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Transparent capacitors based on nanolaminate Al,O3/TiO,/Al,03 with

H,0 and O; as oxidizers
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Transparent capacitors with nanolaminate Al,O3/TiO,/Al,03 (ATA) hybrid dielectrics have
been prepared on quartz glass by atomic layer deposition. The maximal capacitance density of
14fF/um? at 1kHz was obtained. Moreover, an ultralow leakage current density of 2.1 x 10"
Alem? at 1V was realized by using Os as the oxidizer. Fowler-Nordheim tunneling is the main
mechanism of the leakage current at high fields, while several conduction mechanisms coexist at
low fields. The AlZnO/ATA/AIZnO transparent capacitors exhibit an average optical transmittance
of more than 80% in the visible range, which serve as good candidates for integration in
transparent circuits. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872470]

In recent years, great progresses have been made in de-
velopment of transparent active matrix displays such as liq-
uid crystal displays (LCDs) or organic light emitting devices
(OLEDs)." In these circuits for displays, transparent thin film
capacitors play an important role such as storage capacitors
charging and discharging at the same frequency with thin
film transistors (TFTs),>” decoupling capacitors for micro-
processors, filter and analog capacitors working with other
electrical units to realize various logic functions.

Among various transparent electrodes, Al-doped ZnO
(AZO) is promising because AZO films have many advan-
tages such as low material cost, high chemical stability, high
conductivity, and high optical transmittance.*> Moreover,
they are easily fabricated by various deposition methods.
AZ0 films deposited by sputtering and pulsed laser deposi-
tion (PLD) methods have been used as electrodes in optoe-
lectronic devices such as OLEDs,%’ photovoltaic cells,??
TFTs,'" and transparent storage capacitors.'"'? However,
the sputtering and PLD have some drawbacks such as high
growth temperatures and physical damage to the film sur-
face. As electrodes for capacitors, surface should be smooth
enough to prevent electrons from accumulating in protuber-
ant parts. Atomic layer deposition (ALD) is an alternative to
grow high-quality AZO films.'*'* It employs a surface con-
trolled process to deposit thin films with atomic layer accu-
racy and offers many advantages such as in sifu control of
the film thickness and the impurity concentration. Moreover,
the films deposited by ALD usually have smooth surface
which are critical to make electrodes of capacitors.

In terms of dielectrics, many high-k materials have been
investigated including Al,Os3,"> HfO,,'®!” Zr0,,'® TiO,,""°
and various hybrid dielectric stacks.”'>® But there are few
reports about applications of these high-k dielectrics in trans-
parent capacitors because of the relatively high resistivity of
current transparent electrodes. In 2009, Xian and Yoon
reported a kind of transparent capacitors with Al 16Ing 003
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Zng o810 (AIZO) electrodes and a 200nm thick Bi;Mg; /3
Nby /307 (BMN) pyrochlore film as dielectrics deposited by
PLD, which showed a dielectric constant as high as 50-68.!"!
However, the dielectric layer is too thick and the thickness
cannot be accurately controlled by PLD, which limits its
applications in integrated circuits. Among various dielec-
trics, TiO, is an ideal alternative material because of its
transparency and a large dielectric constant of about 180 in
crystallized rutile phase.”* But the leakage current still
remains a problem due to its relatively small bandgap (ap-
proximate 3.1eV) and intrinsic n-type semiconductor prop-
erties. Many approaches have been adopted to suppress the
leakage current. Among them, Al,03/TiO,/Al,O3 (ATA)
laminate has been widely used because Al,O5 has a bandgap
of about 8.9eV and its excellent passivation properties usu-
ally lead to good interfacial qualities. In 2009, Woo et al.
fabricated ATA capacitors with a low leakage current den-
sity of about 5 x 10~ "? A/cm?®*® However, the electrodes of
Ti/TiN limit its applications in transparent electronics.

In this work, the entire structures of capacitors
(AZO/ATA/AZO) were in situ grown by ALD. The in situ
method can form interfaces of very high quality, which is
different from other methods that need post-annealing to
improve electrical properties. In addition, in situ ALD grown
method is promising to realize mass production and reduce
the cost significantly. H,O and O3 were used as oxidizers,
respectively, aiming to find which one can obtain better per-
formance. The leakage mechanisms of the devices were also
investigated.

As the bottom electrode, AZO films with a thickness of
about 155 nm were deposited on the quartz glass at 200 °C by
ALD (Beneq TFS-200). The AZO films were composed of 50
periods, and each period included 20 cycles of ZnO and 1
cycle of Al,Os. Diethyl zinc (DEZn) and deionized water
were used as precursors to deposit ZnO films with a growth
rate of 0.15 nm/cycle. Al,Oj3 films were grown using the pre-
cursors of trimethyl aluminum (TMA) and H,O with a
growth rate of 0.1 nm/cycle. Our previous work has reported
the optimized growth conditions of ZnO and Al 052627

© 2014 AIP Publishing LLC
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Afterward, a small part of AZO film was protected by kapton
tape to serve as the probe position during subsequent electri-
cal measurements. Then, Al,O3/TiO,/Al,05 thin films (with
the thickness of 3/20/3 nm and 5/20/5 nm, respectively) were
deposited. The Al,O5 dielectric films were prepared at 200 °C
with 30 and 50 cycles for the thicknesses of 3nm and 5 nm,
respectively. The detailed growing conditions were the same
as that of Al,O3; in growth of AZO films. Tetrakis-
dimethylamido titanium (TDMAT) and oxidizers (O; or
H,0) were used to grown TiO, at 125 °C. For H,O as the oxi-
dizer, the growth rate is about 0.05 nm/cycle and the films
were grown with 400 cycles. A typical ALD cycle consists of
2s of the TDMAT pulse time, followed by 10s of purge
time, then 200 ms of H,O pulse time, and 10 s of purge time.
For Oj as the oxidizer, the growth rate is about 0.04 nm/cycle
and the total cycles are 500. In each cycle, the TDMAT pulse
time is 2s, followed by 10s of purge time, then 1s of Oj
pulse time, and 10s of purge time. The average growth rates
of films above were estimated by measuring the thicknesses
of these films grown on silicon with specific cycles. The
thicknesses were measured using a spectroscopic ellipsometer
(J. A. Woollam alpha-SE). After that, another AZO films
(with a thickness of 200nm) were deposited as the top
electrode. In comparison, AZO/Al,0O; (20nm)/AZO and
AZO/TiO, (20nm)/AZO device structures were also fabri-
cated. Standard photolithography and wet etching process
were used to form capacitor areas. The final capacitors were
approximately 100 x 100 ,um2 in area. The capacitance den-
sity versus voltage (C-V) and leakage current density versus
voltage (/-V) characteristics were measured by using a semi-
conductor device analyzer (Agilent B1500A). The optical
transmittance was measured in a wavelength range of
300-800nm by using a UV-VIS-NIR spectrophotometer
(Varian Cary 5000).

Figure 1(a) shows the schematic diagram of transparent
capacitors. To investigate the transparent characteristics, op-
tical transmittance spectra of different device structures are
shown in Fig. 1(b). An average optical transmittance over
80% in visible range was observed, which is valuable for
storage capacitors in applications such as LCD, OLED, and
solar cells. As seen from the inset of Fig. 1(b), the pattern of
Wuhan University can be clearly observed through the trans-
parent device.

Figure 2(a) shows the C-V characteristics of the
AZO/Al,O5 (20nm)/AZO structure when the voltage was
varied from —2V to 2V. The capacitance density almost
keeps constant at 3.4 fF/um® from 1 to 100kHz, which

(a) 100} (b)
AZO patterns §_ 80}
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S ol —3/20/3 nm H,0
S g — 5/20/5 nm H,0|
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FIG. 1. (a) The schematic diagram of capacitors. (b) The optical transmit-

tance spectra of devices with different Al,O3/Ti0,/Al,O5 structures. The

inset of (b) is the photo image of capacitor device with the Chinese charac-
ters of “Wuhan University” on the background.

Appl. Phys. Lett. 104, 163503 (2014)

E

E (@) < « 1KHz < 10 i(b

E£38F 8 540 WH] . q0KHz | &

= - C—— L 100KHz| @

2 S > cAMHz [ 10

@360 £32 2

o O § 0603000306 [,

T T Voltage (V) o 10

S34 s

% X T "

= 10 o

3 — | & -

Q3.2 . . (&) . . . . "

S -1 0 1 -9 3 0 3 9
Voltage (V) Voltage (V)

FIG. 2. Electrical characteristics of AZO/Al,O3 (20 nm)/AZO capacitors. (a)
C-V results. (b) I-V results. The inset of (a) is the C-V results of AZO/TiO,
(20nm)/AZO measured at 1 MHz.

corresponds to a dielectric constant of 7.7. The inset of
Fig. 2(a) shows the C-V curve of AZO/TiO, (20nm)/AZO
structure measured at 1 MHz. As shown, the capacitance
density reached up to 32 fF/,um2 at 0V, corresponding to a
dielectric constant of about 72. However, the leakage current
is large (not shown). For Al,O5 dielectrics, the capacitance
density drops significantly when the frequency varies from
100 kHz to 1 MHz. The dielectric loss at high frequencies
could be attributed to the relatively high resistivity of AZO
(1.4 x 1073 Q cm). Figure 2(b) shows the /-V characteristics
from —7V to 7V. The ultralow leakage current density is
obtained, leading to very little dielectric loss at low frequen-
cies (almost 3.4 fF/um2 from 1kHz to 100 kHz). Therefore,
Al,Oj3 films demonstrate excellent insulating properties and
passivation abilities on AZO electrode. Along this line, a
combination of Al,O5; and TiO, can exploit the advantages
of both large dielectric constant of TiO, and excellent insu-
lating properties of Al,Os.

Figure 3 shows the C-V characteristics of the ATA
(3/20/3nm) and ATA (5/20/5nm) samples with O3 or H,O
as oxidizer, respectively. In the case of H,O as the oxidizer,
the capacitance density of ATA (3/20/3 nm) shows a maxi-
mal value of 14 fF/um” (¢, =41) at 1kHz and decreases to
11 fF/um? (¢, =32) as the frequency increases to 1 MHz.
However, the maximal capacitance density of ATA
(5/20/5nm) is reduced to 8.7 fF/um? (¢, =29) at 1kHz due
to the increase of Al,O; component. The frequency disper-
sion exists because of a relatively high leakage current den-
sity which are 9.6 x 107> A/em” for ATA (3/20/3 nm) and
2.7%x 1077 AJem?® for ATA (5/20/5nm) at 1V, as shown in
Fig. 4. To decrease the leakage current, H,O was replaced by
Os. This is better because Os is highly volatile and has stron-
ger oxidizing ability than H,0.?®% Particularly, in 2013,
Ramos et al. found that the reaction between titanium iso-
propoxide and O5 proceeds without intermediate surface
hydroxyl species by in situ Fourier transform infrared spec-
troscopy and X-ray photoelectron spectroscopy.30 Though
the precursor is different, TiO, films with less amount of ox-
ygen vacancies and hydroxyl residuals may be obtained by
using O3 as the oxidizer. As shown in Fig. 4, the leakage cur-
rent densities at 1V have been decreased to 1.1x 10°
A/em? for ATA (3/20/3nm) and 2.1 x 1072 A/cm? for ATA
(5/20/5 nm) due to the incorporation of Oz. For ATA struc-
tures using O3 as the oxidizer, the ultralow leakage current
yields a large reduction of frequency dispersion at low fre-
quencies (1 kHz—100 kHz) as shown in Figs. 3(c) and 3(d).
However, the capacitance densities are lower than that using
H,O as the oxidizer for the same ATA structures.
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The leakage current is proportional to the amount of defects
in ATA dielectrics. The defects have twofold influences on
the C-V properties. On the one hand, it can exacerbate the
dielectric loss at low frequencies. On the other hand, these
defects could provide inherent electric dipoles that can
respond to extra electric field frequencies. Thus, the ATA
structures with more defects (H,O as oxidizer) exhibit higher
capacitance density than that with fewer defects (O5; as
oxidizer).

It is important to understand the leakage mechanism
because the leakage current through dielectric films is usu-
ally unavoidable. To investigate the conduction mechanism
of the transparent capacitors, several models including
Schottky emission, Frenkel-Poole (F-P) emission, and
Fowler-Nordheim (F-N) tunneling31 are used. Taken the
AZO/A1,O3 (20nm)/AZO structure into consideration,
ohmic behavior is found to be dominant at a low field
(E<2.55 MV/cm), as shown in Fig. 5(a). However, the
slope reaches 31 at high fields, which satisfies neither ohmic
nor space-charge-limited-current (SCLC) mechanism. The
inset of Fig. 5(a) shows the relationship between In(J /E2)
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FIG. 4. [-V characteristics of ATA capacitors with different thicknesses and
oxidizers.

and the reciprocal of the electric field (E~1). When the field
is above 2.5 MV/cm, a linear relationship is observed, which
means that the conduction mechanism is governed by F-N
tunneling at high fields. As for ATA dielectrics, 3/20/3 nm
structures based on H,O and O; are studied. Schottky and
F-P emission models are widely applied to describe the leak-
age current of thin dielectric films at low or moderate electric
fields.*® If the conduction is governed by the Schottky emis-
sion at a constant temperature, the relationship of In(J) vs
E'/? should be linear. Similarly, In(J/E) vs E 172 should have
a linear relationship if the conduction is controlled by the
F-P emission. Fig. 5(b) shows the Schottky plots of the leak-
age current with In(J) ~ E'/?. The plots of both the ATA
structures are linear at low fields. And the fitted relative
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FIG. 5. (a) Ohmic plots of the leakage current of AZO/Al,O3 (20 nm)/AZO
structure. The inset of (a) is F-N tunneling plots. (b), (c), (d) corresponding
to Schottky, F-P emission, and F-N tunneling plots of ATA (3/20/3 nm)
structures, respectively.
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dielectric constants are 0.61 and 3.05 for ATA based on H,O
and Os, respectively. The values are not available compared
with the experimental data (32 and 18, respectively).
Fig. 5(c) shows the F-P plots with In(J/E) ~ E /2 The linear
relationships are observed at different sections of the whole
electric field range. But only the fitted dielectric constant of
12.6 may be available at very high frequencies (maybe sev-
eral MHz). Therefore, neither Schottky nor F-P models gov-
ern the leakage current. There should be several mechanisms
coexisting in the low fields. Figure 5(d) shows the relation-
ship between In(J /Ez) and E~'. It is obvious that ATA
(3/20/3 nm) structure using H,O as the oxidizer follows the
F-N tunneling when the field is above 0.21 MV/cm. F-N tun-
neling mechanism also happens when the field exceeds
0.38 MV/cm for ATA (3/20/3 nm) using Os as the oxidizer.

In ideal situation, there exists an Al,O3 barrier with 3 nm
thickness between AZO and TiO, films. For pure Al,Oj
(20nm) as dielectrics, the barrier height is so big that there
are almost no Schottky or F-P emissions happened in low
field range just as Fig. 5(a) shows. But in ATA (3/20/3 nm)
structures, Schottky and F-P emissions coexist in low field
range, which can be attributed to the relatively high concen-
tration of defects. It is probably related to oxygen vacancies
in TiO, films and interfacial defects between Al,O5 and TiO,
as well as interfacial states between electrode and dielectric
layer. For ATA using H,O as the oxidizer, there are more ox-
ygen vacancies and hydrogen ions in TiO, films. And the
overmuch oxygen vacancies can lead to more Ti*" diffusion
into Al,O3, which weakens the insulating of barriers and
increases the probabilities of tunneling. Hence, the F-N tun-
neling happens at a relatively lower field (£ > 0.21 MV/cm).
While for ATA (3/20/3 nm) using O3 as the oxidizer, reduc-
tion of oxygen vacancies and no hydroxides enhance the insu-
lating properties of TiO,. Hence, the F-N tunneling happens
at relatively high fields (£ > 0.38 MV/cm).

In conclusion, transparent capacitors have been fabricated
on quartz glass by ALD method. C-V measurements show a
maximal capacitance density of 14 fF/um? corresponding to a
dielectric constant of 41 at 1kHz. By introducing O3 as the
oxidizer, a very low leakage current density of 2.1 X 107°
A/em? at 1V was achieved. In addition, by analyzing different
leakage mechanisms, we conclude that F-N tunneling is the
main mechanism at high fields, while several conduction
mechanisms coexist at low fields. The AZO/ATA/AZO trans-
parent capacitors exhibit an average optical transmittance
over 80% in the visible range, which may serve as possible
candidates for integration in transparent circuits.
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