
Electrodeposited Ceramic Superlattices 

Ceramic superlattices have been produced by electrodeposition with modulation 
wavelengths in the range from 5 to 10 nanometers. The T1,PbbOd Tl$b,Of superlat- 
tices were deposited from a single aqueous solution at room temperature, and the layer 
thicknesses were galvanostatically controlled. The films showed strong preferred 
orientation and distinct first-order satellites around the Bragg reflections in the x-ray 
diffraction pattern. The modulation wavelengths calculated from the satellite spacings 
were in agreement with those calculated from Paraday's law. Because the modulation 
wavelengths are of electron mean free path dimensions, this class of degenerate 
semiconductor metal-oxide superlattices may exhibit thickness-dependent quantum 
optical, electronic, or optoelectronic effects. 

C ERAMICS ARE GENERALLY VIEWED 

as highly insulating refractory mate- 
rials with coarse microstructures. 

They are both processed and used at high 
temperatures. We report the room-tempera- 
ture electrochemical deposition of nanomo- 
dulated (nanometer-scale modulation wave- 
lengths) ceramic superlattice thin films. An 
idealized superlattice structure is shown in 
Fig. 1. The material is abruptly modulated 
with respect to composition or structure, or 
both. When the modulation wavelength, A, 
is in the nanometer range, each layer is only 
a few unit cells thick. 

Although superlattice structures have 
been fabricated with metallic (I) ,  semicon- 
ductor (2), and ceramic (3) materials, the 
major device emphasis has been on semicon- 
ductor-based systems (2, 4). Semiconductor 
superlattice devices are usually multiple 
quantum well structures, in which nanome- 
ter-scale layers of a lower bandgap material 
such as GaAs are sandwiched between layers 
of a larger bandgap material such as GaAlAs. 
Quantum effects, such as enhanced carrier 
mobility (two-dimensional electron gas) and 
bound states in the optical adsorption spec- 
trum, and nonlinear optical effects, such as 
intensity-dependent refractive indices, have 
been observed in nanomodulated semicon- 
ductor multiple quantum wells. Examples of 
devices based on these structures include fast 
optical switches, high electron mobility 
transistors, and quantum well lasers. 

Our emphasis is on nanomodulated ce- 
ramic superlattices that are based on materi 
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als with bandgaps in the 1.5- to 3.0-eV 
range. These structures may also show quan- 
tum electronic, optical, or optoelectronic 
effects as the modulation wavelength ap- 
proaches the electron mean free path. We 
are interested in oxide superlattices in which 
the bandgap, carrier type, and carrier con- 
centration can, in principle, be periodically 
varied over a larger range than is possible 
with semiconductor or metallic superlat- 
tices. 

The focus of our initial work in this area 
has been on the electrochemical atomic-level 
architecture of compositionally modulated 
thin films made from metal-oxide degener- 
ate semiconductors. We have chosen the 
T1,PbbOC~ldPb,Of system because of our 
earlier experience with the electrochemical 
and photoelectrochemical deposition of 
highly oriented films of thallium(II1) oxide 
(5-8). Also, the room-temperature electro- 
deposition of Pb02  (9-11) and Pb8T15024 
(12, 13) are well documented. 

Several workers have shown that compo- 
sitionally modulated metallic alloys can be 
electrochemically deposited if either the po- 
tential or the current is cycled in a single 
plating solution containing salts or complex- 
es of both metals (1+21). Recently, Lash- 
more and Dariel (19) and Yahalom et al. (20) 
have deposited metallic superlattices with 
nanometer-scale modulation wavelengths. 
The interest in nanomodulated metallic sys- 
tems stems from their enhanced mechanical 
and magnetic properties (1, 16, 22-24). 

The electrochemical method offers several 
advantages over vapor deposition methods 
such as molecular beam epitaxy for deposit- 
ing nanomodulated materials with nearly 
square-wave modulation of composition 
and structure, because the low processing 
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Fig. 1. Idealized superlattice structure with 
square-wave modulation of composition or struc- 
ture, or both. The thicknesses a and b are not 
necessarily equal, as long as the structure is peri- 
odic. 

temDeratures minimize interdiffusion. In ad- 
ditiin, one can control the film thickness by 
monitoring the delivered charge, films c& 
be deposited onto complex shapes, and the 
technique is not capital intensive. 

We assume that three criteria must be 
satisfied in order to electrodeposit a nano- 
modulated ceramic film as represented in 
Fig. 1: (i) the materials should deposit 
directly as anhydrous oxides, (ii) the compo- 
sition of the films should be dependent on 
the applied potential or current, A d  (iii) the 
layers A and B should be nearly isomor- 
phous. If lattice mismatch is too great, the 
materials will not grow epitaxially. 

The T1,PbbOc/TldPb,Of system appears 
to satisfy all of these criteria. The deposition 
potentials for the end members, Tl2O3 and 
Pb02, differ by only 0.26 V, so there is 
considerable overlap of the electrodeposi- 
tion current-voltage ( i V )  curves. One can 
systematically vary the PbRl ratio in the 
electrodeposited oxide films by changing the 
applied anodic current (Table 1). The Pb/TI 
ratio was varied from 0.84 at 0.05 mA to 
7.3 at 5.0 mA. 

The questions of crystal structure and 
lattice mismatch are not so easily answered. 
Surprisingly, the mixed metal oxides depos- 
ited at these different currents have verv 
similar cubic structures. This is unexpected, 

Table 1. Composition and values of the cubic 
lattice parameters for electrodeposited oxide films 
as a h c t i o n  of applied current. The solution was 
0.005M TIN03 and 0.1M Pb(N03)2, in 5 M  
NaOH, and the electrode was polycrystalline 4 3 0  
stainless steel. The Pb/TI ratio was determined by 
energy-dispersive x-ray analysis in the scanning 
electron microscope. SCE is the standard calomel 
reference electrode. 

Applied Measured PbRl Cubic lattice current potential mole 
(mA) (V versus SCE) ratio parameter 

(nm) 
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Table 2. Comparison of modulation wavelengths calculated from Faraday's law (AF) and from x-ray 
satellite spacing (A,) for ceramic superlattices deposited at various currents and dwell times. We 
calculated AF from Eq. 1, assuming p = 10.353 glcm3, n = 2, and M = 228 glmol. We calculated A, 
from Eq. 2, using positions of satellites around Bragg reflections in the x-ray diffraction pattern (A = 
0.15418 nm). 

tb Area A AF td (A) (s) (cm2) (nm) (nm) 
A* 

because the metal ions have different va- 
lences and ionic radii. In addition, T1203 
(25) has the body-centered cubic bixbyite 
structure (a = 1.05434 nm), whereas PbO2 
(26) is either orthorhombic (a-Pb02) or 
tetragonal (P-Pb02). Values of the cubic 
lattice parameters for the electrodeposited 
mixed oxides are listed in Table 1. Substitu- 
tion of TI203 into Pb02 appears to stabilize 
a face-centered cubic (fcc) structure with an 
average lattice parameter a of 0.536 nm. 
This agrees with the results ofwork by Sakai 
et al., in which they electrodeposited an 
oxide with nominal composition PbsT15024, 
which had an fcc structure, with a = 

0.53331 nm (12). There is also evidence for 
a cubic polymorph of PbO2 (a = 
0.53492 nm), which exists at high pressures 
(27). The values of a that we measured for 
our mixed oxides vary by only 0.3% over the 
entire composition range listed in Table 1. 

We deposited modulated films by apply- 
ing a square-wave galvanostatic pulse. A 
generalized waveform is shown id Fig. 2. 
Oxide A with a high Pbl T1 ratio is deposit- 
ed at high current i, with short dwell time ta, 
and oxide B with a lower Pb/TI ratio is 
deposited at low current ib with long dwell 
time tb. The modulation wavelength, AF, 
can be estimated from Eq. 1, which is 
derived from Faraday's law: 

where n is the number of electrons trans- 
ferred, F is Faraday's number, A is the 
electrode area, M is the formula weight, and 
p is the density. We estimate that 1.1 to 1.2 
pm of material are deposited per coulomb 
per centimeter squared. 

We electrodeposited one of the superlat- 
tice structures onto a polycrystalline 430 
stainless steel substrate by alternately puls- 
ing at 5 mA for 0.5 s and 0.05 mA for 50 s 
in a solution of 0.005M TWO3 and 0.1M 
Pb(N03)2 in 5M NaOH. The x-ray diffrac- 
tion pattern for the material is shown in Fig. 
3. Two intense Bragg peaks are observed at 
28 values (8 is the dispersion angle) of 
approximately 34" and 71°, which can be 

indexed as (200) and (400) reflections (12). 
The high intensities of these reflections rela- 
tive to others in the pattern is a good 
indication of strong preferred orientation, 
with cube faces growing parallel to the 
electrode surface (5). 

Because of the artificially imposed perio- 
dicity of the system, satellite peaks are ob- 
served that are equally spaced around the 
Bragg reflections (Fig. 3) (19, 28-30). The 
absence of higher order satellites may indi- 
cate that the interfaces are not as abrupt as 
the applied square-wave galvanostatic 
pulses. Following Lashmore and Dariel 
(19), we calculated modulation wavelengths 
(A,) from Eq. 2, where 8, and 8- are the 
positions of *e high-angle (+) and low- 
angle (-) satellites, n is the order, and A is 
the wavelength of the x-rays (A = 0.15418 
nm) : 

Table 2 compares the modulation wave- 
lengths calculated from anodic coulombs 
(A;) and x-ray satellite spacing (A,) for 
TlaPbbOC/Tl~Pb,Of superlattices deposited 
at various currents and dwell times. The 
modulation wavelength was varied system- 
atically from 5.8 to 8.5 nm, and there was 
excellent agreement between AF and A,. 
The results in Table 2 also suggest that it is 
possible to deposit superlattices in this sys- 
tem with a range of compositions [ib was 
constant for all five samples, but values of 
1.0 mA (Pb/Tl = 2.5) and 5.0 mA 
(Pbin = 7.3) were used for i,]. 

The ability to deposit alternating layers of 
TIaPbbOc with a wide range of composi- 
tions should prove to be important when 
fabricating quantum devices based on these 
materials. The oxides in this system are 
fascinating because they exhibit- the high 
electrical conductivity of metals with the 
optical properties of semiconductors. Thal- 
lium(II1) oxide, for instance, is a degenerate 
n-type semiconductor with a bandgap of 1.4 
eV and a room temperature resistivity of 
only 70 pohm-cm (5, 7, 25). The high 
conductivity is due to native oxygen vacan- 
cies. Lead(IV) oxide is also n-type degener- 

Time- 

Fig. 2. Generalized double galvanostatic pulse 
used to electrodeposit superlattices. The layer 
thickness is proportional to the product of current 
and time (see Eq. 1). 

Fig. 3. X-ray diffraction pattern for the TI,Pbb- 
O,indPb,Of superlattice with a modulation 
wavelength of 7.3 nm. Note satellites marked by 
arrows around the (200) and (400) reflections at 
20 values of 34" and 71". We electrodeposited the 
material by alternately pulsing at 5 mA for 0.5 s 
and 0.05 mA for 50 s in a solution of 0.005M 
T N 0 3  and 0.1M Pb(N03)2 in 5M NaOH. The 
shaded peaks are from the 430 stainless steel 
substrate. The x-ray radiation was CuKa 
(A = 0.15418 nm). 

ate but has a larger bandgap of approximate- 
ly 1.8 eV (9). Hence, these materials may 
function as multiple quantum wells when 
the modulation wavelength is in the nano- 
meter range. In addition, it will be interest- 
ing to compare the electrical properties of 
these artificially layered materials to those of 
the layered high-temperature ceramic super- 
conductors that contain thallium and lead 
(31). 
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Stratospheric Hydroperoxyl Measurements 

The hydroperoxyl radical (HOz) plays a key role in stratospheric chemistry through 
the HO, catalytic cycle of ozone destruction. Earlier measurements of stratospheric 
HOz have given mixed results; some measured mixing ratios greatly exceed theoretical 
predictions. Measurements of HOz have now been made with a balloon-borne far- 
infrared spectrometer. The measured daytime profile is in excellent agreement with 
theory up to 40 kilometers; above this level the measurements exceed theory by 30 
percent, perhaps because of underprediction of ozone at these altitudes. The nighttime 
HOz profile is strongly depressed with respect to the daytime profile, in general 
agreement with theory. 

I N THE MIDDLE STRATOSPHERE ( I ) ,  
HO, chemistry is driven by excited 
atomic oxygen, O('D), which is pro- 

duced by solar ultraviolet (UV) photolysis 
of ozone (03) .  The 0 ( ' D )  reacts with water 
vapor to create OH,  which in turn reacts 
with O3 to yield H 0 2 ,  the hydroperoxyl 
radical. Together H 0 2  and O H  then catalyt- 
ically destroy O3 and 0. It is believed that 
HO, reactions are responsible for -90% of 
the total O3 and 0 losses at 60 km, but only 
-10% at 40 km and below (2). The HO, \ ,  

reactions also provide important production 
and loss terms in the chemistry of active CI 
and N species. 

The full atmospheric chemistry of H 0 2  is 
relatively complex and includes at least three 
production and seven loss reactions, not all 
of which have well-understood reaction 
rates (2, 3). However, in a simplified pic- 
ture, the strong attenuation of solar UV 
with depth in the stratosphere suggests that 
daytime H 0 2  will be relatively more abun- 
dant above the ozone layer (-35 km) than 
below. At night, the concentration of H 0 2  
plummets because of loss reactions and the 
absence of W light; the largest relative 
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change occurs in the lower stratosphere, 
where loss reactions are most rapid. 

Theoretical models of stratospheric chem- 
istry are widely used to predict future re- 
sponse of the ozone layer to both natural 
and anthropogenic changes. The veracity of 
these predictions depends upon the accuracy 
and completeness of the models. Clearly, 
one way to verify the models is to see if they 
concur with measurements of the present 

Fig. 1. {A) Measured day- 
time stratospheric spec- 
trum from 142 to 147 
cm-' (see text). The inten- 
sity is normalized to a 
277-K blackbody. (6) 
Theoretical spectrum 
showing only H02, verti- 
cally offset by +0.08 for 
clarity. (C) Theoretical 
spectrum including all spe- 
cies, also offset by +0.08 
[the apparent baseline dif- 
ference between (B) and 
(C) is caused by an empiri- 
cally determined continu- 
um component in our 
model; the physical origin 
of this continuum is 
thought to be the far 
wings of water vapor 
lines]. Tic marks at bottom 

stratosphere. For the case of H 0 2 ,  three 
types of measurements have been reported: 
two in situ methods [resonance fluorescence 
(4) and matrix isolation (S)] and a ground- 
based method [millimeter-wave (6)]. In a 
recent assessment (2) of theory and observa- 
tion, the in situ measurements of H 0 2  were 
found to be high with respect to current 
theory, but the ground-based measurements 
were in agreement; as a result, if the in situ 
observations are correct, then substantial 
changes would be required in our under- 
standing of both HO, chemistry and the 
ozone budget. 

We have measured H 0 2  with a far-infra- 
red spectrometer (FIRS-2) that was mount- 
ed on a balloon-borne platform and viewed 
the atmosphere above the earth's limb 
through a small telescope (7, 8). The FIRS- 
2 had an effective spectral resolution of 
0.008 un-' over the range 80 to 250 cm-'. 
This region includes many molecular rota- 
tional lines that are thermally populated at 
stratospheric temperatures (9). Because the 
earth's troposphere is essentially opaque in 

142 143 144 145 146 147 

Wavenumber (cm-l) 

show the five H02 lines used in our analysis. 
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