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Material studies of thin films of porous anodized,®} have been undertaken to determine their applicability as sensing films for
application on surface acoustic wave sensors. We describe the production of these films including their growth parameters and
provide an analysis of their crystal morphology. These films were then exposed to various concentrations of analyte and their
surface areas determined using Brunauer-Emmett-Teller-type analysis. Finally, the surface area as a function of anodization
potential is provided for the films.
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Recent efforts have focused on the chemical and physical diver- Experimental
sity of interface materials for surface acoustic wa(®AW)

}etchno:ogtyl. Ihelse matepalzprgwde sAW sensorg ;’]\."tp] their .?n.?_ tions, the dominant influence on the final micro_s_tructure of giOAl
yte seeclivity. ISSues of wide dynamic range and nign sensi 'V'_ycoatlng is strongly linked to the surface mobility of the adatoms,
must also be addressed for sensor arrays to compete in applicationg,ich js affected by the substrate temperature and deposition rate.
requiring low detection limits such as the development of sensorThe microstructure of evaporative films can be viewed in terms of
systems useful in the detection of chemical plumes for security apthe Movchan-Demchishin model also known as the zone structure
plications. Each chemical sensor consists of interdigital transducersgnodel (ZSM)® In this model, coatings are deposited under three
patterned on the surface of an ST-cut quartz substrate with a thinelistinct conditions or “zones.” At a constant evaporation rate, the
film coating placed in the SAW propagation path to perturb the material morphology in each zone can be manipulated by the tem-
acoustic wave velocity during analyte sorption. Since no single coatperature of the substratdy onto which the Al is deposited. Zones
ing provides absolute analyte specificity, an array of sensors proare classified as zone IT{< 0.3T;), zone Il (0.3, < Ts
vides a high degree of discrimination ability. By providing a diverse < 0.45T,), and zone Ill s> 0.45T,)) where T, refers to the
set of material coatings, the sensor array offers a degree of chemicanelting point of bulk Al.

sensitivity and selectivity. Because SAW devices respond in propor- In zone |, film growth is more agglomerated with “islands” of
tion to change in mass per nominal unit area of the device surfacecrystalline structures separated by small columnar voids. Because of
sensitivity is enhanced by surface modification with high area, thin-10W thermal energy, due in part to the relatively low substrate tem-
film coating materials to allow a greater mass of analyte adsorptio erature as compared to the melting point of the material, the sur-

. . ; o .~ face mobility of adatoms is limited. The image in Fig. 1 is a cross-
at a given ambient concentration. A number of anodization studies INectional view of an agglomerated structure of alumina formed by
the literature have dealt primarily with bulk materials and their re-

sultang prope_rtie_s, which are significantly_different from eva_porative deposited under zone | conditions. After sulfuric a@db M) anod-
deposited thin-film systenfs’ Other studies have dealt with the ization under fixed 16 V) anodic potential, the crystal morphology
growth of porous alumina films formed on foil templafe3his  of the ALO, in Fig. 1 is characterized by disordered alumina micro-
study deals with porous films growin situ on a sensor substrate  structures with low effective surface areas. From tunneling electron
where the pore morphology and pore size is controlled by the submicroscopy(TEM) analysis, these agglomerated oxides reveal tor-
strate temperature and the anodization conditions. tuous pore openings with diameters on the same order as films de-
Material studies of thiff<1 um), high surface area, metal/oxide veloped under zone Il conditions, but with limited pore length and
films developed to improve SAW sensitivity, reveal common factors corresponding limited pore volume. These features are not visible
that, in fact, diminish sensor sensitivity. These factors include non-With high - resolution  scanning electron microscop$SEM)
uniformity in the density of the material, the rigidity of the micro- €Xamination.
structure, and nonuniformity in the thickness of the Coating. For Anodizationl_Figure 2 is the cross section of an alumina film
example, films developed from high density materials such as Ptformed by the anodizing process of evaporated aluminum grown
Pd, or Au, have yielded higher dendritic nanogeometries but sufferunder zone Il conditions. The initial film was vapor deposited under
greater insertion losses for a given thickness. In contrast, because tfie same conditions as the film in Fig. 1, except that the substrate
its low density, microstructure rigidity, ordered porosity, and con- temperature was held at O,,. Under zone Il conditions, film
trollable pore volume, anodized aluminum ¢@%) formed from  growth occurs with greater adatom mobility, and favors columnar
evaporated deposition of metallic Al suggests promising films for grain structures with dense intercrystalline boundaries that extend

enhanced sensor sensitivity. In the context of this paper, anodizeffi’ough the coating thickness. The anodization conditions were
aluminum and alumina refer to two different coatings. Anodized identical for both films and consist of mounting an Al coated SAW

. . . . device to a rigid Teflon fixture that was centered in a 250 mL beaker
aluminum is a coating where only part of the evaporated alumlnuml cm from a Pt counter electrode. Electrical contact to the Al film
has been converted to alumina. Under this oxidized layer remaing, ¢ made through a 1 mm Ti wirequnted on the Teflon fixture.
metallic aluminum. For alumina, on the other hand, the evaporativenc resistance was observed at the Ti wire (pposite the Ti/Al
aluminum film has been completely converted to an oxide, no addigntact)and a point on the Al surface. If the resistance wa¥ @&’
tional aluminum is available for anodizing. or higher, the contact points were filed and cleaned and then the

resistance was rechecked.
Prior to entering the solution, power was activated to the elec-
* Electrochemical Society Active Member. trochemical cell. Before and during the anodizing processgaé
# E-mail: kbpfeif@sandia.gov was bubbled through the anodizing solution in front of the SAW

Growth and depositior—During physical evaporative deposi-
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Figure 1. SEM cross section of an alumina film formed by anodizihg V ) ) ] )
applied) evaporated aluminum that was thermally evaporated on quartz atFigure 3. The current decay of 500 nm aluminum evaporated film during
low temperature of 53°C substrate temperature (0TQ8. Because of low constant potential anodization. Solid line is a spline fit of the data as guide to
adatom mobility, the microstructure of the deposit is more agglomerated withthe eye. Note that the current asymptotically approaches a constant value at
voids. the end of the stage 3 growth.

device. The N helped to agitate the solution, and for small surface tance of the film increases dramatically. The solid line in Fig. 3 is a
areas, was sufficient for maintaining the temperature of the cell. Theguide for the eye. The film undergoes three stages of change under
samples in Fig. 1 and 2 were anodized at a constant potential of 1@otentiostatic mode. During the firggrowth) stage(the first 60 s in

V. For all samples anodized at potentials from 2-25 V, we used 0.5this example), the current drops at a rapid rate, indicating that the
M H,S0O, as the electrolyte. Samples used for the adsorption studyucleation of oxides and crystal structure ordering of thgOAlis

were prepared under zone Il conditions and anodized for 40 minoccurring. During the second stageee Fig. 4), SEM micrographs at
These 500 nm films were completely converted to alumina. At thesel, 3.5, and 10 min reveal the formation of the oxide with increasing
exposures, the finished film thickness ranged from 550-620 nm dedepths as a function of time. From zone Il deposition, the unanod-
pending on the driving potential, with higher potentials yielding ized aluminum film evaporated on quartz appears quite rough with a
thicker films and larger pore diameters. Films anodized much longefumber of large voids. After 60 s of anodization with an applied
(stage lll)were thinner than the initial 500 nm seed layer with larger potential of 10 V, a uniform oxide of 100-150 nm consumes and
pore diameters for a given fixed potential, as compared to aluming&overs the surface. At 3.5 min, more that 25% of the aluminum is
films formed under identical conditions but for shorter anodizing consumed. When 10 min have passed, most of the available alumi-
times. num is gone.

Figure 2 reveals straight ordered columns extending from the As anodization time increases, the thickness of the oxide film
surface to the substrate. This scanning electron microgi®BM)is ~ grows, consuming and converting the aluminum underlying to an
viewed using a 300 nm scale to clearly reveal the ordered columna@xide. During stage l(see Fig. 3), the current is fairly stable and the
structure in contrast to Fig. 1, which is viewed from a slightly general morphology of the crystal structure in now ordered and the
macroview(600 nm scalejo reveal the disorder surface as well as remaining aluminum is converted to oxides by the slow diffusion of
the cross-sectional structure. oxygen through the thicker oxide film above. During this second

The graph in Fig. 3 reflects the current decay over time as arstage, the porous film reaches its highest level of impedance for a
aluminum film, formed under zone Il evaporation, is anodized undergiven overall thickness.
constant potential. As the aluminum oxide forms, the surface resis-

300 nm

] ) o Figure 4. SEM cross sections of films that have been anodized for various
Figure 2. Fractured SEM cross section of an alumina film formed by anod- times. The four images are viewed from samples that were fractured to reveal
izing (16 V applied)evaporated aluminum. The aluminum was thermally cross sections of aluminum oxide, aluminum, and the quartz substrate. The

evaporated on quartz at 250°C substrate temperature T@)4 Due to in- unanodized film is in the upper left-hand corner and proceeding clockwise
creased adatom mobility, the microstructure of the deposit is more columnathe photographs are 1, 10, and 3.5 min. All films were deposited under zone
with distinct intercrystalline boundaries. Il conditions and were anodized at a 10 V potential.

Downloaded on 2015-04-07 to IP 192.236.36.29 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socigty49 (1) H1-H5 (2002) H3

10— 7

Table |. Table of pore diameter compared to applied potential
and anodization time. Data was obtained from SEM micrographs
that were near the resolution limit for the smaller pores. How-
ever, the general trend toward larger pores with larger applied
potential is illustrated.

Applied potential(V) Time (min) Pore diametefnm)

3 125 12+ 2
10 1 72
10 60 10* 2
10 200 17* 3
12 120 205
16 120 30+ 10

12v X
10v A\

4av

2v Q\
)
0

Frequency Change (ppm)

:

For a film of 500 nm thickness, when anodized at a potential of
10V, the evaporated bulk aluminum was completely consumed after
approximately 40 min corresponding to the observed drop in current
illustrated in Fig. 3. During stage ll{see Fig. 3), the elemental
aluminum has been consumed and converted to oxides. SEM micro
graphs at 60 and 105 mifnot shown)reveal discreet columnar PP_, (%

ordering of the oxide down to the supporting quartz substrate. ) )
Figure 6. Plot of frequency changes. concentrationR/Pg,) for EtOH on

Table | is a summary of the pore size data obtained from the . ) ; ;
experiment compared to the applied potential and anodization timeSAW devices with AJO, films produced by the described process. Each
) . : - curve represents a different anodization voltage and the lines are modified
This data was obtained by measuring the pore sizes from SEM phOBET fits to the data
tos of the anodized films. Each measurement was obtained by mak- ’
ing six to seven measurements from a level section of the coating
while avoiding the grain boundaries. An attempt was made to pickare uniformly spaced with uniform pore openin@s. 10 nm. At
points in clusters that represented the bulk surface finish. Since eacho5 min (not shown), the pores remain fairly uniformly spaced but
surface has mountain and valley-like features, the measurementhe pore openings at the surface begin to show signs of widening.
were made on flat mountain-like mesas. At these points, the lowFrom a cross-sectional view of this film, the columnar structures are
voltage(<10 V) formed oxides had similar pore sizes and very little showing signs of separation at the surface. In this final stage of the
variance. The limited variance in pore size measurements is therocess, the current in Fig. 3 drops off at an accelerated rate. During
result of the SEM resolution. However, at larger voltages, largerthis stage, the film is no longer highly conductive as when there was
pores were very clear and easily measurable. Table | illustrates the source of electroactive aluminum available, and the acid electro-
trend for larger pore size resulting from higher applied anodizationlyte surrounding the film in the anodizing solution now acts as an
potentials. etchant. As the film is continuously exposed to the acid electrolyte,

Figure 5 illustrates the surface of four aluminum films. The unan-the pores are widened and the film becomes thinner. Even though
odized film, scaled at 600 nm, reveals large grain structures with twahe supporting electrolyte is able to maintain a small flow of current
voids centered among the cluster of grain structures. Viewed at 20@etween electrodes, the current is converging asymptotically to a
nm, the surface is covered with pores within 60 s of the beginning ofconstant value. In Fig. 5, the SEM micrograph of a film processed at
the anodization process. From the plane view after 60 min, the poreg00 min reveals wider pore openings. 20 nm, and a breakdown

in structure uniformity, along with a thinner overall film thickness.

500 A 1 1

0 20 40 60 100

Analysis

A series of metallic Al films were vapor deposit€sD0 nm)on
SAW devices and anodized at various applied potent2als2 V) for
40 to 60 min. The pore diameters measured from SEM micrographs
for samples prepared at 2 VV ata. 7 nm, and for samples anodized
at 12 V areca. 20 nm. A fractured cross section of a film is shown
in Fig. 4.

The functionality of these films as sensors was tested. Each SAW
device was used as the feedback element of an oscillator circuit
operating at approximately 97 MHz. The frequency outputs from the
oscillators were then measured using a frequency counter. Figure 6
is the frequency shift of four SAW devices during the adsorption of
ethanol at increasing normalized vapor pressures. Insertion losses
for these coated devices were less than 1 dB greater than for a bare
device, but film sensitivity increases were of an order of magnitude
over a bare device. A decrease in pore size yielded an increase in
sensitivity.

The modified adsorption model of Brunauer, Emmett, and Teller
(BET)®" has been applied to the problem of measurement of heat of
adsorption and surface area for the sensitive films gbAkreated
using processes described above. The films were formed on ST-cut
quart? SAW devices and the adsorption of etharfgtOH) was

Figure 5. SEM photograph of AlO; surface as a function of anodization
potential. Clockwise from the upper left-hand corner the films are unanod-
ized, anodized for 1 min at 10 V, anodized for 200 min at 10 V, and anodized
for 60 min at 10 V. These photos illustrate that after 60 min of anodization, 2ST-cut quartz is a singly rotated cut having Euler angles 0°, 6 = 90°, and
the films are etched by the process and begin to open the pores. p = 132.75°.
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measured. The adsorption isotherms were then fit using the Various concentrations of EtOH in,Nvere passed over the sen-
Marquardt-Levenberg algorithm to extract the values of the heat ofsors and the frequencies were measured at a single temperature
adsorption of the first monolayer onto the surface and the limiting(20°C). These isothermal data are illustrated in Fig. 6 as a plot
number of surface layers adsorlf&@his information was then com-  showing the change in the frequency between the initial frequency
pared to published values for the heat of adsorption and the surfacand the current frequency at a given concentration. The concentra-
areas of the films was estimated and compared to the preparatiotion is represented as the ratio between the partial pressure of the
conditions. alcohol and that alcohol’s saturation vapor pressure at the test tem-
The BET adsorption model is a widely accepted technique forperature(20°C). The data points on the plot are the measured data
experimentally determining the surface area and heat of adsorptioand the solid line is a fit of the data to the modified BET experi-
of the first monolayer of adsorbate onto a surfa@ET measure-  mental isotherm model. The modified BET model of chemical ad-
ments are routinely made with,Nas the adsorbate on a surface sorption postulates that there are two heats of adsorption of the
cooled to 77 K and are used to study the properties of materialsadsorbate onto the film: the larger heat of adsorption is that of the
ranging from soils to sol-gef§* N, is the adsorbate of choice due first monolayer binding to the film surface and the smaller heat of
to its well known adsorption cross sectith6.2 A?%); however, typi- adsorption is that of the adsorbate binding to itse#., the heat of
cal instrumentation designed to make BET measurements is limiteovaporization of the adsorbatérhe modification of the BET from its
to bulk materials and does not allow for measurements of thin-filminitial form is the addition of the parametar which is the limiting
adsorption. The adsorption characteristics of a bulk material may onumber of monolayers that will adsorb onto the surface. The pore
may not be representative of the adsorption characteristics of thirsize or other physical limitations usually determine this limit. The
films made from that material. Previously, SAW technology has standard BET model is limited in applicability to a concentration
been used to make BET measurements of thin silicate-based sol-gehnge of 0-30%P/P,,, whereP is the partial pressure of the absor-
films by adsorbing Min a He matrix onto a test film cooled to 77 K bate andPis the saturation vapor pressure of the absorbate; how-
that was deposited on a SAW devitéVe have used this technique ever, the modified form has been shown to have a much greater
at room temperature to measure the heat of adsorption and surfagange of applicability’
area of the AJO; films described in this paper. It is apparent from Eq. 2 that the change in the number of mol-
The surface acoustic wave sensor system used to make the meaeules AN) binding to a surface is proportional to the change in
surements was similar to the system reported previddsine sys-  frequency of the SAW oscillator. Therefore, we may write the modi-
tem used six SAW devices, each with a different film; all were fied BET equation in terms of frequency changes rather than
exposed to the same atmosphere of interest at the same time. Eachanges in the number of molecules as is commonly seen
SAW device was used as the feedback element of an oscillator cir- N i1
cuit operating at approximately 97 MHz. The frequency outputs Av. AN € 1-(n+ 1E"+nE 3]
from the oscillators were then measured to 1 Hz resolution using a Avg, AN, (1-—£%) 1+ (c— 1) —c&"'?
frequency countefHP5385A). All SAW devices were mounted in a
single brass test fixture whose temperature was actively controllegyheret is the ratio between the partial pressure of the adsorbate and
using a liquid flow from a temperature controlled bétfaake model s saturation vapor pressur@/(Ps,); Av is the frequency change
K). The brass fixture was designed to provide excellent radio fre-y e 1o the adsorbate at the current partial pressiig; is the fre-
qu_ency(rf) shielding for the test SAW devices and to provide suf- quency change due to one monolayer coverage on the sucfia;
ficient thermal mass to moderate the frequency changes due 10 eRyngtant that depends on the difference in the heat of adsorption
vironmental temperature fluctuations. between the adsorbate and the surfa@eg)( the heat of vaporization

The SAW device-based oscillators respond to the adsorption of At the adsorbate@,), the temperature of the surfac)( and the

chemical species by changes in the wave propagation velocity of the .
film and this is observed as a change in the frequency of the Oscil_unlversal gas constafi)
lator. The mechanical influences that effect the frequency of a SAW ¢ = e(@-Q)RT [4]

sensor in an oscillating loop can be writtert‘as

The data were fit to Eq. 3 using a nonlinear Marquardt-
A_" = —k ﬂ + K A_S + K ﬂ + K A_V _ A_T Levenberg regression algorithm with three adjustable parameters:
Vo ™ po * S 7 og Y Yo T T the monolayer coverage frequency change (), the heat of ad-
[1] sorption constantd), and the limiting number of monolayers ad-
sorbed(n). The heat of adsorption of the first monolayer of EtOH
wherev is the frequency of oscillatior is the surface mass density onto Al,O; was estimated from Eq. 4 to be 9.78 kcal/nithle heat
of material on the surface of the SAW deviis the modulus of  of vaporization for EtOH is approximately 9.67 kcal/rtfhl The
elasticity of the ST-cut quartz; is the conductivity of the filmy is value for the heat of adsorption of EtOH compares favorably to the
the stress parameter in the sensing film, @ris the temperature of  values found in the literature of 10.1 kcal/nfdl.
the SAW surface. The values kfare constants for each parameter From the single monolayer frequency chande (), it is pos-
of the equation, and the subscript O refers to the initial conditions ofsible to estimate the surface area of the film given convenient as-
the unloaded sensor. For our films constructed fropOAIn a tem- sumptions. We assume that EtOH is a spherical molecule with a
perature controlled environment, the change in all terms except thetandard areaig,on) of 32.5 A2 This value was found by using the
surface mass density is approximately zero. Therefore, to first ordefvan der Waals constant for the volume occupied by 1 L of molecules
the wave velocity is reduced as material is adsorbed onto the surfacgnd calculating the area. A similar calculation was performed on
of the device; the frequency change can be written as a function 04,0 as a check of the validity of the method and the area was found

surface mass change according to the following relatiot$hip to be consistent with the literature value for the standard area of
. H,O. The area of the film can then be calculated from the following
Av = —mplp (2] formula

whereAp is the change in surface mass density due to the adsorption Agim = Z_AA o
of the adsorbate onto the filv is the change in frequency due von(MWeon)

to the adsorbate,m, is the mass sensitivity factor (1.3

X 107% cn?/g) of the ST-cut quartz substrateandv, is the base-  where A, is Avogadro’s number andWgqy is the molecular
line frequency of the SAW oscillatdr~97 MHz). weight of ethanol46 g/mol).

(5]
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Figure 7. Plot of single layer frequency shift as a function of anodization
voltage. The right-hand axis is scaled to provide the ratio of film surface area
as a function of anodization voltage®) Indicates the SAW datdM) Are
data obtained from SEM bi-imaging measurements of similarly grown films.
(A) Are measurements made by visually examining SEM photographs of th
films and calculating the surface area from the pore density, pore diameter,
and known film thickness.
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Figure 8. Plot of average number of monolayers that form on the surface of
the films as determined from a fit of the data to the BET model. While the
average valuer( = 19) is inconsistent with the number that is calculated to
fit in a pore(assuming a diam of 0.6 nnas found from the spherical model,

he results found for the surface area are calculated from the single mono-
ayer response and are therefore, consistent.

electrolyte during the third stage only deteriorates the columnar

We have plotted the single monolayer frequency change as a fun
tion of anodization potential in Fig. 7. From these data, we can.
estimate the change in surface area as a function of anodizatioll
voltage. In addition, we have estimated that the film formed at 2 V
anodization potential has a surface area of abo /cm?) and
the surface area decreases at a rate ofldn$/cn?) for each 1 V
increase in potential. The nomenclatuke(cm?/cn?) implies that
for every 1 cm of planar coverage, the film has cn? of actual
surface area. The surface areas of several similar films were me
sured using other techniques, including SEM bi-imaging and manu-
ally computing the surface area by measuring the pore diamete
from an SEM image and assuming a cylindrical pore of known
depth. Both of these techniques compare favorably with the BET
technique as is clear from Fig. 7.
The parameten has an average value of 19 layers for all of the

films tested(Fig. 8). Our SEM measurements of pore size indicate

morphology. In addition, we have measured the surface area of the
ilms by measuring the adsorption isotherms of the films and extract-
g the surface area and heat of adsorption using the modified BET
model of adsorption. The results indicate that the heat of adsorption
of the first monolayer is 9.78 kcal/mol and the surface areas de-
crease over the values of potential tested at a rate—af9
(cmPlemP)/V. This allows the film surface area to be engineered to a
precise surface area as desired. These types of studies will allow
i{yrther development of chemically sensitive films for application in
detection, quantification, and speciation of unknown chemical
plumes found in the environment.
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EtOH model is on the order of 0.64 nm. Thus, 19 monolayers of
rigid spherical molecules will not fit in the pores. Thus, we might
conclude that the packing density of the molecules is higher when 1.
packed into the pores increasing the average number of monolayers-
on the surface. However, the valuemfs not critical to the calcu-
lation of the surface area since surface area is derived from the,
single monolayer coverage value. Thus, the surface area value res.
ported is unaffected by this inconsistency in the modeled results. 6
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