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ABSTRACT: Metal oxide thin films are critical components
in modern electronic applications. In particular, high-x
dielectrics are of interest for reducing power consumption in
metal—insulator—semiconductor (MIS) field-effect transistors.
Although thin-film materials are typically produced via
vacuum-based methods, solution deposition offers a scalable
and cost-efficient alternative. We report an all-inorganic
aqueous solution route to amorphous lanthanum zirconium

oxide (La,Zr,0,, LZO) dielectric thin films. LZO films were spin-cast from aqueous solutions of metal nitrates and annealed at
temperatures between 300 and 600 °C to produce dense, defect-free, and smooth films with subnanometer roughness. Dielectric
constants of 12.2—16.4 and loss tangents <0.6% were obtained for MIS devices utilizing LZO as the dielectric layer (1 kHz).
Leakage currents <10~/ A cm™> at 4 MV cm™' were measured for samples annealed at 600 °C. The excellent surface morphology,
high dielectric constants, and low leakage current densities makes these LZO dielectrics promising candidates for thin-film

transistor devices.
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Bl INTRODUCTION

Amorphous metal oxide thin films are used in a range of
technological applications, particularly as channel and/or gate
dielectric layers in metal—insulator—semiconductor field-effect
transistors (MISFETs)' and thin-film transistors (TFTs).” In
the case of gate components, incorporation of high-x dielectrics
into devices is attractive for reducing power consumption.’
Zirconium oxide (Zr0O,)*”'' and lanthanum oxide
(La,0,)*"*™"° are two high-k materials (k = 22 and 27,
respectively) that have attracted interest as gate dielectric layers
in MISFETs.'® However, ZrO, crystallizes at relatively low
annealing temperatures (~500 °C), which results in undesir-
able grain boundary formation, and La,O; suffers from water
and carbonate absorption,'””'” both of which result in
increased leakage currents and poor device properties.”’ By
combining the La and Zr components into ternary lanthanum
zirconium oxides, it may be possible to take advantage of the
inherent high-dielectric properties while suppressing crystal-
lization and eliminating carbonate and water absorption.
Ternary oxide phases are known for La—Zr—0,”" and the
La,Zr,O, crystalline pyrochlore has been extensively inves-
tigated as a substrate for epitaxial growth of YBCO super-
conductors.” >’ In the past decade, amorphous La,Zr,O, has
been studied as a dielectric material and has been synthesized
via vacuum-based vapor-deposition routes’ > and sol—gel
solution-deposition routes.”>™*° Although vapor-deposition

-4 ACS Publications  © 2017 American Chemical Society

10897

routes generally produce high-quality films,”’~*" they are

energy-intensive, require expensive starting materials and
equipment, and have low atom economy. In contrast,
solution-deposition routes are relatively inexpensive, require
less-sophisticated equipment, and can produce less waste."' =
However, common sol—gel routes rely on organic additives and
solvents which must be expelled during film processing, leading
to porosity’’ and undesirable high leakage currents in
devices.”>>” Many of these disadvantages can be circumvented
by using aqueous precursors.

We report an all-inorganic, aqueous route to LaeryOZ
(where x = 2, y = 2, and z = 7). The method employed is
similar to the prompt inorganic condensation (PIC) route
developed by Keszler and co-workers,””®" which has been used
to synthesize a range of metal oxide dielectrics,*”*>**~% in
some cases producing films that rival those deposited by vapor-
phase methods.””®” The amorphous La,Zr,0, (LZO) films
reported herein are smooth on a subnanometer scale and are
fully condensed and densified by 600 °C. Crystallization of the
LZO films does not occur until 800 °C, approximately 300 °C
higher than that for pure ZrO,. Electrical characterization of
LZO-based MIS devices reveal high dielectric constants with

Received: January 18, 2017
Accepted: March 6, 2017
Published: March 6, 2017

DOI: 10.1021/acsami.7b00915
ACS Appl. Mater. Interfaces 2017, 9, 10897—10903


www.acsami.org
http://dx.doi.org/10.1021/acsami.7b00915
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.7b00915&iName=master.img-000.jpg&w=238&h=73

ACS Applied Materials & Interfaces

Research Article

low deviation from ideal capacitive behavior and current density
characteristics competitive with other aqueous, solution-
deposited metal oxide dielectrics.”*>%*~%

B EXPERIMENTAL METHODS

Precursor Solution Preparation. A 1.00 M (total metal, 1:1
La:Zr) LZO precursor solution was prepared by dissolving ZrO-
(NO,),«H,0 (Sigma-Aldrich, 99%) in 18.2 MQ cm Millipore H,0
by gentle heating (~70 °C) and vigorous stirring of the solution. After
complete dissolution, La(NO;);-6H,0 (Alfa Aesar, 99.9%) was added
in small portions to the still stirring solution. The solution was then
diluted to 1.00 M and filtered through a 0.45 ym PTFE syringe filter.

Thin Film Preparation. Si substrates (2 X 2 cm squares) were
sonicated in 5% Decon Laboratories Contrad-70 solution for 5 min
and thoroughly rinsed with 18.2 MQ cm H,O. Substrates were then
spin-dried using a spin-coater and subjected to a 1 min O,/N, plasma
etch using a PE-50 Benchtop Plasma Cleaner (Plasma Etch, Inc.) set
to maximum power. Substrates were again rinsed with 182 MQ cm
H,O0 and spin-dried before film deposition.

Five drops of LZO precursor solution were deposited onto cleaned
Si substrates through a 0.2 um PTFE syringe filter and then
immediately spun at 3000 rpm for 30 s. Samples were directly
transferred to a custom-built hot plate (consisting of an Al block with
heating elements, a thermocouple, and a PID controller) set to 125 °C
and ramped to a final annealing temperature of 200, 300, 400, or S00
°C at a rate of 25 °C min™"! and held for 1 h. Stacked, two-coat films
for MIS device fabrication were annealed to 300, 400, or 500 °C for 10
min between coats and were annealed for 1 h at the desired final
annealing temperature. Samples with a final annealing temperature
over 500 °C were first heated to S00 °C for 10 min on the hot plate
(for each layer), cooled to room temperature, and transferred to a box
furnace which was ramped to the final annealing temperature (ramp
rate 25 °C min™).

Precursor Solution Characterization. Samples were prepared
for thermogravimetric analysis (TGA) from individual 1.0 M solutions
of ZrO(NO,),-xH,0, La(NO;);:6H,0, and LZO precursors that were
dried at 50 °C for 12 h. TGA was performed using a TA Instruments
QS00A with a ramp rate of 5 °C min™' under a N, atmosphere.

Thin Film Characterization. Fourier-transform infrared (FTIR)
spectra on LZO films deposited on lightly doped double-side polished
p-type Si substrates were collected using a Thermo Fisher Nicolet
6700 spectrometer. To increase the signal-to-noise ratio, FTIR analysis
was performed on thicker films made from 1.8 M total metal
concentration LZO precursor solutions. Background subtraction was
performed by using bare Si substrates subjected to the same thermal
treatment.

Grazing incidence X-ray diffraction (GIXRD) and X-ray reflectivity
(XRR) analyses were conducted using a Rigaku SmartLab X-ray
diffractometer (Cu Ka radiation, 40 kV, and 44 mA). X-ray reflectivity
data was modeled using the BedeRefs v4.00 software package,”® and
film thicknesses and densities were extracted from the generated best
fits.

Atomic force microscopy (AFM) measurements were carried out on
a Digital Instruments Multimode Atomic Force Microscope with a Ila
Controller. Si tapping mode probes (Nanosensors, PPP-NCH) were
used, and three measurements from different locations were taken per
film over a 500 nm” window at a scan rate of 1 ym s™". The height and
phase response were collected on the retrace sweep. After data
collection, a first order flatten fit and third order plane fit was applied
to remove bowing effects from the piezoelectric motors and deviations
in the sample from parallel to the piezoelectric motors. NanoScope
Analysis software was used to calculate the root-mean-square
roughness (R,,,) over the area of the scan window.

Cross-sectional scanning electron microscopy (SEM) was per-
formed using a ZEISS Ultra-SS FESEM using a 20 gm aperture and S
KV accelerating voltage. Films were first coated in thermally evaporated
Al to prevent charging effects while imaging.*”

Device Fabrication and Testing. MIS devices were fabricated to
determine LZO dielectric constants and current density—electric field

characteristics (J—E). Two-coat LZO films (~100 nm) were deposited
on degenerately doped p-type Si (0.008—0.020 £ cm). Al top contacts
(0.013 cm? ~100 nm thick) were thermally evaporated onto the
stacked LZO films through a shadow mask. A back contact was made
by scribing through the film to the Si substrate and applying an In/Ga
eutectic. Dielectric constants were calculated from impedance
measurements measured using an Agilent 4284A Precision LCR
meter (20—100000 Hz, 500 mV oscillation amplitude). Batch-to-
batch variations were evaluated by making three separate samples per
annealing temperature and measuring impedance of five MIS devices
per sample. J—E characterization was accomplished using a Keithley
2400 SourceMeter (0.2 V steps, 0.2 s delay). J—E hysteresis tests were
performed using an Agilent 4155B semiconductor parameter analyzer
(0.1 V steps, 0.1 s delay). All device testing was performed in ambient
atmosphere in a dark environment.

B RESULTS AND DISCUSSION

The decomposition pathways of dried La(NO;);xH,O,
ZrO(NO;),-«H,0, and LZO precursor powders to their
corresponding oxides were examined by TGA (Figure 1).
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Figure 1. TGA of La(NO;);xH,0 (blue), ZrO(NO;),«H,O (red),
and LZO precursor (purple) powders derived from drying 1.0 M
solutions.

Thermal decomposition of La(NO;);-«H,O begins with a small
mass loss around 100 °C, likely from loss of excess (unbound)
water, and proceeds through two large mass-loss events starting
around 180 and 400 °C, attributable to the loss of bound water
and nitrates, respectively. The final mass-loss event starting
around 500 °C can be attributed to the expulsion of residual
water and nitrates during the final condensation and
densification of the oxide. The mass-loss profile of ZrO-
(NO;),-«H,0 is more gradual and appears as two broad mass-
loss events from 100 to 220 °C and 220 to 400 °C. These
events likely correspond to gradual water and nitrate loss,
respectively. The mass loss profile of the LZO precursor
appears to be an approximate average of the two metal nitrate
salts and shows a gradual mass decrease from 100 to 160 °C
(water loss), a mass-loss event around 220 °C (nitrate loss),
and a more pronounced, gradual mass loss over several hundred
degrees (further nitrate loss, condensation, and film densifica-
tion). Conversion of the LZO precursor to the corresponding
oxide is complete by 500 °C, which occurs at a temperature
lower than that for either the La or Zr nitrate salts individually.
Although thermal decomposition of the bulk powders is not
necessarily representative of the decomposition pathways in
thin films, the bulk mass-loss events offer insight into film
formation phenomena and can be related to the infrared
spectroscopy conducted on thin film samples heated to various
temperatures.
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FTIR spectroscopy was used to probe the hydroxide, water,
and nitrate content in LZO films after annealing to various
temperatures (Figure 2). Residual hydroxide and water
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Figure 2. FTIR spectra of LZO films annealed between 200 and 600
°C.

(monitored via the broad O—H stretching mode peak around
3500 cm™" and the sharp H—O—H bending mode peak around
1650 cm™!)” and NO, content (monitored via the N—O
stretches centered around 1280 and 1460 cm™)”' are
dramatically reduced between 200 and 300 °C. Loss of these
species is important for film stability; films annealed at or below
200 °C were not stable, absorbing water and becoming cloudy
after removal from the hot plate. Due to their instability, these
low-temperature annealed films were not studied by other
methods and are not discussed further. By 500 °C, water and
hydroxides are completely removed from the films, indicating
that complete condensation has occurred. Residual NO, appear
to remain in the films up to 600 °C. The sharp peaks at 744 and
1032 cm™ are present only in the spectrum for the 200 °C
sample and indicate the presence of hydrated metal nitrate
species.” > The peak centered around 1100 cm™ corresponds
to Si—O—Si’*’* vibrations and is the result of small differences
in the subtraction of the sample spectra and the bare Si
substrate reference.

Generally, polycrystalline films are undesirable for gate
dielectrics because grain boundaries provide pathways for
current leakage.”> Amorphous films are thus preferred. GIXRD
was used to assess the degree of crystallization in the films as a
function of annealing temperature (Figure 3). Films remained
amorphous until 800 °C, at which temperature LZO begins to
crystallize as the cubic pyrochlore phase (ICSD 154752).” At
temperatures above 1000 °C, a mixture of phases is observed.
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Figure 3. GIXRD of LZO films annealed between 300 and 1100 °C.
LZO forms the cubic pyrochlore phase (ICSD 15475, peak positions
shown in black at plot baseline) between 800 and 900 °C but
decomposes at higher annealing temperatures.

The films used in MIS devices discussed below were prepared
at temperatures well below the crystallization temperature
(<600 °C).

The morphology of LZO films annealed between 300 and
600 °C was examined using XRR (Figure 4a). To extract
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Figure 4. (a) XRR patterns of LZO films annealed between 300 and
600 °C and best-fit models (dashed, black lines). A cartoon inset
depicts the two-layer model necessary for generating good fits to the
data. (b) Total thickness and total density (weighted average of two-
layer model) extracted from best-fit models of XRR data in panel a.

thickness, density, and surface roughness information for the
LZO films, modeliné% of the XRR patterns was conducted using
BedeRefs software.”” Best fits were obtained using two-layer
models comprised of a bulk layer and a ~1—3 nm capping layer
of different density (Figure 4, Table S1), consistent with XRR
modeling performed on other aqueous solution-processed
films.”® Total film thickness decreases with increasing temper-
ature, consistent with FTIR results, demonstrating the loss of
H,0 and NO, species as temperature increases. Overall film
density (calculated from a weighted average of the densities
derived from the two layer models) increases from 4.35 g cm™
(300 °C) to 5.27 g em™* (600 °C), approximately 90% of the
bulk density of the pyrochlore La,Zr,0, (6.05 g cm™).””
Surface roughness was remarkably low (<04 nm) for all
samples (Figure Sb).

AFM was used to corroborate surface roughness determined
from XRR modeling (Figure S). R, values of <0.25 nm were
calculated from AFM images (S00 nm” area) of LZO films
annealed between 300 and 600 °C. Film roughness decreased
from 300 to 400 °C but remained constant (within error) at
higher annealing temperatures. R, values determined by AFM
are smaller than surface roughness values determined by XRR
data modeling, which can be ascribed to differences in how
AFM and XRR measurements probe the samples.”® The
subnanometer smoothness of these films makes them
promising materials for a variety of electronic devices, including
TFTs.” ™

Cross-sectional SEM was used to visualize the morphology of
stacked, two-coat LZO films used in electrical device fabrication
(Figure 6). The films are uniform, dense, noncrystalline, and
display no signs of interfacial roughness. Film thickness
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Figure 5. (a) Representative AFM images of a 500 nm? area and (b)
comparison of surface roughness determined by XRR and AFM for
LZO films annealed between 300 and 600 °C.
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Figure 6. Cross-sectional SEM images of two-coat LZO films annealed
at temperatures between 300 and 600 °C.

decreases with increasing annealing temperatures, which is in
agreement with the trends observed by XRR.

The dielectric characteristics of LZO-based MIS devices were
measured using impedance spectroscopy. Dielectric constants
and loss tangents were measured at frequencies between 20 and
100000 Hz (Figure S1), and dielectric constants and loss
tangents measured at 1 kHz are shown in Figure 7a. The
dielectric constant increases steadily with increasing annealing
temperature, starting around 12.2 at 300 °C and reaching 16.4
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Figure 7. (a) Dielectric constants () and loss tangents (loss §) and
(b) J—E data for MIS devices made from two-coat (~100 nm) LZO
films.

at 600 °C. Loss tangents decrease with annealing temperature,
consistent with more fully condensed (and consequently
denser) films at higher annealing temperatures. Loss tangents
were below 0.6% in all cases, demonstrating low deviation from
ideal capacitive behavior. MIS devices were re-examined after
10 months of exposure to ambient air. Samples annealed at 300
°C showed slight decreases in dielectric constants and increased
loss tangents, while films annealed >400 °C were stable and
exhibited no change.

J—E measurements were conducted to assess the effective-
ness of LZO as a viable gate dielectric material (Figure 7b).
Increasing the annealing temperature resulted in lower leakage
currents at all electric fields. This trend is consistent with trends
of decreasing water and nitrate content (FTIR), increasing film
densification (XRR), and low loss tangent values. LZO MIS
devices generally experienced catastrophic breakdown and loss
of insulating behavior at ~4 MV cm™". Stability of the LZO
devices was tested by studying J—E hysteresis of successive
cycles, as shown in Figure S2. After an initial burn-in sweep, it
was observed that current density settled at 107/—107% A cm™
No discernible shift was observed in J—E behavior after the
second sweep, indicating good LZO dielectric stability. LZO
films annealed >500 °C have current density characteristics
that meet or exceed those of other aqueous solution-deposited
dielectric materials.’"*>%*~%

B CONCLUSION

An aqueous route to high-x lanthanum zirconium oxide
dielectrics using simple nitrate salts was reported. Residual
nitrate and water species are fully removed from the films by
600 °C, and the pyrochlore phase forms upon annealing to T >
800 °C. The remarkable smoothness of these films, the high
dielectric constants with low deviations from ideal capacitive
behavior, and low leakage currents make them promising gate
components for thin-film transistor devices. Studies examining
the effects of varying La:Zr composition on film properties and
toward understanding density inhomogeneities (i.e., the less
dense capping layer suggested by XRR modeling) are in
progress.
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