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This paper describes synthesis of ultrathin pinhole-free insulating aluminum oxide layers for electronic device
protection in corrosive liquid environments, such as phosphate buffered saline (PBS) or clinical fluids, to enable
emerging biomedical applications such as biomolecular sensors. A pinhole-free 25-nm thick amorphous alumi-
num oxide layer has been achieved using ultra-high vacuum DC magnetron reactive sputtering of aluminum in
oxygen/argon plasma followed by oxygen plasma post-processing. Deposition parameters were optimized to
achieve the best corrosion protection of lithographically defined device structures. Electrochemical deposition
of copper through the aluminum oxide layers was used to detect the presence (or absence) of pinholes. FTIR,
XPS, and spectroscopic ellipsometry were used to characterize the material properties of the protective layers.
Electrical resistance of the copper device structures protected by the aluminum oxide layers and exposed to a
PBS solution was used as a metric to evaluate the long-term stability of these device structures.

Published by Elsevier B.V.
1. Introduction

Aluminum oxide or alumina films are well known for their high
strength, chemical stability/corrosion resistance, insulating properties,
and wear resistance. The material has been extensively characterized
to support an ever-growing set of applications frommechanical to opti-
cal to electronic [1–5]. In this work, application of ultra-thin pinhole-
free layers of aluminum oxide for corrosion protection/electrical
insulation of electrical device structures [6,7] is explored. Conformal
thin-film aluminum oxide layers were deposited using DC magnetron
reactive sputtering to allow protection on non-planar geometries.
2. Experimental details

2.1. Aluminum oxide deposition

All materials synthesis and optical/e-beam lithography were done in
a class 100 cleanroom to avoid wafer contamination. An ultra-high vac-
uumDCmagnetron sputtering system (a base pressure of 1.33*10−7 Pa)
was used for metal and aluminum oxide depositions. Two types of
wafers, highly conductive p-doped silicon wafers (etched in 10% HF
+1 713 743 0455.
.

.V.
buffer solution to remove native oxide) and silicon wafers coated with
a 500 nm-thick silicon oxide, were used as described below.

The AJA six-source UHV sputtering chamber equipped with AJA 2″
sputtering guns in balanced magnet configuration was used. The de-
positions were done at room temperature. 99.99% purity aluminum
target was 3″ in diameter. The center-to-center distance for metal de-
position between the center of the sputtering target to the center of
the wafer was 25 cm and the sputtering gun tilt was kept constant
at 50 degrees off the wafer vertical direction.

The sputtering system was calibrated for every target. Based on the
time of deposition of a metal and the resulting thickness measured by
Focused Ion Beam (FIB), the rate of deposition of aluminum was calcu-
lated to be equal to 5 nm/min.

Aluminum oxide deposition was preceded by sputter-deposition of
a 1 nm thick aluminum layer in 0.67 Pa of Argon and post-deposition
oxidized inO2 plasma to formanaluminumoxide seed layer. Aluminum
oxide was then deposited by reactive sputtering from 99.99% purity
aluminum target in Ar/O2 mixture in an ultra-high vacuum system.
Oxygen plasma was generated from oxygen gas using DC-powered
ion source.

The deposition parameters were optimized to give an aluminum
oxide layer with the best protective/insulating properties: the deposi-
tion pressure (0.33 to 2.7 Pa at 35 sccm flow rate of Ar and varying O2

partial pressure), oxygen partial pressure (flow rate between 3 and
7 sccm), sputtering gun power (50 to 200 W), substrate RF bias power
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Fig. 1. Illustration of the patterning process used for making device structures.
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(5 W to 30 W), and deposition time (50 to 2000 seconds) were varied
to optimize the aluminum oxide properties.

Deposition conditions were varied to adjust film properties, which
were characterized using Fourier Transform Infrared Spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS). Spectroscopic
ellipsometry was used to gauge the film thickness and the corre-
sponding deposition rates. Corrosion protection/electrical insulation
properties of the aluminum oxide films were evaluated using litho-
graphically defined metallic device structures that were overcoated
with the developed material, then exposed to corrosive fluids.

It was found that the oxygen flow rate, which affects the partial
pressure of oxygen in the processing gas, is the most critical parameter
for a given deposition rate. Adjusting deposition rate (by increasing or
decreasing the deposition power) required corresponding increase of
decrease of the oxygen flow rate.

Post-deposition processing using UV/O3 and/or O2 plasmawas used
to further improve the insulating/corrosion-resistance properties (See
Section 3.3).

2.2. Testing for pin-holes

The presence of pin-holes was detected by electrochemical depo-
sition of copper onto aluminum oxide coated conducting Si wafers
(from 0.1 M CuSO4*5H2O in water electrolyte) using conventional
3-electrodes single compartment electroplating cell [8]. In the pres-
ence of pinholes, copper is deposited from the electrolyte into the
pinholes resulting in the growth of mushroom-like structures over
the pinholes easily resolvable with optical microscopy or SEM [9].
Electrochemical deposition was performed in a three-electrode plat-
ing cell with a 1 mm-diameter copper wire used as the reference
electrode (at 0 V), platinum mesh was used as the counter electrode,
and an over-potential of −350 mV was applied to the indium-coated
back of the silicon wafer (the cathode). Pinhole density was evaluated
from the electroplating current and SEM images were taken for every
sample to link the pinhole density to the electrodeposition current.

2.3. Evaluation of aluminum oxide insulating properties

Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) were used to evaluate insulating properties of the deposited
aluminum oxide films. An electrochemical cell (EG&G, Inc.) with
three-electrode setup and Gamry instrument were used for the mea-
surements. Platinum was used as a counter electrode, Ag(s)/AgCl(l)
was used as a reference electrode, and a specified sample was used as
a working electrode. A 1-inch square sampling area was used in all
experiments. Ten millimolar of a PBS solution (pH 7.4) was used as an
electrolyte. The cyclic voltammograms from the CV measurement
were obtained by applying a potential from 0 to 800 mV at a scan rate
of 50 mV/s and the current density at the working electrode was
measured and plotted against the potential. The Nyquist plots from
EIS measurements were obtained by applying a DC voltage of 100 mV
and AC voltage of 10 mV⋅rms with frequencies ranging from 100 kHz
to 100 mHz.

2.4. Patterning of device structures

E-beam lithography was used for device patterning, as illustrated
in Fig. 1. First, a 5 nm tantalum adhesion layer was deposited
(35 sccm flow rate of Ar, sputtering gun power 100 W, substrate RF
bias power 10 W, and deposition time 45 seconds), followed by
spin-coating of 60 nm of polymethylglutarimide (PMGI) undercut
layer and 1 μm of polymethyl methacrylate (PMMA). The PMMA
layer was exposed using e-beam lithography through a stencil
mask. Resist development in 3:1 IPA/MIBK (Isopropyl Alcohol/Methyl
Isobutyl Ketone) for 30 seconds was followed by PMGI etching in a
2.3% TMAH solution (Tetramethylammonium Hydroxide) to form an
undercut (for subsequent lift-off step). A copper layer (100 to
400 nm thick) was sputter-deposited and the PMMA was dissolved
in an acetone bath to lift off the layer of copper that was evaporated
on top of the PMMA, leaving behind an array of copper patterns em-
bedded in PMGI. To remove the PMGI leftovers, the sample was
placed into fresh 2.3% TMAH solution for 1 minute. Alumina films
were deposited on the copper patterns through a 1 cm2 opening (to
protect the sensor structure and leave the copper contacts bare). A
schematic of the resulting copper device structure is shown in
Fig. 1. The device structures were built both on conducting Si wafers
and on silicon oxide coated wafers.

2.5. Fourier transform infrared spectroscopy (FTIR spectroscopy)

The FTIR spectroscopy was done using a Nicolet NEXUS-IR 670
instrument. The measurements were performed on the 100- and
200-nm thick sputtered aluminum oxide samples produced at opti-
mized conditions on silicon wafers transparent to the FTIR laser
beam. Each measurement was corrected by subtracting the spectrum
of a silicon wafer without aluminum oxide film. The chamber was
flushed with ultrahigh-purity nitrogen gas for 10 minutes before
each measurement to allow the beam to stabilize and to remove all
residual gases from the chamber.

2.6. Cyclic voltammetry and electrochemical impedance spectroscopy

A commercial UV/Ozone processing tool (Model T10X10/OES by
UVOCS, Inc.) was used for UV/O3 post treatment [10]. The system has
no adjustable parameters except for process time. Ozone is generated
as a result of UV light interaction (254 nm wavelength) with ambient
oxygen. Fifty-nanometer thick aluminum oxide films deposited at
three different conditions were compared: 1) plain aluminum oxide —

the sputtered film at optimized conditions (10 W bias, 100 W alumi-
num deposition rate, 0.67 Pa process pressure, and 6-sccm flow rate
of oxygen) on silicon dioxide wafer which provided the pinhole-free
corrosion-protective layer, 2) UV aluminum oxide— the film described
above exposed to ultraviolet (UV) for 10 min after sputtering process,
and 3) O2 aluminum oxide — a film deposited under the optimized
conditions, but intermittently exposed to oxygen plasma during the
sputtering process.

To prepare this film, 5 nm of aluminum oxide was sputtered on,
then exposed to O2 plasma for 5 min. These steps were repeated
until the final thickness was reached. The rationale for these experi-
ments was to test if UV/O3 and/or O2 plasma could help oxidize the
aluminum oxide film after or during deposition process, respectively,
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Fig. 2. Results of copper electroplating on 10 W bias power samples with various flow
rates of oxygen.
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and improve the film insulating/resistance properties. No reliably
measurable changes in XPS spectra have resulted from such UV/O3

treatments. We speculate that the observed improvements in insulat-
ing properties (see below) are mainly due to healing of a few defects
in the films (the primary cause of the protective coat failure) rather
than global change in aluminum oxidation state in the film. Further
optimization of how the plasma treatment influences the deposition
Fig. 3. (a) SEM image of the pattern structure used for corrosion testing. An aluminum oxide
varied from 100 to 400 nm and the thickness of aluminum oxide was held constant at 25 n

Fig. 4. (a) Refractive index versus sputtering time for different flow rates of oxygen based o
content in sputtered aluminum oxide films.
rate, density offilm, FTIR and ellipsometry data for 5 and 7 sccm alumina
films are a subject for future work.
3. Results and discussion

3.1. Oxygen flow rate optimization

Aluminum oxide samples were prepared using DC magnetron
sputtering at 10 W bias power and 100 W target power at various
flow rates of oxygen. The samples show an increase in electroplating
current with time for samples made with an oxygen flow rate of 5
sccm and lower (see Fig. 2). The samples made with an oxygen flow
rate of 7 sccm show stable current, but are not reproducible due to
spark generation from the aluminum target (due to target oxidation),
resulting in film defects. The use of 6 sccm of oxygen produces reli-
able and reproducible results, with a low and stable electroplating
current and no detectable deposition through pinholes. As a result,
the pinhole-free aluminum oxide films were deposited at 10 W bias,
100 W aluminum deposition rate, 0.67 Pa process pressure, and
6-sccm flow rate of oxygen.

The aluminum oxide layer was sputtered at the optimized condi-
tions as described above. Initial pin-hole testing (device structures on
conducting Si wafers) produced a current of electroplating in the
order of 10−3 A with the pinholes appeared along the edges of the
device structures, as shown in Fig. 3b. Higher aluminum oxide con-
formality was achieved by increasing the deposition incidence angle
while moving the wafer closer to the sputtering source. The optimal
center-to-center distance between the center of the sputtering target
layer was sputtered on the structure of a sensor. The height of the sensor structures was
m; (b) SEM image of copper deposition along the edges of the device structures.

5 sccm O2 6 sccm O2 7 sccm O2

O 70.9 70.8 70.0

Al 29.1 29.2 30.0

Ratio 1.6 1.6 1.6

n spectroscopic ellipsometry measurements; (b) XPS result for oxygen and aluminum

image of Fig.�4


Table 1
FTIR peak positions of aluminum oxide sample.

Peak position Corresponding vibration

460 and 640 cm−1 Al―O6 stretching
590 cm−1 Al―O6 vibrations
705 cm−1 Al―O4 stretching
768 cm−1 Al―O4 vibrations (shoulder)
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to the center of the wafer was 10 cm at the sputtering gun tilt was
50 degrees off the wafer vertical direction. This resulted in a dramatic
reduction of the current of electroplating to less than10−8 A.

Testing of films by spectroscopic ellipsometry (Fig. 4) (J A Woollam
spectroscopic ellipsometer M 2000 series; model number ESM-300 and
CompleteEASE software package were used) revealed that the refrac-
tive index of the deposited aluminum oxide films increased with the
increase of the oxygen flow rate, indicating composition change. X-ray
photoemission spectroscopy was used to analyze oxygen content in
sputtered films (PHI 5700 X-ray photoelectron spectrometer with
monochromatic Al Kα1,2 radiation as an excitation source hv =
1486.6 eV). The incident angle was set at 90° to the axis of hemispher-
ical energy analyzer. The pass energy was set to 23.5 eV for high
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aluminum oxide samples were made using DC magnetron sputtering. The FTIR results
show that all of the existing peaks correspond to the signal from amorphous aluminum
oxide, comparing with the published records on crystalline aluminum oxide.

0.0 0.2 0.4 0.6 0.8
-200.0n

0.0

200.0n

400.0n

600.0n

800.0n

1.0µ

1.2µ

1.4µ

C
u

rr
en

t 
D

en
si

ty
 (

A
/c

m
2 )

Potential (V vs. Ag/AgCl)

UV/O3

Plain

O2

(a)

Fig. 6. Cyclic voltammograms (a) and Nyquist plot
resolution operation. The take-off angle was 45° and the spot diameter
was 1.1 mm2. The chamber was pumped down to 2.7E-6 Pa and all
measurements were collected at room temperature. High resolution
scanning was performed individually for each element to locate the
elements on the surface of each sample. Then, the survey scan was
performed to locate the binding energy peak positions of the elements
[11].

As shown in Fig. 4, the ratio of oxygen to aluminum did not corre-
spond to the stoichiometric ratio of 1.5 of the crystalline aluminum
oxide (Al2O3) and decreased with the increase of the oxygen flow
rate (the increase of the oxygen partial pressure). For example, the
ratio of the oxygen to aluminum in the films sputtered at 6 sccm,
0.67 Pa, 10 W substrate bias, and 60 W DC power was found to be
1.62.

The resulting 25 nm alumina films have a lower refractive index
than expected (1.49). However, similar results have been previously
published [12–14]. Unfortunately, there is no single explanation
why the index of refraction is low. Since the detailed materials char-
acterization of the alumina films have not been performed to identify
the origin of the low index of refraction in films, we would rather not
speculate as to the specific reasons why the films have low index of
refraction. This can be due to the fact that the films are very thin
and can be structurally very different from the “bulk” alumina, thus,
resulting in different properties.

3.2. Fourier transform infrared spectroscopy (FTIR) analysis of films

The chemical bonding and structure of the samples was character-
ized by FTIR spectroscopy using a Nicolet NEXUS-IR 670 instrument.
Table 1 summarizes the peaks of interest [15–17].

FTIR spectra for deposited aluminum oxide films are shown in
Fig. 5 (the blue line corresponds to the published data on crystalline
aluminum oxide [18]). As can be seen from the graph, the published
data (blue line) do not correspond to the data of sputtered films.
The observed vibration/stretching peaks indicate amorphous nature
of the deposited materials [15–17], a desired characteristics of a
protective coating to avoid defects at grain boundaries.

3.3. Cyclic voltammetry and electrochemical impedance spectroscopy

It was found that the aluminum oxide films processed with oxygen
plasma had superior insulating properties. As shown in Fig. 6a, the
current density measured at the sample decreases in the following
order: plain aluminum oxide ≈ UV/O3 aluminum oxide > O2 alumi-
numoxide. This indicates that oxygen plasma can induce the aluminum
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Fig. 7. Corrosion in PBS solution of device structures without (left) and with (right) protective aluminum oxide layer; from top to bottom: 4 hours, 24 hours, 48 hours, 72 hours.
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Fig. 8. Current of electroplating for protected sample. Aluminum oxide layer of thick-
ness 25-nm was sputtered on the sensor surface and samples were immersed in PBS
solution for varying periods of time. The samples were checked for corrosion every
24 hours and show increase in current approximately two-fold for the first 30 seconds,
but holding constant, indicating that no copper was depositing on the surface of the
sample during electroplating. After 72 hours in PBS solution, the current was increasing
significantly during the first 30 seconds, indicating copper plating on the area damaged
by PBS.

Table 2
Resistance data of protected and unprotected samples.

Time (hours) Protected sample Unprotected sample

Resistance (Ohms) Resistance (Ohms)

0 1.3 1.3
4 1.3 4.8
24 1.4 161
48 1.5 162
72 2.2 Infinite
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oxide films to be better insulators for the metal substrate, preventing
high current running through the sample. In addition, the magnitude
of the impedance (i.e., a vector from the highest to the lowest fre-
quencies of length |Z|) of each aluminum oxide film increases in the
following order: plain aluminum oxide ≈ UV/O3 aluminum oxide b O2

aluminum oxide, as shown in the Nyquist plots in Fig. 6b.
The real part of the impedance (X axis) represents resistance (R)

while the imaginary part (Y axis) represents reactance (X). The latter
component induces a phase shift (θ) between voltage and current.
Disregarding the phase shift, since it is not critical to our application,
these data show that the use of oxygen plasma in processing the alu-
minum oxide film provides the best insulating layer.
Fig. 9. SEM image of the sensor structure (a) and schematics of the pin set-up used for re
connecting 12 sensors, and that on the right provides the schematics of the pin set-up. The p
fore, the copper contacts were not protected with a layer of aluminum oxide for the purpose
(in (a)) was protected with aluminum oxide layer, while the rest of the sample was left un
3.4. Corrosion resistance

Phosphate buffered saline solution (PBS) was used to test the
corrosion-protective properties of the aluminum oxide films. The
composition of PBS is 137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4,
and 2 mM KH2PO4 at pH 7.4. PBS, which is highly corrosive to metals,
is widely used in biological research to simulate the ionic concentra-
tion and osmolarity close to the one of human body [19].

3.4.1. Corrosion in PBS solutions
Two samples, one with a protective aluminum oxide layer (after

UV/Ozone treatment) and another without any aluminum oxide
layer, were placed in PBS solution for up to 72 hours at room temper-
ature with gentle shaking. The samples were removed from the solu-
tion and washed with deionized water to remove any trace of PBS.
The state of the device structures at each stage was checked using
SEM (FEI XL-30FEG scanning electron microscope equipped with
NPGS (Nabity Pattern Generation Systems) for microscopy analysis
and e-beam lithography pattern generation). As can be seen in
Fig. 7, no visible damage was caused to the protected device struc-
tures after 72 hours exposure to PBS.

3.4.2. Corrosion stress test
To further explore the protective properties of the aluminum oxide

coatings, the samples exposed to PBS for different periods of time
were tested for presence of pin-holes. The sampleswere fully immersed
in 100 mL of PBS solution for 24, 48, 72, and 96 hours, then taken out,
sistance measurements (b). The image on the left shows 12 pairs of copper contacts
ins are placed in touch with copper contacts to connect to the sensor structures; there-
of electrical conduction. Accordingly, the region designated with transparent blue color
protected.

image of Fig.�8
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rinsed with deionized water, dried with nitrogen gas, and checked for
pinholes using the electroplating assay described in Section 2.2. SEM
images were taken to confirm the results. The copper plating was
done using Picostat for current lower than 100 nA and Potentiostat
for higher currents. The stimulator was set for “Pulse” mode with
pulse sent every 1 millisecond for 30 seconds. At zero hours, before
the sample was placed in PBS solution, the electroplating current was
approximately equal to 2.5*10−7 A, a current that was generally no-
ticed on the samples with tantalum and copper layers protected by alu-
minum oxide.

Fig. 8 shows the current of electroplating as a function of time for
samples, which have been exposed to PBS for varying periods of time.
The measured current of alumina-protected sample shows an in-
crease of roughly two-fold per 24 hours in PBS in the first 30 seconds
of electroplating, reaching 1.5*10−6 A in 30 seconds for the sample of
72 hours, as indicated in Fig. 8.
3.4.3. Protected device resistance measurements
The purpose of this experiment was to prove that the patterned

sample protected with aluminum oxide layer would not corrode in
biological solutions during an extended period of electric current ap-
plication. For this experiment, 25-nm thick aluminum oxide layer was
sputtered, as described in Section 3.1, on the center part of the sample
(Fig. 9a). The resistance measurements were done on protected and
unprotected samples. The experiment was performed with a specially
designed pin set-up that allows measurements to be taken without
removing the pins from the surface of the sensor, as shown in 9b.
This way, the position of the pins and the pressure on the sample
were kept the same throughout the exposure period of 72 hours to
reduce the experimental error.

A rubber o-ring was placed at the center of the protected region and
the PBS solution was added on top of the protected region inside the
o-ring. Subsequently, in order to prevent the solution from drying out
on the surface of the sample and keep PBS concentration approximately
constant, deionized water was added as needed to compensate for
evaporation. For the resistance measurements, a small current of
1 mA was applied to protected (Section 3.1) and unprotected samples.
The results of the experiment are summarized in Table 2. The resistance
of the protected sample increased from 1.3 to 2.2 Ohms during the
72-hour period. This slight increase in resistance indicates that the sam-
plewas protected for this period of time. During the last 24 hours of the
experiment shown (from 48 to 72 hours), one can notice an increase in
the protected sample’s resistance from1.5 to 2.2 Ohms. From this, it can
be concluded that the life limit of the alumina film is approximately
48 hours, which is sufficient for biofunctionalization and testing of the
sensor. However, looking at the data in Table 2 and SEM images of
Fig. 10. SEM images of (a) unprotected and (b) pro
unprotected samples in Fig. 9a, one can see a higher corrosion level as
well as broken sensors, indicating that the sample cannot withstand
the applied current without proper protection layer.

The measurements of the unprotected sensor showed a slight in-
crease in resistance for the first 4 hours in PBS solution. At 24 hours,
the resistance of the sample increased to 161 Ohms, and the unprotect-
ed sensor broke after 48 hours. The large increase in resistance indicates
sensor failure, as shown in Fig. 10a. The SEM image in Fig. 10b shows
some corrosion of the protected sensor at the end of 72-hour period,
but the sensor structure remains intact.

4. Conclusions

A 25-nm thick amorphous pinhole-free corrosion-protective alu-
minum oxide layer was made using ultra-high vacuum DCmagnetron
sputtering. The best film quality was achieved at a flow rate of 6 sccm
of oxygen and 35 sccm of argon, process pressure of 0.67 Pa, bias
power of 20 W, and target sputtering power of 20 W. We found
that by exposing aluminum oxide film with the oxygen plasma during
the sputtering process can successfully improve the insulation of the
film on top of metal substrate.

The filmswere characterized using spectroscopic ellipsometry, FTIR,
and XPS. All the measurements proved that the aluminum oxide layer
was amorphous with Al―O4 and Al―O6 bonds only (from FTIR). The
peaks for Al2O3 or Al O double bond,which correspond to the crystalline
aluminum oxide [8], were absent from the FTIR spectrum.

The XPS results indicated the similarity of the protected samples
before and after 72-hour exposure to PBS solution, while some addi-
tional elements (Ta, Na, Si, and Cu) were observed on the surface of
the unprotected samples after 72 hours in PBS.

Unprotected sensors immersed in PBS showed a sharp increase in
resistance due to corrosion, while protected sensors were relatively
stable up to 72 hours in saline PBS buffer.

The cyclic voltammetry and electrochemical impedance spectrosco-
py were used to probe an insulating property of the aluminum oxide
films. As a whole, the amorphous aluminum oxide film was proved to
be an effective layer to protect the sensor from corrosion for at least
48 hours after exposure to the biological solution, i.e., the PBS solution
in this study.
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