr substrates were further investi-
gated by FTIR. Figure 6 illustrates the FTIR absorption spectra
between 625 cm™ and 825 cm ™.

The prominent phonon modes are observed at =685 cm™!
and =770 cm™. The feature at 685 cm™ (A, symmetry) is attrib-
uted to modes of both amorphous and monoclinic HfO,5% and
therefore doesn't provide any further phase identification. The

There is however a trade off with the band
offset condition (potential barrier at each
band must be over 1 eV in order to inhibit
conduction by the Schottky emission of elec-
trons or holes into the oxide bands),13% which 8+
requires a reasonably large band gap. It is
known that the static dielectric constant of
candidate oxides tends to vary inversely with
the band gap!***4 so for wide band gap semi-
conducting channels, such as ZnO, a rela-
tively low k value should be accepted. To note
however that even in the case of narrow band
gap semiconducting channels, a very large k
is unfavorable as it may cause undesirable
large fringing fields at the source and drain
electrodes.

Figure 4 summarizes the band gap and
static dielectric constant of a wide range
of candidate materials as gate dielectrics 2 !

Band gap (eV)

Sc,0,
Si3N4 LuO A

N\ Cao LaAIO,

ZrSiO Gd 0, Zr o2 HfO, Gd%c0,
HfSiO HfO /

SrZrO4
A0, zro AA . LaLuO,

8@ . O a- LaA
2731 a a,0, \\f/‘ BazrO,
~ DyScO, Nb.O
SrO / Tazo5O BaO ® ~ 275

Dy,O, ~

grown by a wide range of deposition tech- 0

niques.*>#%  Figure 4 clearly demon-
strates universal dielectric constant-band
gap correlation of both vacuum and solution
processed gate dielectrics.
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Figure 4. Static dielectric constant vs band gap for gate dielectric oxides grown by a wide range
deposition methods. Colored (online) data points correspond to spray coated gate dielectrics.
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Figure 5. GIXRD patterns of SnO,:Sb, HfO, and ZnO and stack depos-
ited by SP on glass substrates. Indexing of the patterns is based on
tetragonal P4,/mnm SnO,, monoclinic P2;/c HfO, and hexagonal
P6;mc ZnO.

band at =770 cm™ (A, symmetry) however can be attributed
to a characteristic phonon mode of monoclinic HfO, further
confirming the monoclinic phase of our spray coated HfO,
films.[>3-5%]

Similarly for the spray coated gate electrode, the analysis
of the X-ray diffraction patterns revealed that the SnO,:Sb
films are one of the pure crystalline tetragonal rutile phase
of tin oxide (ICDD41-1445 and 88-0287) of the space group
P4,/mnm. No obvious peaks from other antimony oxide
phases such as Sb,05 or Sb,0; were detected. From the XRD
patterns it is seen that the SnO,:Sb films show a preferential
growth along the (200) orientation. Further indexing of the
XRD patters yield an average crystal size of =20.98 nm and
lattice parameters a and ¢ of =5.245 A and =3.056 A respec-
tively. As previously reported, spraying of the Zn containing
precursor solution at temperatures of =400 °C yields polycrys-
talline ZnO films as also illustrated in Figure 5. The average
crystal size of the hexagonal ZnO (space group P6;mc) as
determined from the (002) reflection (ICDD 36-1451 and
65-0523), found to be =20.3 nm in excellent agreement with
previous reports(®® and also exhibit a propensity for growth
along the (002) direction.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. FTIR spectra in the region between 625 cm™' and 825 cm™ of
HfO, films deposited by spray pyrolysis on KBr substrates. The feature at
=770 cm™ further confirms the monoclinic phase of spray coated HfO,.

2.4. Surface Properties of SnO,:Sb and
Sn0O,:Sb/HfO,/ZnO Stacks

The surface morphologies of SnO,:Sb, HfO,, and ZnO films
were investigated by atomic force microscopy (AFM). Topo-
graphy images of each individual layer are depicted in Figure 7
and clearly illustrate films of low roughness.

The images presented are the raw images after they have
been simply flattened out. Further image processing (e.g., for
tip dilation) was omitted as it showed no effect on the image
quality. The films’ surface roughness was calculated in terms
of root-mean-square and found to be =5.0 nm for SnO,:Sb
considerably higher than those of HfO, dielectric (=0.8 nm)
and ZnO semiconducting channel (=1.7 nm). The obvious
differences in the grain size (qualitatively consistent with the
XRD measurements) indicate for the HfO, dielectrics that
surface morphology is being dominated by the deposition
process itself rather than the underlying morphology of the
Sn0O,:Sb layer. Such low surface roughness providing a good
interface between the HfO, and ZnO is promising for the
implementation of spray coated films into thin film transistor
devices.

Adv. Funct. Mater. 2015, 25, 134-141
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Figure 7. AFM and topography images (and RMS roughness inset) of SnO,:Sb deposited on
glass, HfO, on glass/SnO,:Sb and ZnO on glass/SnO,:Sb/HfO, substrates.

2.5. ZnO-based Thin Film Transistors Employing HfO, Gate
Dielectrics

The performance of HfO, films as gate dielectrics was investi-
gated in a bottom-gate, top-contact (BG-TC) TFT architecture
(inset, Figure 8a) employing ZnO as then-channel semicon-
ductor. HfO, was deposited by spray pyrolysis (at =400 °C)
onto spray pyrolysis-grown SnO,:Sb electrodes followed by the
sequential deposition of ZnO, also by spray pyrolysis under
ambient conditions. Device fabrication was completed with the
deposition of Al source and drain (S/D) electrodes by thermal
evaporation under high vacuum (107”7 mbar). Figure 8 shows
a representative set of transfer and output characteristics
obtained from a ZnO TFT (L = 20 pm, W = 2000 pm) based
on a =100 nm thick HfO, high-k dielectric. The device exhibits
excellent operating characteristics with negligible hysteresis,
low voltage operation, high current on/off ratio in excess of 10
and maximum electron mobility of approximately 42 cm? V1571,
This value is considerably increased compared with the ones
obtained from spray coated pristine ZnO-based TFTs employing

www.afm-journal.de

Zr0,, Y,0;, and Al,0O; gate dielectrics or
spray coated pristine ZnO grown on thermal
Sioz_[8,9,17,18]

Given the similarity of the deposition
process and device manufacturing we may
attribute this electron mobility increase to the
improved interface in terms of lattice match
between the HfO, dielectric and ZnO semi-
conductor, however in this report, we are
unable to provide evidence in support of our
assumption.

An important yield metric for SP pro-
cessed TFTs, is the device manufacturing
reproducibility. Figure 9 illustrates the histo-
grams of the mobility and threshold voltage
of ZnO-based TFTs employing HfO, gate dielectrics layers
manufactured under the same conditions onto SnO,:Sb and
refer to the data obtained from TFTs with W = 2000 pm and
L =20 pm.

Another important aspect is related to the device’s transpar-
ency. The overall transmittance of the TFT’s channel, i.e., glass/
Sn0,:Sb/Hf0,/Zn0 stack is depicted in Figure 10. The average
transmission in the visible range (400-700 nm) was found to
be of =80%.

3. Conclusions

We have demonstrated solution processed HfO, dielectrics
over a large area under ambient conditions at moderate tem-
peratures (=400 °C) and their implementation in ZnO-based
transistors also employing spray coated SnO,:Sb gate elec-
trodes. The physical properties of HfO, films were investigated
using a wide range of characterization techniques that revealed
smooth HfO, films of monoclinic structure, wide band gap,
high-k, high transparency and low leakage
currents. The ZnO-based TFTs that were also

10 80
L=20um  Vy=0.25,5V L=20 um
5[ W=2000 ym W= 2000 pm
10°F 70
p=42 (cm/Vs) Ve=0-6V
104 EVa=2V 4 Step:0.4 V
/ 60
10°
50 g
€ 10° T
2 40 3 §,
- -7 S 1)
10 5 8
30 %% 2
10° ~
20

ZnO (~40 nm)

]
1
!
1
!
1

manufactured from solutions on top of HfO,
layers showed excellent characteristics, that
is, electron mobilities in excess of 40 cm?/Vs,
negligible hysteresis, and high on/off current
ratios. The devices (after thermal annealing
at 100 °C at ambient conditions) showed
excellent air and constant bias stress stability
(data not shown). In addition, the high repro-
ducibility that was demonstrated indicates
the potential for the rapid development of
transparent oxide electronics from solutions
at low manufacturing cost.

4. Experimental Section

107 | 10
Glass
10™ L 0 0
0 2 4 6 0 1 2
Vs (V) v

Figure 8. a) Linear (Vps=0.25 V) and saturated (Vps =5 V) transfer characteristics of bottom-
gate, top-contact (inset: architecture employed) TFTs with channel width W = 2000 pm and
channel length L =20 pm, fabricated with spray coated ZnO films on a 151 nF/cm? HfO, dielec-
tric by SP. b) Output characteristics of ZnO TFT employing SP deposited HfO, gate dielectric.
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SnO4:Sb, HfO, and ZnO Deposition by Spray
V) Pyrolysis: A 20 mg/mL precursor solution of
tin chloride (SnCl;) and 5 mg/mL of antimony
chloride (SbCl;) was prepared in methanol. Sb
doping ([Sb*?]/[Sn**+ Sb*3]: 29%) was achieved by
blending the tin chloride solution with the desired
quantity of the antimony chloride solution. Corning

wileyonlinelibrary.com
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was repeated until films of typical thicknesses of
180 nm were obtained. Similarly, aerosols of a
40 mg/mL hafnium chloride (HfCl;) solution in

(- 1737 glass substrates were kept at 380 °C on a
" hotplate, while aerosols of the blend were sprayed
A 12 sporadically onto Corning 1737 glass employing a
E (x0.2) V <p>=42 (+1.4) cm?/Vs pneumatic airbrush, held at a vertical distance of

7 about 30 cm. After a period of 10 s, the spraying
- | %/% process was interrupted for 30 s to allow for the
5 /é vapors to settle onto the sample before the cycle
M

=

L

7 7 7 i —7
VEm | E e e

38 39 40 41 42 43 44 45 46 HfO2(100 nm)/ZnO(40 nm) stacks. Device

.

16 18 - 5 characterization was performed under high
Threshold Voltage (V) Electron mobility u (cm/Vs) vacuum (10 mbar), at room temperature.

Electrical measurements were carried out using
Figure 9. Histograms of a) the mobility and b) threshold voltage of ZnO-based TFTs employing 5, Agilent B1500A semiconductor parameter

HfO, gate dielectrics that were manufactured under the same conditions onto SnO;:Sb. The  4nalyzer. Electron mobility was extracted from the
data and refer to the data obtained from TFTs with W = 2000 pm and L = 20 pm. transfer curves in both the linear and saturation

é é V// methanol and eothanol (1:2) were sequentially spray
g \ g %% Finly the 210 sermconducing channel e
S N k) ° // spray coated on glass/SnO,:Sb/HfO, (=100 nm)
o) \\x o /% sfacli/s (kept at 400g°C) from §2 mg/mlz_ zinc acetate
Q NN Q / / PR .
: \\EE - GG i
=z \\\\\\ \ z 3 %% ypTFTs Fabrication/Characterizqtion: ' Bottom
NN %% Fircated. Ao (A ounce and drsn (510)
\\ \ . %% electrodes (50 nm) were thermally evaporated
2.

regime using the gradual channel approximation.
The devices were thermally annealed at 100 °C in air for 30 min prior

the characterization.
100 Impedance  Spectroscopy: Impedance spectroscopy measurements
Glass/SnO :Sbh/HfO /ZnO on MIM devices (glass/SnO,:Sb/HfO,/Au) were performed using a
2 2 Wayne Kerr 6550B Precision Impedance Analyzer at frequencies between
20 Hz and 10 MHz applying a 25 mV AC voltage. The Au electrodes were
thermally evaporated on HfO, under high vacuum (10~ mbar) through

a shadow mask.

Atomic Force Microscopy: Atomic force microscopy images were taken
in tapping mode under ambient conditions using a Veeco Dimension
3100 SPM system using a silicon tip of a radius < 10 nm.

Sheet Resistivity: The sheet resistivity of glass/SnO, was measured
applying the Four-terminal sensing technique using a Jandel Multi Height
Probe system with an Agilent B1500A semiconductor parameter analyzer.

X-Ray Diffraction: Grazing Incidence XRD (GIXRD) experiments were
performed using a Rigaku Ultima* diffractometer with CuK, radiation
operating at 40 kV.

UV-Vis Absorption Spectroscopy: Optical transmission spectra of HfO,
on quartz and stacks on glass substrates were measured at wavelengths
between 175 nm and 2500 nm using an Agilent Cary 5000 spectrometer.

FTIR: The FTIR measurements of ZnO films on potassium bromide
(KBr) substrates were conducted in transmission mode using a Perkin
Elmer system 2000 Fourier transform spectrophotometer at the spectral
ranges from 4000-370 cm™" at a spectral resolution of 1 cm™.

Spectroscopic  Ellipsometry: SE measurements of HfO, films on
intrinsic c-Si were performed in ambient conditions at an incidence
angle of 70° using a Jobin—Yvon UVISEL phase modulated system at the
spectral range between 1.5 eV and 6 eV.
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