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1. INTRODUCTION

Copper is an important structural material with a high thermal
conductivity. Copper is used extensively in plumbing water and
for water heat exchangers. Although copper has a reasonable
water corrosion resistance, finite corrosion rates of∼1 mg/dm2/
day occur in pure water with 1mL/L oxygen concentration.1 The
corrosion occurs by means of an electrochemical mechanism in
which areas remote from one another on an atomic scale serve as
anodes and cathodes.2,3 Copper corrosion is dependent on
solutes inwater,4�6 the pHofwater,5,7 and thewater temperature.4,8

Many gas phase and wet chemical techniques have been
employed to protect copper from corrosion. Previous attempts
have utilized coatings deposited by chemical vapor deposition
(CVD).9,10 In addition, copper surfaces have been chemically
protected using wet chemical treatments using self-assembled
monolayers,11�13 organic azoles,14�16 and polymers.17�19 Other
approaches for copper corrosion protection have utilized plasma20

and electrochemical21 deposition techniques. All of these methods
have their limitations and may not be robust enough to prevent
copper corrosion in water at elevated temperatures.

In this paper, Al2O3 and TiO2 atomic layer deposition (ALD)
coatings on copperwere explored as ultrathin protective coatings to
prevent corrosion by water. ALD is a gas phase coating technique
based on sequential, self-limiting surface chemical reactions.22 ALD
can provide atomic level control of film thickness and deposit
extremely conformal coatings on high-aspect-ratio structures.22,23

Al2O3 is a well-defined ALD system and is performed using
trimethylaluminum (TMA) and H2O.

24�26 Al2O3 ALD has been
used previously as a corrosion resistant coating.27,28 TiO2 ALD is
also a well-established ALD system and is accomplished using
TiCl4 andH2O.

29 TiO2 ALD has been reported to protect stainless
steel27,30 and CrN31 from electrochemical corrosion.

Al2O3 ALD is known to form nearly pinhole-free films.32

Al2O3 ALD has also been shown to be an excellent gas diffusion
barrier on polymers.33�35 Recent measurements of the water
vapor transmission rate (WVTR) through Al2O3 films on
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polymer have demonstrated that Al2O3 ALD films with thick-
nesses of >10 nm have equivalent barrier properties to glass.33

Al2O3 ALD films can also protect polymers from atomic oxygen
and vacuum ultraviolet (VUV) attack.36,37 However, Al2O3 ALD
films are susceptible to corrosion by water.38 Consequently, the
Al2O3 ALD barrier must be protected to prevent water corrosion.
TiO2 is known to display excellent water resistance.39,40 TiO2

ALD can be used to protect the Al2O3 ALD layer from water
corrosion.

The nucleation and growth of Al2O3 ALD on copper at 177 �C
was studied using in situ quartz crystal microbalance (QCM)
measurements to confirm that Al2O3 ALD grows efficiently on
copper surfaces. The pinhole density in the Al2O3 ALD coatings
on copper was also measured using electroplating techniques.
Optical microscopy was employed to monitor copper corrosion
in water at 25 and 90 �C using Al2O3 ALD, TiO2 ALD, and
TiO2/Al2O3 ALD coatings grown at 120 �C. Ellipsometry
studies also observed the film thickness of Al2O3, TiO2, ZnO,
and TiO2/Al2O3 coatings versus time in water at 90 �C. Contact
angle measurements characterized H2O wetting on TiO2-coated
copper wire mesh substrates.

2. EXPERIMENTAL SECTION

Al2O3, TiO2, and ZnO ALD were performed in a viscous-flow, hot-
wall type ALD reactor described in detail elsewhere.41 The Al2O3 ALD
was deposited using 97% pure TMA (Sigma-Aldrich, U.S.A.) and
chromatography-grade water at 120 and 177 �C. Nucleation on copper
substrates was explored at the optimum growth temperature of 177 �C
for Al2O3 ALD.

25 Al2O3 ALD films were deposited at 120 �C for the
studies of copper corrosion. This lower temperature was employed
because this study was motivated by the problem of copper corrosion in
microelectromechanical systems (MEMS) devices that contain ther-
mally sensistive polymers.42

The TiO2 ALD was deposited using 98% pure TiCl4 (Strem
Chemicals Inc., U.S.A.) and water at 120 �C. Titanium tetrachloride is
a stable precursor with good vapor pressure at room temperature and
was considered the best metal precursor for TiO2 deposition. TiO2

ALD using titanium(IV) isopropoxide and H2O was not employed
because this system requires temperatures from 250 to 325 �C43 that are
not compatible with most polymers. Titanium(IV) dimethylamaide
(TDMAT) and H2O was not used for TiO2 ALD because TDMAT
has thermal decomposition problems and is known to yield very poor
TiN ALD films at low temperatures.44

The ZnO ALD was deposited using diethylzinc (Sigma-Aldrich,
U.S.A.) and H2O at 120 �C. During Al2O3, TiO2 and ZnO ALD, the
metal precursors and H2O were maintained at room temperature. Ultra
high purity (99.999%) grade nitrogen (Airgas, CO, U.S.A.) was used as
the purge and carrier gas in the ALD reactor. With pumping using a
mechanical pump, the flowingN2 gas defined a base pressure of 0.9 Torr.
All the films in this paper were grown using ALD techniques unless
stated otherwise.
QCMmeasurements were performed using AT- cut, 6 MHz resonant

frequency, unpolished, copper-plated quartz crystal sensors (Inficon
Inc.,U.S.A.). The QCM sensor was coated with a 7 μm thick copper film.
Copper was deposited using electron beam evaporation. A layer of
titanium with a thickness of 200 Å served as the adhesion layer between
the quartz crystal and the copper film. The QCM crystal was mounted in
a bakeable sensor housing and sealed using high temperature conductive
epoxy and purged with nitrogen to prevent deposition on the backside of
the crystal.41 The copper-plated crystal turned a bright red color,
indicating the presence of thick layer of copper oxide, after epoxy curing
in the QCM housing in air at 200 �C for two hours. Typically, copper

heated to 200 �C in air has as a oxide layer consisting of a mixture of
Cu(I) and Cu(II).45

Precut, copper-plated, silicon wafers with dimensions of 2.5 cm �
2.5 cm were used as the copper substrates for the copper corrosion
studies. These wafers were covered with a 15 μm polished copper film
deposited using electron beam evaporation. The copper was evaporated
onto a 250 Å thick tantalum adhesion layer (Montco Silicon Technol-
ogies Inc., U.S.A.). X-ray photoelectron spectroscopy (XPS) analysis of
these copper substrates indicated the presence of a native oxide layer in
the Cu(I) oxidation state. The thickness of the Cu2O oxide layer was
determined to be ∼30 Å using spectroscopic ellipsometry. All of the
substrates referred to in this work as copper were assumed to have a
native copper oxide on the surface.

A spectroscopic ellipsometer (J. A. Woollam Co., U.S.A.) was used to
determine the thickness and refractive index of the deposited TiO2 and
Al2O3 films. The thickness was measured using three different wave-
lengths (418.5, 594.6, and 763.2 nm) at an incident angle of 75�.
Refractive indexes of deposited TiO2 and Al2O3 were obtained using the
Tauc-Lorentz and Cauchy models, respectively. A Gaertner Ellips-
ometer L117 (Skokie, Illinois, U.S.A.) was used to monitor changes in
film thickness after immersion in water. The thickness was obtained at
three different locations for each measurement.

Auger electron spectroscopy (AES) and X-ray photoelectron spec-
troscopy (XPS) were used to examine the composition of the Al2O3

ALD film on copper surfaces. AES measurements were conducted at the
University of Minnesota College of Science and Engineering Character-
ization Facility on a Physical Electronics scanning Auger spectrometer
(PHI model 545). Depth profile data was obtained with 3 keV Ar+

sputtering. XPS scans were performed at the University of Colorado
using a Physical Electronics (PHI model 5600) spectrometer with a
monochromatic Al Kα X-ray source with energy of 1486.6 eV. XPS
survey scans were performed with an electron pass energy of 187 eV and
a resolution of 0.8 eV.

Surface morphologies of the ALD films deposited on copper sub-
strates were determined using atomic force microscopy (AFM). Mea-
surements were performed using an Autoprobe CP instrument from
Thermomicroscopes atop an air table (Integrated Dynamics Engineer-
ing, U.S.A.). AFM images were acquired in noncontact mode. All scans
were 5 μm� 5 μm and performed at a scan rate of 0.8 Hz using “A” tip
rectangular cantilevers (MikroMasch Company, U.S.A.).

Copper electroplating was utilized to visualize defects in the Al2O3

ALD films deposited on copper.46 The electroplating solvent was
composed of 1.0 M H2SO4 and 0.4 M CuSO4.

46 Because Al2O3 is a
dielectric, copper only grew at defect sites in the Al2O3 film where the
electrolytic solution established contact with the conductive substrate
during electroplating. After the electroplating, the defects were revealed
as copper bumps. These defects were analyzed and counted using optical
(Nikon ECLIPSE LV150, Japan) and scanning electron microscopy
(SEM) (Jeol Limited JSM-6480LV, Japan) techniques.

Corrosion protection properties of the ALD films were investigated
by immersing coated substrates into chromatography grade water at
room temperature and 90 �C. Coated copper substrates were fully
immersed in water that was heated to a precision of(2.5 �C using a hot
plate (Thermo Fisher Scientific Inc., U.S.A.). After sample removal and
prior to any analysis, the samples were dried with nitrogen gas.
Thickness data and optical images of the copper substrates were
measured every 1�4 days. An optical microscope (Nikon ECLIPSE
LV150, Japan) was used to record the optical images.

The optical images were analyzed using ImageJ.47 All of the images of
the bare and coated copper substrates were obtained under the same
conditions and recorded with 10� magnification and 1280 � 1024
capture resolution. The images were recorded at the same region of the
sample versus time to track the changes. The imagesweremade binary by the
ImageJ processing software. The average greyscale intensity of the copper
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substrates before water immersion was used as the reference to define
the threshold level. The copper corrosion area was defined as the relative
fraction of pixels in the image that had a greyscale intensity above the
threshold.
The wettability of TiO2-coated copper meshes with 50 μm wire

diameters was examined using water contact angle measurements. The
contact angle was measured using 1 μL water droplets. The images were
processed using First Ten Angstroms imaging software (First Ten
Angstroms, Inc., U.S.A.).

3. RESULTS AND DISCUSSION

A. Nucleation and Growth of Al2O3 ALD on Copper. Al2O3

ALD on copper was investigated at 177 �C on a QCM with a
copper-plated quartz crystal. The dose times for TMA and H2O
were 1 s with 30 s purge times after each pulse. TMA and H2O
exposures were 12 � 104 L (1 L = 1 � 10�6 Torr s) and 4 �
104 L, respectively. Figure 1 shows the QCM response during the
first 5 ALD cycles. Al2O3 nucleates readily on the copper sub-
strate. In the first cycle, the TMA dose resulted in a mass gain of
27 ng/cm2 and the water dose resulted in amass loss of 2 ng/cm2.
The total mass gain per cycle (MGPC) was 25 ng/cm2/cycle.
Figure 1 shows that the total mass gain increases progressively
through the first 5 cycles.
Figure 2a displays the mass gains for TMA (ΔmA), H2O

(ΔmB) and Al2O3 (ΔmA + ΔmB) for 205 ALD cycles. Nuclea-
tion occurs over the first 15�20 ALD cycles. The total mass gain
increases and reaches a maximum value of ∼68 ng/cm2/cycle.
Figure 2b shows theΔmA/ΔmB ratio for individual mass gains of
TMA and water. The ΔmA/ΔmB ratio starts at a high value and
quickly decreases and levels off at a steady state value of∼13 after
20 cycles. The negative value of the ratio on the first cycle is due
to the initial mass loss during first water dose. The steady state
ratio value of ∼13 is slightly higher than the ratio of ∼10
observed earlier during Al2O3 ALD on a polished, gold-plated,
QCM crystal under the same reaction conditions.41

The QCM profiles shown in Figure 1 are consistent with the
chemistry for Al2O3 ALD growth using TMA and water.41,48

However, the Al2O3 growth rate of∼65 ng/cm2/cycle observed

after the nucleation period is about 2 times higher than the
growth rate observed on polished QCM sensors. This higher
mass gain per cycle is attributed to the difference in surface area
between the polished and unpolished QCM sensors.41 As the
roughness of the QCM crystal surface decreases with the number
of ALD cycles, the Al2O3 ALDMGPC should approach aMGPC
of ∼38 ng/cm2/cycle that has been reported for polished QCM
sensors at 177 �C.41,48 Slightly smaller MGPCs ranging from 31
to 37 ng/cm2/cycle are observed at 125 �C depending on TMA
and H2O exposures.49

The slow Al2O3 growth during the first several ALD cycles
indicates that the surface of the copper oxide on the copper
substrate may have few hydroxyl groups. Another possibility is
that the copper oxide surface may be covered with carbonaceous
species. There was no attempt to clean the copper oxide surface
prior to the Al2O3 ALD. Nucleation periods of 10�20 cycles are
similar to the nucleation periods observed for Al2O3 ALD on a
variety of polymer substrates.50

B. Characterization of Al2O3 ALD Films on Copper. The
thickness of the Al2O3 films deposited on copper was measured
using ellipsometry. Measurements of the film thickness versus
number of cycles yielded an Al2O3 ALD growth rate of 1.2 Å/cycle
at 177 �C. This value is in good agreement with the growth rate
observed for Al2O3 ALD on silicon substrates.25 The color of the
copper substrate coated with 620 Å of Al2O3 was deep red. The
refractive index of 1.6 at 633 nm for the Al2O3 film deposited on
copper matched previously reported values for Al2O3 ALD films.48

Figure 1. Mass gain versus time recorded during first five Al2O3 ALD
cycles on copper-plated QCM sensor at 177 �C.

Figure 2. (a)Mass gain versus cycle number for Al2O3 ALD on copper-
plated QCM sensor at 177 �C showing TMAmass gain, H2O mass gain
and total mass gain. (b) Ratio of the TMA mass gain and the H2O mass
gain versus cycle number for the mass gains shown in a.
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Auger electron spectroscopy (AES) was used to examine the
chemical composition of the Al2O3 ALD film. Figure 3 displays
the AES depth profile of a 620 Å thick Al2O3 film deposited on a
copper substrate at 177 �C. There is a uniform distribution of
aluminum and oxygen atoms throughout the entire film with no
traces of copper in the bulk of the film. The deviation from
stoichiometric Al2O3 with slightly lower oxygen than expected
can be attributed to the preferential sputtering of light atoms
during the AES depth profile. Impurities in the film were below
the detection limit of the instrument.
Pinholes in the Al2O3 ALD film on copper were evaluated

using an electroplating technique.46 Al2O3 samples were prepared
by deposition of Al2O3 films with a thickness of 250 Å on 4 in.
copper wafers at 177 �C using the same reaction conditions as
employed for the QCM studies. UHP grade nitrogen was used to

remove residual particles from the surface of the copper sub-
strate. The copper substrate was then loaded into an ALD reactor
that was larger than the ALD reactor that was used for the other
ALD coatings. This larger ALD reactor was housed in a class 100
clean room environment. The substrate was placed in the ALD
reactor for 30 min to allow for temperature equilibration prior to
the start of the Al2O3 ALD.
The Al2O3-coated copper substrates were then subjected to

electroplating prior to examination by SEM. Very few defects as
revealed by copper bumps were observed after the electroplating
process. Only∼4 defects per cm2 were observed after 20 min of
electroplating time. Figure 4 shows that the number of defects
increases with the increase in electroplating time. After 100 min
of electroplating, the Al2O3 ALD film on copper had only 8
defects per cm2. This defect density compares with the lowest
density of 38 defects per cm2 obtained earlier under the same
electroplating conditions for Al2O3 ALD films with a thickness of
250 Å deposited on nickel substrates.46 The nickel substrates
were formed by the resistive evaporation of nickel on silicon
wafers.

Figure 4. Defect density versus electroplating time for Al2O3 ALD film
with a thickness of 250 Å deposited on copper substrate at 177 �C.

Figure 5. AFM images of: (a) 300 cycles of TiO2 ALD grown on copper
substrate at 120 �C; and (b) TiO2 capping layer with a thickness of 180 Å
on Al2O3 adhesion layer with a thickness of 40 Å grown on copper
substrate at 120 �C.

Figure 3. Atomic concentration versus sputtering cycle for Al2O3 ALD
film with a thickness of 620 Å deposited on copper substrate at 177 �C.
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The defects in the Al2O3 films are most likely caused by
residual particle contamination. Although the copper substrates
were cleaned in a class 100 clean room environment prior to
Al2O3 ALD, there still may be some particles that adhere to the
copper substrate or particles that are not easily removed from the
initial copper substrate. The excellent WVTRs measured for
Al2O3 ALD-coated polymers suggest that the Al2O3 films are
comparable to glass and do not contain intrinsic defects.33,34

C. TiO2 ALD on Copper. Although Al2O3 ALD is an excellent
barrier film, the Al2O3 films are susceptible to water corrosion.38

In contrast, TiO2 is much more resilient to water corrosion.39,40

Consequently, TiO2 ALD was grown on the copper substrates at
120 �C and then examined using ex situ XPS analysis. The XPS
measurements after 300 cycles of TiCl4 and water showed the
presence of adventitious carbon C (51.30 at %) together with Cl
(1.42 at %), O (30.25 at %), Ti (11.78 at %) and Cu (5.24 at %).
On the basis of the previously reported TiO2 ALD growth rate of
0.6 Å/cycle,51 the expected TiO2 film thickness is ∼180 Å. The
presence of copper in the XPS spectrum indicates either that the
TiO2 film thickness is less than the photoelectron penetration
depth of∼50 Å or that the TiO2 ALD film did not nucleate well
on the copper substrates.
AFM results for TiO2 films on copper substrates also were

consistent with nucleation difficulties for TiO2 ALD. Figure 5a
shows a 1 μm� 1 μmAFM scan of a copper substrate after TiO2

ALD using 300 cycles of TiCl4 and H2O at 120 �C. The surface is

very rough with a root-mean-square (rms) roughness of 14.0 nm.
In comparison, the initial copper substrate had a rms roughness
of 5.5 nm. The roughness of the TiO2-coated substrate is
consistent with the nucleation of scattered TiO2 islands that
grow and yield a rough surface.
In contrast to TiO2 ALD, Al2O3 ALD can nucleate readily on

the copper substrate. An adhesion layer of Al2O3 may facilitate
the subsequent TiO2 ALD. Figure 5b shows an AFM image of a
copper surface after depositing a∼40 Å adhesion layer of Al2O3

ALD using 40 cycles of TMA andH2O at 120 �C followed by 300
cycles of TiCl4 and H2O to grow the TiO2 coating at 120 �C.
This surface has an rms roughness value of 6.0 nm that is nearly
identical to the initial copper substrate.
The smoothness of the TiO2 capping layer demonstrates that

the Al2O3 adhesion layer can ensure proper nucleation and
conformality of the TiO2 ALD films. Ellipsometery measure-
ments of TiO2 ALD films grown on the Al2O3 adhesion layer on
copper were consistent with the previously reported TiO2 ALD
growth rate of 0.6 Å/cycle.51 In addition, XPS scans performed
on the same samples revealed no traces of copper and a Cl/Ti
atomic percentage ratio of 0.034. This chlorine concentration is
comparable to a previously reported Cl/Ti atomic percentage
ratio of 0.047 for TiO2 ALD using the same conditions.52

D. Corrosion Protection of Copper Using Al2O3 and TiO2

ALD.Optical imaging was used to examine the water corrosion of

Figure 6. Optical microscope images of copper substrates after 75 h in
water at 90 �C with: (a) no coating; and (b) Al2O3 ALD coating with
thickness of 200 Å grown at 120 �C.

Figure 7. Optical microscope images of copper substrates after 75 h in
water at 90 �Cwith: (a) 300 cycles of TiO2 ALD at 120 �C; and (b) TiO2

capping layer with a thickness of 180 Å on Al2O3 adhesion layer with a
thickness of 40 Å grown at 120 �C.
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copper substrates immersed in water at 90 �C. Figure 6a shows
the surface of an uncoated copper substrate after immersion in
water at 90 �C for 75 h. This copper substrate has corroded
significantly leading to discoloring and multiple structured
features. In comparison, the original copper substrate was a
uniform golden brown color with no structure.
Figure 6b displays the image of a copper substrate coated with

165 cycles of Al2O3 ALD at 120 �C after immersion in water at
90 �C for 75 h. The 165 cycles are sufficient to deposit an Al2O3

thickness of ∼200 Å on the copper substrate. The copper
substrate has again corroded and developed many fine features.
The Al2O3 film by itself is not capable of protecting the copper
substrate from water corrosion.
Figure 7a shows the image of a copper substrate coated with

300 cycles of TiO2 ALD at 120 �C without an Al2O3 adhesion
layer after immersion in water at 90 �C for 75 h. This copper
substrate is also badly corroded as evidenced by the discoloration
and multiple features. The corrosion is expected because the
TiO2 film does not nucleate efficiently on the copper substrate.
Consequently, there are probably open copper areas on the
substrate that begin to corrode very quickly in the hot water.
Water corrosion resistance was observed for TiO2 capping

layers on the Al2O3 adhesion layers on copper substrates.
Figure 7b displays the image of a copper substrate that was first

coated with an Al2O3 layer thickness of ∼40 Å at 120 �C.
Subsequently, TiO2 was grown on the Al2O3 layer using 300
cycles of TiCl4 and H2O at 120 �C to produce a TiO2 layer
thickness of ∼180 Å. This sample was much more resistant to
corrosion after immersion in water for 75 h at 90 �C.
After establishing that the TiO2 layer was resistant to water

corrosion, optical imaging was used to determine the extent of
corrosion as a function of TiO2 coating thickness on the Al2O3

layer on copper substrates. TiO2 capping layer thicknesses were
explored from 37 Å to 242 Å. The Al2O3 adhesion layers had a
thickness of∼40 Å. All of these samples were immersed in water
at room temperature and 90 �C for 900 h.
Optical images of various samples that were immersed in water

at 90 �C for 900 h are shown in Figures 8 and 9. The results for
the TiO2 thicknesses of 37 and 69 Å in images a and b in Figure 8,
respectively, reveal that thinner TiO2 films are insufficient to
protect the copper substrate from water corrosion. The copper
substrates are discolored and covered with multiple features.
The results for the TiO2 thicknesses of 127 Å and 242 Å in

images a and b in Figure 9, respectively, show that the thicker
TiO2 films are sufficient to provide a significant degree of
protection. Only a few corrosion regions exist. These corroded
regions are mostly circular spots that are consistent with corro-
sion through pinhole defects. The samples in images a and b in

Figure 8. Optical microscope images of copper substrates after 900 h in
water at 90 �Cwith: (a) TiO2 capping layer with a thickness of 37 Å; and
(b) TiO2 capping layer with a thickness of 37 Å. The TiO2 capping layers
were on Al2O3 adhesion layers with a thickness of 40 Å. TiO2 and Al2O3

ALD were performed at 120 �C.

Figure 9. Optical microscope images of copper substrates after 900 h in
water at 90 �C with: (a) TiO2 capping layer with a thickness of 127 Å;
and (b) TiO2 capping layer with a thickness of 242 Å. The TiO2 capping
layers were on Al2O3 adhesion layers with a thickness of 40 Å. TiO2 and
Al2O3 ALD were performed at 120 �C.
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Figure 9 also retain their original golden brown color. These
thicker TiO2 coatings are nearly sufficient to prevent corrosion in
water at 90 �C for 900 h.
The corroded area of the copper substrate was quantified using

ImageJ processing software during tests lasting over 120 days.
The corrosion was quantified by setting a threshold for the
darkness of an individual pixel. The golden brown color of the
initial copper substrate was set just below the greyscale intensity
threshold. The dark, discolored corroded regions of the substrate
were then all darker than the greyscale intensity threshold. After
setting this threshold, the corroded area of the copper substrates
could be monitored versus time.
Figure 10 shows the results from this ImageJ processing for a

variety of coated copper substrates including Al2O3, TiO2, TiO2/
Al2O3 and ZnO. These samples were immersed in hot water at
90 �C. Some comparative results are also shown for tests
performed in water at room temperature. Figure 10 reveals that
the copper substrates coated with an Al2O3 adhesion layer with a
thickness of ∼55 Å and a TiO2 capping layer with a thickness
of∼200 Å can survive for∼80 days prior to any observed corrosion
in water at 90 �C. This same coating can survive for >100 days in
water at 25 �C with a much slower corrosion rate after reaching
the threshold for some observable corrosion. The Al2O3 adhe-
sion layer with a thickness of 55 Å was grown using 50 cycles of
TMA and water. This slightly larger adhesion layer thickness
should not affect the TiO2 ALD nucleation or the corrosion rate.
In contrast, Figure 10 reveals that the copper substrates

covered with only an Al2O3 film with a thickness of ∼200 Å or
a ZnO film with a thickness of ∼250 Å corrode almost
immediately in hot water at 90 �C. For both of these coatings,
the corroded areas are >50% after 5 days. These results are only
marginally better than the uncoated copper substrate in water at
90 �C. The copper substrate with an Al2O3 film with a thickness

of ∼200 Å in water at room temperature corrodes much more
slowly. Corrosion is observed from nearly the beginning. How-
ever, the corrosion rate is much slower than the corrosion rate at
90 �C.
The optical images also revealed that scratched regions of the

uncoated or coated copper substrate led to more darkening and
corrosion than unscratched regions of the substrate. The
scratched regions displayed more corrosion both before and
after coating. The scratches probably introduce more active
surface sites that are more susceptible to chemical change.
E. Dissolution of Al2O3, ZnO and TiO2/Al2O3 ALD Films.

The best corrosion resistance in water at 90 �Cwas obtained with
copper substrates covered with an Al2O3 adhesion layer with a
thickness of 55 Å and then coated with a TiO2 capping layer with
a thickness ofg200 Å at 120 �C. However, these coated copper
substrates displayed corrosion after >80 days. This corrosion
may be related to the dissolution of the TiO2/Al2O3 films. To
test this idea, ellipsometry was used to measure the thickness of
the TiO2/Al2O3 film versus time during immersion in water at
90 �C.
Figure 11 displays the “effective” film thickness measured by

ellipsometry versus time for Al2O3, ZnO and TiO2/Al2O3 films
during immersion in water at 90 �C. The film thickness is
“effective” because the corrosion does not produce perfectly
homogeneous films. There are some corrosion pits as evidenced
by the optical microscope images in Figures 8 and 9. In addition,
the effective film thickness is shown for only the TiO2 compo-
nent of the TiO2/Al2O3 film. The separation of the TiO2 and
Al2O3 layers was accomplished by assuming an Al2O3 adhesion
layer thickness of 55 Å under the TiO2 capping layer in the fit of
the ellipsometry data.
Figure 11 shows that the Al2O3 and ZnO films dissolve very

quickly in less than 10�15 days. In contrast, the TiO2 capping
layer on the Al2O3 adhesion layer starts with a thickness of∼200 Å
and progressively dissolves over ∼90 days. The loss of the TiO2

layer thickness is fairly linear and suggests that the TiO2 layer is

Figure 11. Effective film thickness on copper substrate versus time in
90 �Cwater for Al2O3, ZnO, andTiO2/Al2O3ALDcoatings. For theTiO2/
Al2O3 coating, the Al2O3 adhesion layer thickness was 55 Å and the TiO2

capping layer thickness was 200 Å. All ALD films were grown at 120 �C.

Figure 10. Corroded area on copper substrate derived using ImageJ
versus time in water at 25 and 90 �C for bare copper and copper coated
with Al2O3 ALD, ZnO ALD, and both Al2O3 and TiO2 ALD. The film
thicknesses were 200 Å for the Al2O3 coating and 250 Å for the ZnO
coating. For the TiO2/Al2O3 coating, the Al2O3 adhesion layer thickness
was 55 Å and the TiO2 capping layer thickness was 200 Å. All ALD films
were grown at 120 �C.
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dissolving in water at 90 �C with zero-order kinetics. Additional
experiments with different thicknesses of the TiO2 capping layer
on the Al2O3 adhesion layer could confirm the zero-order dissolu-
tion kinetics.
There are correlations between the corroded area percentage

results in Figure 10 and the effective film thicknesses in Figure 11.
For the TiO2/Al2O3 film, the corroded area starts to increase
when the TiO2 layer is removed by dissolution. This correlation
indicates that the corrosion resistance is determined by the TiO2

ALD film thickness. The TiO2/Al2O3 coating can protect the
copper substrate until the TiO2 capping layer on the Al2O3

adhesion layer is dissolved after ∼90 days in water at 90 �C.
F. Wetting Properties of TiO2 ALD-Coated Copper. H2O

wetting of the TiO2 capping layers on the Al2O3 adhesion layers
on copper were investigated using the sessile drop method to
determine the water contact angle. The TiO2 capping layers on
the Al2O3 adhesion layers were deposited at 120 �C on copper
meshes with 50 μmwire diameters. The size of the water droplet
for the contact angle measurements was limited to 1 μL to avoid
gravitational effects. All TiO2 samples were protected from
ultraviolet (UV) light exposure prior to testing. This precaution
was necessary since the wetting properties of TiO2 are sensitive
to UV light.53

Images a and b in Figure 12 show the results after adding a
water droplet to the copper wire meshes before and after the
deposition of TiO2 capping layers on the Al2O3 adhesion layers.
Figure 12a shows that a large contact angle of 115� is measured

on the uncoated copper wire mesh. This large contact angle is
typical for substrates where the water bridges the tops of the
substrate features. The water droplet rests on flat solid tops and
air gaps between them as described by the Cassie�Baxter
model.54 According to this model, the apparent contact angle
is determined by contributions from both the solid tops and the
air gaps.
Figure 12b shows the result after adding a water droplet to the

surface of the TiO2-coated copper wire mesh. The TiO2-coated
copper mesh rapidly and completely wicks the water droplet.
This wettability is consistent with a low contact angle and the
presence of strong capillary forces. A slight difference in wetting
speed was observed when water droplets were placed on dry
versus wet copper meshes. Slower water spreading was observed
on wet meshes. These TiO2-coated copper wire meshes should
be very useful for heat exchangers employing thermal transport
based on water adsorption and desorption.

4. CONCLUSIONS

Al2O3 and TiO2 ALD were used to fabricate ultrathin protec-
tive coatings on copper to prevent water corrosion. Al2O3 or
TiO2 ALD alone was not effective to prevent water corrosion of
copper. Although the Al2O3 ALD films covered copper uni-
formly with a nearly pinhole-free film, the Al2O3 films easily
dissolved in water at 90 �C. The TiO2 ALD films had nucleation
difficulties and did not completely cover the underlying copper
substrate leading to facile copper corrosion. In contrast, a
composite coating formed by an Al2O3 adhesion layer on copper
and then a TiO2 capping layer on the Al2O3 adhesion layer
proved to be very resistant to water corrosion.

Optical microscopy images revealed that TiO2 capping layers
as thin as ∼200 Å on Al2O3 adhesion layers with a thick-
ness of ∼55 Å could prevent copper corrosion from water
exposures at 90 �C for ∼80 days. Ellipsometry measurements
revealed that Al2O3 films with a thickness of∼200 Å dissolved in
water at 90 �C in∼10 days. In comparison, TiO2 capping layers
with thicknesses of ∼200 Å on Al2O3 adhesion layers with
thicknesses of ∼55 Å protected the underlying copper substrate
for∼90 days in water at 90 �C. The TiO2 ALD coatings were also
hydrophilic and facilitated H2O wetting of copper wire mesh
substrates.
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Figure 12. Water contact angle measurements for: (a) bare woven
copper mesh with 5 μm wire size; and (b) copper mesh with TiO2

capping layer thickness of 100 Å on Al2O3 adhesion layer thickness of
55 Å. The TiO2 and Al2O3 ALD films were grown at 120 �C.
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