
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
/1

1/
20

26
 1

2:
33

:5
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tunable high-k Z
Department of Chemistry and Biochemistry,

Oregon, Eugene, OR 97403, USA. E-mail: cp

† Electronic supplementary information
infrared (FTIR) spectra, X-ray reectivity
thicknesses and densities from XRR
dispersion data. See DOI: 10.1039/c7ra083

Cite this: RSC Adv., 2017, 7, 39147

Received 29th July 2017
Accepted 31st July 2017

DOI: 10.1039/c7ra08362a

rsc.li/rsc-advances

This journal is © The Royal Society of C
rxAl1�xOy thin film dielectrics from
all-inorganic aqueous precursor solutions†

K. N. Woods, E. C. Waddington, C. A. Crump, E. A. Bryan, T. S. Gleckler, M. R. Nellist,
B. A. Duell, D. P. Nguyen, S. W. Boettcher and C. J. Page *

Zirconium oxide has received considerable attention as a dielectric component for microelectronic

applications. However, crystallization at relatively low temperatures results in the formation of grain

boundaries and high leakage current densities. Doping ZrOy with Al is known to suppress crystallization,

but the effects of Al incorporation on dielectric properties has not been investigated over the complete

range of Zr : Al compositions in ZrxAl1�xOy (ZAO). Herein, we report an aqueous, all-inorganic route to

amorphous high-k ZAO thin film dielectrics with varying Zr : Al composition. ZAO thin films were spin-

cast and annealed at temperatures between 200 and 600 �C to produce dense, uniform, and smooth

films with sub-nm roughness. In general, Zr-rich films had higher dielectric constants, ranging from 18.6

for pure ZrOy to 5.4 for pure AlOy (1 kHz), while Al-rich films had lower leakage current densities. Of the

compositions studied, Zr0.75Al0.25Oy films displayed the optimal balance of dielectric properties and low

leakage current densities, making them promising candidates for microelectronic devices.
Introduction

Metal oxide thin lms function as critical components in
a number of technological applications, including as gate
dielectrics in transistors.1,2 For these applications, amorphous
high-k materials are desirable for lowering power consumption
and decreasing leakage current through the dielectric layer.3

Zirconium oxide (ZrOy)4–14 and aluminum oxide (AlOy)15–33 are two
high-k materials that have been investigated as alternatives to
SiO2 gate dielectrics. ZrOy has a high dielectric constant (�25) but
is incompatible with the processing temperatures required for
integrated circuit manufacturing.3 This stems from an inherently
low crystallization temperature (<500 �C), which leads to grain
boundaries and undesirable leakage currents.34 Additionally,
facile diffusion of oxygen through ZrOy at elevated temperatures
can result in uncontrolled interfacial growth at ZrO2–Si inter-
faces.3 Although AlOy has a lower dielectric constant (�10), it
remains amorphous until much higher temperatures (�800 �C)
and exhibits high thermodynamic stability on Si.3

Previous reports of high-k zirconium aluminum oxide
(ZrAlOy, ZAO) thin lm dielectrics indicate that Al incorporation
can effectively suppress the crystallization of ZrOy.35–42 These
reports utilized both vapor phase deposition routes (pulsed
laser deposition35,36 and atomic layer deposition37,38) and
Materials Science Institute, University of
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solution deposition routes (spray pyrolysis39,40 and sol–gel41,42).
Solution deposition routes are attractive because they generally
employ inexpensive precursors and equipment, allow for facile
variation of metal composition, and offer the promise of low-
temperature processing.43,44 However, the previously reported
solution deposition routes to ZAO lms make use of organic
ligands and solvents, which are oen difficult to remove and
can result in carbon impurities that can adversely affect
dielectric properties.45,46 Only one previous study has investi-
gated the effects of Zr : Al composition on dielectric properties.
This study examined a limited composition range using
a pyrosol method, but the authors were unable to establish
a relationship between composition and dielectric properties.39

Herein, we report an all-inorganic aqueous solution deposi-
tion route to ZrxAl1�xOy (ZAO, 0# x# 1) thin lms. This route is
distinct from the previously employed solution deposition routes
in that no organic ligands or additives are employed. This all-
inorganic aqueous synthetic approach has previously produced
dense, ultra-smooth metal oxide dielectric lms with a variety of
metal components.34,47–57 Aqueous solution deposition allows for
precise control of lm composition through the facile manipu-
lation of precursor stoichiometry,58 which we exploit to investi-
gate a complete range of Zr : Al compositions. The ZAO lms
prepared via this aqueous route are smooth, dense, and defect-
free. Films annealed at temperatures #500 �C are amorphous
when the Al content is$10%. Device testing of ZAO-basedmetal-
insulator-semiconductor (MIS) capacitors shows that the dielec-
tric and leakage current density characteristics can be systemat-
ically tuned by varying the Zr : Al composition. The facile control
of lm composition and corresponding electrical properties
RSC Adv., 2017, 7, 39147–39152 | 39147
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make ZAO lms promising functional components for micro-
electronic applications.

Experimental
Precursor solution preparation

A 1.0 M Zr stock solution was prepared by adding
ZrO(NO3)2$xH2O (Sigma Aldrich, 99%) to 18.2 MU cm Millipore
H2O heated to �70 �C. The solution was stirred vigorously for
1 h at this temperature, then stirred overnight at RT to produce
a stable solution. A separate 1.0 M Al stock solution was
prepared by dissolving Al(NO3)3$9H2O (Alfa Aesar, 98.0–102.0%)
in 18.2 MU cm H2O at RT and stirring vigorously for 1 h. Mixed
ratio precursor solutions were prepared from the 1.0 M stock
solutions for a range of Zr : Al ratios. The total metal concen-
tration for all Zr : Al ratios was 1.0 M, and all solutions were
ltered through a 0.45 mm PTFE syringe lter.

Thin lm preparation

Si substrates (2� 2 cm2 squares) were sonicated in 5% Contrad-
70 solution (Decon Laboratories) at RT for 1 h followed by
rinsing with 18.2 MU cm H2O. Precursor solutions were
deposited onto treated Si substrates through 0.2 mmPTFE lters
and then spun at 3000 rpm for 30 s. For samples annealed at or
below 500 �C, samples were immediately transferred to a hot-
plate at 50 �C. Samples were then ramped to 200, 300, 400, or
500 �C (12.5 �C min�1) and held for 1 h. Stacked, two-coat lms
(used for FTIR, SEM, and impedance measurements) were
annealed to 200, 300, 400, or 500 �C for 10 min between coats
with a nal anneal at the desired temperature for 1 h. The
maximum temperature that the hotplates could achieve was
500 �C. Therefore, samples with a nal annealing temperature
>500 �C were rst ramped to 500 �C for 10 min on a hotplate (for
each layer), cooled to RT, and then transferred to a box furnace,
which was then ramped to the desired nal annealing temper-
ature and held for 1 h.

In the case of Al-rich ZAO lms (ZrxAl1�xOy where x # 0.15),
sonicated Si substrates were also subjected to a 10 min O2/N2

plasma etch using a PE-50 Benchtop Plasma Cleaner (Plasma
Etch, Inc.) set to maximum power, followed by rinsing with 18.2
MU cm H2O. Following deposition, these Al-rich samples were
transferred to hotplates preheated to 150 �C instead of 50 �C.
These modications were necessary to ensure good substrate
wettability and to prepare high-quality, Al-rich ZAO lms. All
other annealing parameters (ramp rate, nal annealing time)
were kept the same.

Precursor solution characterization

Bulk powders were prepared for thermogravimetric analysis
(TGA) from 1.0 M precursor solutions that were dried at 50 �C
for 12 h. TGA was done using a TA Instruments Q500A with
a ramp rate of 5 �C min�1 under an N2 atmosphere.

Thin lm characterization

Fourier transform infrared (FTIR) spectra were collected using
a Nicolet 6700 spectrometer in transmission mode. Samples
39148 | RSC Adv., 2017, 7, 39147–39152
were deposited on lightly doped double-sided polished p-type Si
substrates and background subtraction was done using a spec-
trum collected from a blank Si substrate (heated to match the
thermal processing of each measured sample).

X-ray reectivity (XRR) and grazing incidence X-ray diffrac-
tion (GIXRD) measurements were performed using a Rigaku
SmartLab diffractometer with a Cu Ka radiation source (40 kV,
44 mA). XRR data were modeled using BedeREFS v4.00 soware
package,59 and lm thickness and density were extracted from
best t models (see ESI†).

Atomic force microscopy (AFM) images were collected using
a Dimension ICON AFM (Bruker, USA) in tapping mode. Stan-
dard tapping mode probes were used (42 N m�1, 320 kHz).
Images were collected at a scan rate of 1 Hz with 384 lines and
384 measurements per line. Image processing was performed
using NanoScope Analysis 1.50 soware, and a rst order at-
tening compensated for any sample tilt in each image.

Cross-sectional scanning electron microscopy (SEM) was
done using a FEI Helios Dual Beam FIB (5.0 keV accelerating
voltage, 86 pA current, immersion mode). Samples were coated
with thermally evaporated Al prior to imaging to prevent
charging effects.60
MIS device fabrication and testing

Metal-insulator-semiconductor (MIS) devices were prepared by
thermally evaporating Al top contacts (0.013 cm2, 100 nm thick)
onto ZAO lms deposited on degenerately-doped n-type Si
substrates (<0.005 U cm). Electrical contact to the Si substrate
was achieved by physically scratching the lm with a scribe and
applying an In/Ga eutectic. Impedance measurements were
taken using an Agilent 4284A Precision LCR meter at 0.1, 1, and
10 kHz with 500 mV oscillation amplitude. Batch-to-batch
variations were evaluated by making three separate samples
per annealing temperature and measuring impedance of ve
MIS devices per sample. A Keithley 2400 SourceMeter (0.2 V
steps, 0.2 s delay) was used for current density–electric eld (J–
E) characterization. All MIS device testing was performed in
ambient atmosphere in a dark environment.
Results and discussion

The decomposition of bulk precursor powders to the corre-
sponding oxides was investigated by TGA (Fig. 1). Mass loss
events can be related to the elimination of water and nitrate
counterions from the bulk precursor powders (Fig. 1a). The
temperatures at which signicant mass loss occurs can be
better visualized by examining the mass loss derivatives
(Fig. 1b). In the case of the ZrOy precursor, gradual mass loss is
observed between 50 and 150 �C (predominately water loss)
followed by two large mass loss events between 150 �C and
250 �C (predominantly nitrate loss). Above 250 �C there is
gradual mass loss (further water and nitrate loss) until �500 �C
when nal densication and crystallization occurs. In contrast,
the AlOy precursor fully condenses and densies at a much
lower temperature, and mass loss appears to be complete by
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Mass loss percent and (b) derivative of mass loss (absolute
values) as a function of annealing temperature for bulk ZAO precursor
powders.

Fig. 2 FTIR spectra of two-coat ZAO films annealed at (a) 200 �C and
(b) 500 �C. FTIR spectra of ZAO films annealed at 300 and 400 �C can
be found in Fig. S1.†

Fig. 3 GIXRD of single-coat ZAO films annealed at (a) 500 �C and (b)
600 �C. The tetragonal zirconia phase (ICSD 66781)69 is plotted for
reference.
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�350 �C with the largest mass losses occurring between 50 and
200 �C.

For the mixed ZAO precursor powders, increasing the Al
content decreases both the decomposition temperature and the
resulting oxide formation temperature. This trend is not
surprising as it is known that metal nitrate decomposition
temperatures decrease with increasing metal cation charge
density.61 The higher charge density of Al3+ polarizes the nitrate
ions, weakening N–O bond strengths and lowering decompo-
sition temperatures for the Al-rich lms.

TGA provides insight into the decomposition of the bulk
precursor powders, but these measurements do not necessarily
relate to the corresponding evolution of thin lms due to
differences in sample geometry, mass transport, and evapora-
tion rates.62,63 Nevertheless, TGA is useful for providing
approximate temperature ranges at which decomposition
events take place and for correlating how these change with
metal composition.

FTIR allows a direct measurement of water and nitrate
content in ZAO lms as a function of annealing temperature
(Fig. 2). These spectra indicate that signicant water (�3500
cm�1)64 and nitrate (�1280 and 1460 cm�1)31,65 are retained in
lms annealed at 200 �C (Fig. 2a). Al-rich lms generally contain
less nitrate, consistent with TGA data of bulk powders. Water is
fully removed from lms of all compositions by 400 �C
(Fig. S1†), and nitrate is effectively removed by 500 �C (Fig. 2b).

Peaks indicative of Al–O (�600 to 900 cm�1)31 and Zr–O (�415
cm�1)41 are observed for the pure AlOy and ZrOy lms, respec-
tively. The intensity of these peaks increases for lms annealed
at higher temperatures, indicating oxide formation is more
complete. Signicant overlap and broadening of the metal oxide
peaks makes identication of Al–O and Zr–O peaks in the mixed
composition samples difficult.41 The loss of water and nitrate,
coincident with growth of the oxide peak intensities, suggest
that condensation is largely complete by 500 �C. XRR studies
This journal is © The Royal Society of Chemistry 2017
(which allow measurement of lm thickness and density) also
show that densication is complete by 500 �C (Fig. S2 and S3†).

As discussed above, amorphous metal oxides are preferred
for gate oxide applications because grain boundaries in poly-
crystalline lms negatively impact device performance.3,34 The
extent of crystallization as a function of Zr : Al composition and
annealing temperature was investigated using GIXRD (Fig. 3a
and b). All compositions were amorphous at 400 �C, while ZrOy

is crystalline by 500 �C. ZAO lms with compositions of $25%
Al are amorphous at 500 �C and remain so up to 600 �C. The
minimum amount of Al needed to prevent crystallization at
500 �C was 10% Al, although these lms crystallize by 600 �C.

For many microelectronic applications, subnanometer
surface roughness is essential for optimum device function-
ality.66–68 AFM shows ZAO lms annealed at 500 �C (Fig. 4) are
remarkably smooth (root-mean-square roughness (Rrms) < 1
nm). AlOy lms, in particular, are exceptionally smooth with
RSC Adv., 2017, 7, 39147–39152 | 39149
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Fig. 4 Representative AFM images of single-coat (a) AlOy, (b) Zr0.25-
Al0.75Oy, (c) Zr0.50Al0.50Oy, (d) Zr0.75Al0.25Oy, (e) Zr0.90Al0.10Oy, and (f)
ZrOy films annealed at 500 �C (1 mm2 area) and (g) corresponding
surface roughness values. Error bars were determined using
measurements taken from three separate 1 mm2 areas on the same film.

Fig. 5 SEM cross-sectional images of two-coat (a) ZrOy, (b) Zr0.75-
Al0.25Oy, (c) Zr0.25Al0.75Oy, and (d) AlOy films annealed at 500 �C.

Fig. 6 (a) Dielectric constants (k) measured at 1 kHz and (b) corre-
sponding loss tangents (loss d) for MIS devices fabricated from two-
coat (�100 nm) ZAO films annealed at various temperatures. Error bars
were determined using measurements taken from three separate
batches of ZAO-based MIS devices. A plot of k and loss d as a function
of frequency for ZAO-based MIS devices fabricated at 500 �C can be
found in Fig. S4.†
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Rrms z 0.1 nm (Fig. 4a). ZAO lms with varying Zr : Al ratios are
still quite smooth with Rrms z 0.2–0.4 nm (Fig. 4b–e). In
contrast, ZrOy lms are signicantly rougher (Rrms z 0.8 nm).
This increased roughness is likely associated with crystalliza-
tion observed by GIXRD; indeed, crystallites are apparent in
AFM images (Fig. 4f).

Cross-sectional SEM shows the morphology of stacked, two-
coat ZAO lms incorporated into MIS devices (Fig. 5). Amor-
phous ZAO lms are dense and homogeneous, with no signs of
interfacial roughness (Fig. 5a–c). In the case of crystalline ZrOy,
large columnar grains are observed (Fig. 5d).

MIS devices were fabricated from two-coat ZAO lms, and
dielectric properties were examined by impedance spectroscopy
(Fig. 6 and S4†). Dielectric constants (1 kHz) increase with
increasing Zr content, ranging from 5.4 (AlOy) to 18.6 (ZrOy) for
lms annealed at 600 �C. We attribute the large increases in
dielectric constants and batch-to-batch variations for ZrOy lms
annealed at 500 �Cand Zr0.90Al0.10Oylms annealed at 600 �C to the
onset of crystallization (see Fig. 4). Generally, loss tangents were
low, indicating minimal deviation from ideal capacitance (Fig. 6b).

Although it is difficult to directly compare properties of
materials deposited using different precursors and thermal
39150 | RSC Adv., 2017, 7, 39147–39152
treatments,63 the dielectric constants reported here are
within the range of values reported in the literature. In
a previous sol–gel study, Zr0.10Al0.90Oy lms annealed
between 250 and 350 �C for 2 h exhibited dielectric constants
of 8.4 to 11.8.42 Although these values are larger than those
reported here, they compare well to dielectric constant of
Zr0.25Al0.75Oy lms we prepared at 200 �C (k z 12) and 300 �C
(k z 10). We do not include data for samples annealed at
these low temperatures in Fig. 6 because FTIR data (Fig. 2 and
S1†) indicate that these lms contain residual polarizable
water and nitrate, which can inate dielectric constant values
and lead to sample-to-sample variations.53 In a separate
ultrasonic spray pyrolysis study, ZAO lms with similar
compositions and annealing temperatures (475 �C) are also
in the range of those reported here.39

J–E measurements were conducted to assess the effects of
Zr : Al composition on breakdown elds and leakage current
densities of ZAO-basedMIS devices processed at 500 �C (Fig. 7). In
general, ZrxAl1�xOy devices experience catastrophic breakdown
(dened as I > 100 mA) and loss of insulating behaviour at lower
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Representative JE data for MIS devices made from two-coat
ZAO films (�100 nm) annealed at 500 �C.
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electric elds when x $ 0.90 (2.0 to 2.5 MV cm�1). In addition to
lower breakdown voltages, batch-to-batch variation for Zr0.90-
Al0.10Oy devices was high, suggesting the formation of micro-
crystallites beneath the detection limit of GIXRD for these lms.
In contrast, devices fabricated from more Al-rich ZrxAl1�xOy lms
(x # 0.25) experience breakdown at higher electric elds (�3 MV
cm�1), with AlOy devices breaking down at �3.7 MV cm�1.

Additionally, ZrOy-based MIS devices display the highest
leakage current densities at all electric elds, in agreement with
the relatively high loss d measured for ZrOy-based devices
annealed at 500 �C (Fig. 6b). We attribute this to the formation
of crystallites and the presence of grain boundaries in lms
annealed at this temperature.34 Notably, incorporation of Al
signicantly decreases the leakage current densities of ZAO-
based devices at all electric elds. ZrxAl1�xOy lms with 0.25
# x # 0.90 show similar low leakage current densities, while
AlOy lms exhibit the lowest leakage current densities.
Together, the MIS characterization suggests that Zr0.75Al0.25Oy

displays the optimal balance of a high dielectric constant and
low leakage current densities.
Conclusions

We report an all-inorganic aqueous deposition route to variable
composition high-k zirconium aluminium oxide lms with sub-
nm surface roughness and tunable properties. Residual nitrate
and water are fully removed from ZAO lms by 500 �C, and
incorporation of Al $10% effectively suppresses crystallization
of the tetragonal zirconia phase up to 500 �C. Dielectric
constants increase with increasing Zr content, and lms with Al
>10% exhibit low leakage current densities. For the composi-
tion range studied, the combination of high dielectric constant
and low leakage current densities makes Zr0.75Al0.25Oy a prom-
ising candidate for microelectronic applications.
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Matthew G. Kast, Julija Vinckevǐciūtė, and Paul N. Plassmeyer for
preliminary studies and helpful discussions. This research was
conducted as part of the 2016 CSMC Summer Materials
Research Training (SMaRT) program and we thank the staff,
graduate student mentors, and undergraduate participants.
References

1 J. Robertson, Rep. Prog. Phys., 2006, 69, 327–396.
2 E. Fortunato, P. Barquinha and R. Martins, Adv. Mater., 2012,
24, 2945–2986.

3 G. D. Wilk, R. M. Wallace and J. M. Anthony, J. Appl. Phys.,
2001, 89, 5243–5275.

4 J. P. Maria, D. Wicaksana, A. I. Kingon, B. Busch, H. Schulte,
E. Garfunkel and T. Gustafsson, J. Appl. Phys., 2001, 90, 3476–
3482.

5 K. Kukli, K. Forsgren, M. Ritala, M. Leskelä, J. Aarik and
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