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Scanning Tunneling Microscopy of 
Electrodeposited Ceramic Superlattices 

Jay A. Switzer,* Ryne P. Raffaelle, Richard J. Phillips, 
Chen-Jen Hung, Teresa D. Golden 

Cleaved cross sections of nanometer-scale ceramic superlattices fabricated from materials 
of the lead-thallium-oxygen system were imaged in the scanning tunneling microscope 
(STM). The apparent height differences between the layers were attributed to composition- 
dependent variations in local electrical properties. For a typical superlattice, the measured 
modulation wavelength was 10.6 nanometers by STM and 10.8 nanometers by x-ray 
diffraction. The apparent height profile for potentiostatically deposited superlattices was 
more square than that for galvanostatically deposited samples. These results suggest that 
the composition follows the applied potential more closely than it follows the applied 
current. The x-ray diffraction pattern of a superlattice produced under potential control had 
satellites out to the fourth order around the (420) Bragg reflection. 

Quantum confinement of carriers in na- 
nometer-scale materials leads to size-depen- 
dent optical and electrical properties that 
are intermediate between those of mole- 
cules and those of extended network solids 
(1-3). As the dimensions of these materials 

Graduate Center for Materals Research Un~versty of 
M~ssour~-Rolla, Rola, MO 65401 
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approach the nanometer scale, character- 
ization becomes increasingly more difficult. 
In multiple quantum wells the composition 
profile is often designed to be square, yet 
this profile can only be inferred from x-ray 
diffraction (4-6). We have used the STM 
to measure the modulation wavelength and 
estimate the squareness of the composition 
profile in cleaved cross sections of superlat- 
tices by mapping out the electronic proper- 

ties in real mace on a nanometer scale. We 
define a superlattice as a crystalline multi- 
layer structure with coherent stacking of 
atomic planes and periodic modulation of 
the structure or composition, or both. 

Operation of the STM is based on the 
tunneling of electrons due to an applied 
bias voltage between a conductive sample 
and a sharp metal tip that are separated by 
a few nanometers (7. 8). The current den- ~, , 

sity for free electron tunneling through a 
planar barrier with an applied voltage less 
than the work function of either the probe 
tip or the sample is given by 

where s is the effective tunneling distance, 
K is the inverse decay length of the wave 
function densitv outside the surface. V is 
the bias voltage, e is the electronic charge, 
h is Planck's constant, and 2~ = 1.025b'/2. 
The effective barrier height, +, is, to a 
first-order approximation, the average of 
the probe tip and sample work functions 
(9). In the case of nonfree electrons and 
nonplanar barriers, the tunneling current 
can no longer be expressed in such simple 
closed form. The prefactor will be altered as 
a result of density of states effects (7). 
However. the tunneling current will still 
have the same exponential dependence on 
both the sample-to-probe tip separation and 
the work function. 

The work function of a semiconductor is 
strongly dependent on doping. Using Si as a 
prototypical material, we find that the calcu- 
lated work function shifts from 4.6 eV for 
intrinsic Si to 4.3 eV when the material is 
doped with only 2 x 10-5 atomic percent 
(that is, 1016 atoms/cm3) of an n-type dopant 
such as P (10). Hence. small changes in ~, 

doping levels could bring about large contrasts 
or apparent height differences in the STM. 

Another possible source of contrast in 
semiconducting samples is the local resis- 
tance. The surface potential in a nonmetal- 
lic sample can be appreciably different from 
the applied potential resulting from iR (cur- 
rent multiplied by resistance) drop in the 
sample. Again using the example of Si, we 
find that the resistivity shifts from 2 x 105 
ohm-cm for intrinsic Si to 0.4 ohm-cm 
when the Si is doped with only 2 x lopi 
atomic percent of an n-type dopant. Flores 
and Garcia have estimated that the spread- 
ing resistance (resistivity of the semicon- 
ductor divided by four times the tip radius) 
during an STM experiment will be 4 x 10, 
ohms for a Si sample with a resistivity of 10 
ohm-cm (1 1). The relevant V in Eq. 1 is 
the difference in local surface potentials for 
the tip and the sample rather than the 
applied bias. 

The sensitivity of the STM to surface 
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electronic properties has been exploited in 
the study of charge density waves (12), 
superconductors (1 3), conducting polymers 
(14), semiconductor junctions (13, and 
multiple quantum wells (1619). Osaka et 
al. have shown that the apparent height 
difference between layers in cleaved GaAsI 
GaAlAs multiple quantum wells is the re- 
sult of variations in electronic properties 
rather than physical corrugation (16). 

Pug. I. s I m Images ano cross-secrlonal prorile 
of a Pb-1-0 superlattice deposited by pulsing 
the current density between 0.05 and 5.0 mAl 
cm2. The layers are designed to be 5 nm thick, 
giving a modulation wavelength of 10 nm. (A) 
Topview image of the cleaved superlattice. 
The alternating layers are about ten unit cells 
thick. (8) Cross-sectional profile taken from the 
top-view image. A Fourier transform of this 
profile gives a modulation wavelength of 10.6 
nm, coppared with 10.8 nm as measured by 
x-ray diffraction. (C) Higher magnification line 
plot of the superlattice. The apparent height 
profile is not square, and it is not possible to 
identify the beginning and end of each layer. 

We report STM studies of cleaved elec- 
trodeposited ceramic superlattices based on 
the Pb-Tl-0 system. We have shown that 
we can deposit superlattices with nanome- 
ter-scale layers by galvanostatic pulsing. 
The modulation wavelengths measured by 
x-ray dihct ion were in good agreement 
with those calculated for 100% Faradaic 
efficiency (20). One question that remained 
unanswered in the previous work was 
whether the composition profile in the su- 
perlattice was as square as the applied gal- 
vanostatic wave form. The x-ray patterns 
for the superlattices exhibited first-order 
satellites with an intensity approximately 
5% of the Bragg peak, but higher order 
satellites were either not observed or had 
very low intensities. The absence of higher 
order satellites can indicate that the inter- 
faces are not abrupt and that the composi- 
tion profile is sinusoidal (5, 6, 2 1). Because 
superlattices can be deposited by modulat- 
ing either the potential or the current, it is 
important to determine which technique 
provides the best control of composition. 

The superlattices in this study are mul- 
tilayered Pb-Tl oxides in which alternating 
layers have different compositions. The ox- 
ides in this series are interesting because 
they exhibit the high electrical conductiv- 
ity of metals with the optical properties of 
semiconductors. The end members of the 
series, Tlz03 and PbO,, are n-type degen- 
erate semiconductors with bandgaps of 1.4 
and 1.8 eV, respectively (22-24). As can 
be seen in Table 1, either the potential or 
the current can be systematically varied to 
control the composition. The potentials in 
Table 1 are steady-state values that result 
from the applied current density. All the 
oxides in this series have a face-centered- 
cubic Bravais lattice, and the lattice param- 
eters vary by less than 0.3% (20). The 
resistivities of the films deposited under 
galvanostatic control are also listed in Ta- 
ble 1. The resistivity decreases from 3.0 
mob-cm for a film deposited at 0.05 mA/ 
cm2 to 1.0 mohm-cm for a film deposited at 
5.0 mA/cmz. 

Figure 1 shows STM images and a cross- 

Flg. 2. STM images of cleaved superlattices 
deposited by pulsing the applied potential be- 
tween 60 and 270 mV versus SCE. The individ- 
ual layers are'easily identified. In both images 
the layer with the lower Pb content and higher 
resistivity has a higher apparent height in the 
STM image. (A) The TI-rich layer (grown at 60 
mV) is 11 nm thick, and the Pb-rich layer 
(grown at 270 mV) is 34 nm thick. (8) The 
TI-rich layer is 31 nm thick, and the Pb-rich 
layer is 16 nm thick. 

sectional profile of a superlattice deposited 
by pulsing the current density between 0.05 
and 5.0 mA/cmZ (25). The sample was 
imaged in air, with no etch treatment to 
improve contrast (26). The dwell times at 
each current density .were chosen to pro- 
duce a superlattice with equal layer thick- 
nesses and a modulation wavelength (that 
is, the sum of the alternating layer thick- 
nesses) of 10 run (27). Because the average 
cubic lattice parameter for the Pb-T1 oxides 
is 0.536 nm, each layer in the superlattice is 
approximately ten unit cells thick. The 
modulation wavelength measured by x-ray 
difFraction was 10.8 run. A Fourier trans- 
form of the cross-sectional profile from the 

Table 1. Composition and resistivity of electrodeposited oxide films as a function of applied current 
density and measured potential versus SCE. The Pb and TI contents were determined by 
wavelengthdispersive x-ray analysis in the scanning electron microscope. The oxygen contents 
were calculated on the assumption that Pb and 1 are in the tetravalent and trivalent oxidation states, 
respectively. 

Applied current 
density (mA/cm2) 

Measured 
potential (mV 
versus SCE) 

Film composition Resistivity 
(mohm-cm) 
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Flg.-3. Comparison of STM lineplot images of 
superlattices grown under current (A) and po- 
tential (B) control. Both superlattices were de- 
signed to have a modulation wavelength of 50 
nm. (A) The TI-rich layer is 30 nm thick, and the 
&rich layer is 20 nm thick. (B) Both layers are 
25 nm thick. The apparent height profile of the 
potentialcontrolled superlattice is more square 
than that of the current-controlled superlattice. 

STM image gives a modulation wavelength 
of 10.6 nm. We attempted to measure the 
individual layer thicknesses from the higher 
magnification lineplot shown in Fig. 1C but 
were unable to identify the individual lay- 
ers. The apparent height is modulated near- 
ly sinusoidally; this is the case for all of the 
current-controlled superlattices that we 
have imaged. 

Figure 2 shows STM images of superlat- 
tices produced under potential control. The 
potential was modulated between 60 and 
270 mV versus the saturated calomel elec- 
trode (SCE). The sample in Fig. 2A was 
grown with dwell times that produced a 
%rich layer (that is, grown at 60 mV) that 
was 11 nm thick and a Pb-rich layer that 
was 34 nm thick. In the sample shown in 
Fig. 2B the layer widths are reversed. The 
%rich layer in Fig. 2B was grown to be 31 
nm thick, and the Pb-rich layer was grown 
to be 16 nm thick. The individual layers are 
easily identified in these potential-con- 
trolled superlattices. The layer. with the 
lower Pb content and higher resistivity 
always has an apparent height in the STM 
image that is -5 nm higher than the layer 
with the lower resistivity. Also, the images 
of both halves of a cleaved sample have the 
same profile, suggesting that the variation 
in apparent heights is due to Merences in 
electrical properties rather than physical 
corrugation (16). These samples demon- 
strate a strength of the STM as a character- 

Flg. 4. X-ray diffraction pattern of a superlattice 
produced under potential control. Superlattice 
satellites out to the fourth order are seen around 
the (420) Bragg refiectii. The modulation 
wavelength calculated from the satellites is 
13.4 nm. The x-ray radiation is Cu Ka. The 
spliiing of the peaks is caused by the presence 
of a, and a, radiation (wavelengths of 
0.1 540562 and 0.1544390 nm, respectively). 

ization tool as compared to x-ray diffrac- 
tion. The modulation wavelengths of the 
two samples are too large to measure by 
x-ray dihction but too small to measure by 
scanning electron microscopy. When the 
modulation wavelength of a superlattice 
exceeds about 20 nm, the satellites cannot 
be resolved from the Bragg reflection. Also, 
x-ray dihction can only be used to mea- 
sure the layer thicknesses if the modulation 
is periodic. Semiconductor quantum wells 
for device applications are often designed to 
have layer thicknesses that are outside of 
the x-ray diffraction regime or are nonre- 
peating. Because crystallinity is not re- 
quired, the STM could be used to measure 
the layer thicknesses in nanoscale amor- 
phous multilayers. 

We prepared superlattices both galvano- 
statically and potentiostatically with modu- 
lation wavelengths in the 50-nm range in 
order to compare their apparent height pro- 
files. We grew the superlattice in Fig. 3A by 
modulating the current density between 
0.05 and 5 mAlcm2, and we grew the super- 
lattice in Fig. 3B by modulating the poten- 
tial between 53 and 253 mV versus SCE. 
The STM image of the potential-controlled 
superlattice has an apparent height profile 
that is more square than that of the current- 
controlled superlattice. Also, it is possible to 
measure the individual layer thicknesses in 
the potential-controlled superlattice but not 
in the current-controlled superlattice. 

Although the contrast mechanism for 
the cleaved superlattices is not presently 
known, it does appear that the composition 
profile of the superlattice manifests itself as 
an apparent height profile in the STM 
image. The height differences may result 
from true physical corrugation caused by 
surface reconstruction that is driven by 
strain gradients, or they may be apparent 
height differences that result from varia- 
tions in electrical properties. The contrast 
does not appear to be attributable to diifer- 
ences in resistivity because the resistivity is 
low and would lead to minimal iR drop. 
The bulk resistivity trend would give an 
apparent height profile that is opposite to 
the profile that is experimentally observed. 
The surface resistivitv mav be different from 
that of the bulk materia1,'and caution must 
be used in inferring bulk properties from 
surface measurements. We attribute the 
contrast to compositiondependent varia- 
tions in either the work function or the 
local density of states at the Fermi level. 
This would be in ameement with earlier 
work by Osaka and &-workers on semicon- 
ductor multiple quantum wells (16, 17). 
The large apparent height diiferences would 
be explained by nonideal response of the 
z-piew because of a surface contamination 
layer on the cleaved superlattice. Scanning 
tunneling spectroscopy in the d(ln1)lds and 
dIldV modes should help to iden* the 
contrast mechanism (7, 8). 

The STM results suggest that the com- 
position follows the applied potential more 
closely than it follows the applied current. 
X-ray diffraction provides another measure 
of the squareness of the composition profile 
(5, 6, 2 1). The x-ray diffraction pattem of 
a superlattice that was produced by modu- 
lating the potential between 52 and 242 
mV is shown in Fig. 4. The superlattice, 
which has an x-ray modulation wavelength 
of 13.4 nm and an STM modulation wave- 
length of 12.7 nm, has superlattice satel- 
lites out to the fourth order. The existence 
of higher order satellites shows that the 
superlattice has a relatively square compo- 
sition profile. The STM has helped us 
engineer a ceramic superlattice with a level 
of perfection approaching that found in 
semiconductor superlattices produced by 
high-vacuum techniques such as molectilar 
beam epitaxy and metal-organic chemical 
vapor disposition. 

It should be possible to use the STM to 
profile the electrical properties on a nano- 
meter scale of nearly any material that has a 
high enough conductivity to be imaged in 
the STM and that can be cleaved to pro- 
duce a surface with a physical corrugation 
less than the apparent height variations in 
the image due to the local electronic prop- 
erties. We have used the STM to fine-tune 
the synthesis and processing of nanometer- 
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scale ceramic superlattices. Other possible 
applications of the technique include map- 
ping out the band structure and doping 
profile in semiconductor ~zlultiple quantum 
wells and studying the coherency of inter- 
faces in superlattices by directly observing 
the interfacial registry of atoms in the ma- 
terials. 
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Dynamics of Soil Carbon During Deglaciation 
of the baurentide Ice Sheet 

Jennifer W. Harden, Eric T. Sundquist, Robert F. Stallard, 
Robert K. Mark 

Deglaciation of the Laurentide Ice Sheet in North America was accompanied by seques- 
tration of organic carbon in newly exposed soils. The greatest rate of land exposure 
occurred around 12,000 to 8,000 years ago, and the greatest increase in the rate of carbon 
sequestration by soils occurred from 8,000 to 4,000 years ago. Sequestration of carbon 
in deglaciated peat lands continues today, and a steady state has not been reached. The 
natural rate of carbon sequestration in soils, however, is small relative to the rate of 
anthropogenic carbon dioxide production. 

Terrestrial organic C may be an important mass of at~zlospheric CO, (740 Gt  of C,  1 
source (I ,  2) or sink (3) for at~zlospheric Gt  = 1015 g) is sensitive to changes in the 
CO,. It is also an integral conlponent of C larger pool of terrestrial C (about 2100 Gt 
cycling over glacial cycles (4) and may of C) ,  of which about two-thirds is soil 
"damp" glacial cycles through release and organic C. Evaluation of soil C sources and 
uptake of atmospheric CO, (5). The global sinks is difficult because the dyna~zlics of soil 

C storage and release are co~zlplex and still 
J. W. Harden and R. K. Mark, U S. Geological Surjey, poorly understood. when the substrate is 
Meno Park, CA 94025 initially free of C,  net C accu~zlulation rates 
E T Sundquist, U.S. Geological Survey, Qussett are high but typically decrease manyfold as 
Campus, Woods Hole, MA 02543 
R. F Stallard, U.S. Geological Survey, Denver Federal the (I ,  6-8). However, pub- 
Center, Lakewood, CO 80225. lished inventories of soil C seldo~zl include 

information about soil age and develop- 
ment that is necessary to estimate fluxes. 

Rates of soil C accumulation depend on 
dy~la~zlic interactions among landscape, 
substrate, vegetation, and climate. In this 
report, we examine the temporal and spa- 
tial dy~lamics of soil C accumulation in the 
region formerly occupied by the Laurentide 
Ice Sheet. We combine soil inventories 
with la~ldsca~e histories to model soil C 
sequestration (9) for the region during the 
last 18,000 years. 

We quantified the area of exposure of 
seven generalized soil units for the past 
18,000 years by combining maps of ice 
retreat and soils (Figs. 1 and 2) in Canada 
and the northern United States 11 0-12). 

For most soils, rates of net C accumula- 
tion are greatest during early stages of soil 
develop~zlent on freshly exposed substrates. 
Studies from diverse climatic and geologic 
settings ( 1 ,  6) show that the rate of this 
accumulation in ~zlineral soils di~zli~lishes 
after hundreds to thousa~lds of years. Fol- 
lowing the example of earlier models of soil 
organic C (7, 8, 13), we used a reservoir 
~zlodel that incorporates a zero-order input 
of C and a first-order rate of loss: 

where C is the mineral soil C mass per unit 
area of land surface, I is the rate of input, 
and k is the first-order rate constant for loss. 
The solution to this equation is: 

where Ce is the equilibrium C i~lve~ltory for 
the mineral soil. We used data from reore- 
sentative soil chronosequences (Fig. 3) to 
fit this equation (1 4). Chronosequence data 
were not available for Mollisols, so we used 
data for Brunisols instead because the C 
contents in these two mature soils are sim- 
ilar (15, 16). Soils near the Rocky Moun- 
tains, Entisols and various other types, were 
not included because of their heterogene- 
ity. The omission of this 0.4 x 1012 1z12 area 
fro111 the total of 8 x 1012 1z12 likely resulted 
in an u~lderestimate of seauestered C. 

Equations 1 and 2 are not appropriate for 
organic soils (Histosols or peats). In these 
soils organic matter accumulates under wa- 
ter-saturated co~lditions that maintain 
plant production (input) as decomposition 
approaches zero. Long-term average rates of 
C accumulation in peats range from about 
10 g m-* yearp1 (1 7, 18) to greater than 50 
g n p 2  year-' (1 8-20), depending on fac- 
tors that are only partly understood (18). 
For comparative purposes we used two 
rates, 10 and 30 g mP2 year-', to model C 
accu~zlulation in peat. Although constant 
rates for long periods are not documented 
anywhere (1 8), the zero-order model likely 
represents the dramatic differences from 
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