
the distances involved are much too large. 
The bundles thus correspond to aggregates 
of molecules. The existence of superstruc- 
tures and aggregates has been reported in a 
variety of polymer systems (although not in 
polystyrene at room temperature), especially 
those of biological importance, but the un- 
derlying cause of the aggregation is not clear 
(18). In our experiments, we were able to 
easily induce the formation of clumps of 
polystyrene molecules in the surface films; 
by understanding the origin of the time- 
dependent patterns we create while scanning 
the surface, we hope to learn more about 
this process of aggregation. 

There are two interesting aspects of the 
pattern of structures formed in our experi- 
ments: (i) the uniformity of the structures 
makes the images appear periodic, and (ii) 
the bundles formed are elongated such that 
the long axis is perpendicular to the scan 
direction (19). We can check that the orien- 
tation of the bundles is indeed perpendicular 
to that of the scan direction by simply 
rotating the scan direction after several min- 
utes. In this case we foynd that the direction 
of the bundles rotated as well. 

As the tip was allowed to scan for a longer 
time, we observed that the aggregation pro- 
cess continued and that the bundles grew in 
size (Fig. 3A). From a comparison of Figs. 
3B and 2E, it appears that the bundles that 
were distinct after 5 min of scanning had 
begun to aggregate to form larger bundles. 
These results are summarized in Fig. 4, 
which also shows that the polymer film did 
not aggregate simply as a result of the 
elapsed time. A smaller region (1.5 pm by 
1.5 pm) was scanned continuously for 4 
hours; then the scan size was increased to 6 
pm by 6 pm, and this larger region was 
scanned for 5 rnin. The overall image was 
then taken at the first scan of the 10 pm by 
10 pm area. The patterns formed are con- 
sistent with Figs. 2 and 3, and the bound- 
aries between the regions are quite sharp. 

Three conditions were necessary for the 
formation of surface structures: (i) there 
must be a reasonable balance between t i p  
surface molecule forces versus surface mole- 
cule-surface molecule forces, (ii) the defor- 
mation should be plastic, and (iii) there 
must be enough molecules on the surface. 
We realized these conditions in our experi- 
ments by using a polymer deposited onto a 
surface as a multilayer from a dilute solution. 
Because the polymer chains were weakly 
interacting in solution and the solvent evap- 
orated rapidly, chains that were entangled 
but loosely bound were presumably formed 
at the surface. Otherwise, the tip-polymer 
interaction may not be strong enough to 
cause a deformation (20). 

One of the interesting aspects about being 

able to produce these structures is the pos- 
sibility of obtaining novel properties from 
the material. ~ l t h o i ~ h  the-maximum scan 
size of our AFM is 12 pm by 12 pm, by 
translating the sample and making further 
scans, we are able to produce macroscopic 
areas of aligned structures. 
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Luminescent Colloidal Silicon Suspensions from 
Porous Silicon 

A procedure for generating colloidal suspensions of Si that exhibit luminescence, 
attributed to quantum confinement effects, is described. Samples of n- orp-type Si that 
have been electrochemically etched to form porous Si can be ultrasonically dispersed 
into methylene chloride, acetonitrile, methanol, toluene, or water solvents, forming a 
suspension of fine Si particles that luminesce. Transmission electron microscopy 
analyses show that the Si particles have irregular shapes, with diameters ranging &om 
many micrometers to nanometers. Luminescent, composite polystyrene/Si films can be 
made by the addition of polystyrene to a toluene suspension of the Si nanoparticles and 
casting of the resulting solution onto a glass slide. 

S MALL COLLOIDAL SEMICONDUCTOR stantially from those of the bulk material. As 
particles (typically -10 nm in diame- the particle size in semiconductors ap- 
ter) have properties that deviate sub- proaches the exciton diameter, the particles 

are referred to as quantum-size particles 
J. L. Heinrich, C. L. Curtis. G. M. Credo, M. J. Sailor. (1-3). A number of colloidal semiconduc- . , 
Depamnent of Chemisay, The University of California tors exhibiting quantum confinement effects 
at San Diego, La. Jolla, CA 92093. 
K. L. Kavanagh, Dep-ent of Electrical and Computer in either their emission or their absorption 
Engineering, The University of California at San Diego, have been synthesized, including s i  
La Jolla, CA 92093. 

(4, 5),GaAs (6, 7), and many of the I-VII 
*To whom correspondence should be addressed. and 11-VI semiconductors (2). The study of 
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d t i n g  Si material has a clean, H-terminat- 
ed d c e  that contains no Si02 (28, 29). 
We report here that colloidal suspensions of 

Wavelength (nm) 

Flg. 1. Absorption sparmm of aa n-Si suspen- 
sion in acctoninik vmus aa d a i k  back- 
ground. The solution contaias approximately 0.1 
mg of Si per milliliter. Path length is 1 an. 

these systems is becoming more important 
as the technology for producing very small 
electronic circuitry approaches the quan- 
tum-size regime in more than one dimen- 
sion. In addition, the photochemical and 
nonlinear optical prope&es of such mateci- 
als ace of in- for their potential techno- 
logical applications (8-10). Colloidal semi- 
conductors exhibiting quantum confine- 
ment &em have been prepred in solution 
(1-3), polymer (if), glass (12), and zeolite 
(13) matrices. Fundamental studies of semi- 
conductor partides in solution have yielded 
information about the surface chemistry of 
semiconductors, the chemical of 
defixts, and the details of intafaaal charge 
transport (14-23). 

For the technologicaUy important semi- 
conductor Si, quantum-size partides have 
been synthesized from silane via slow com- 
budoh (4), microwave plasma (3, or chem- 
ical vapor deposition (24). These prepara- 
tions produce impure Si aystalbtes that 
contain a large amount of SiO,. Reamtly, 
quantum-size Si has been prrparad from 
e l e c a l l y  etched single+ Si 
wafers ("porous Sin) (25-27). Because it is 
prepared in an HF electrolysis bath, the 

500 550 600 650 700 750 800 850 
Wavelength (nm) 

Fig.2.EmisionspccaofSiparticulatcsina 
toluene suspension (dashed line) and in a lysty- 
-6br (solid be). R plystpax & was 
cast from a tolume suspension of n-Si particu- 
lates. 

Si cancanbe prepared in a variety ofsolvents by 
the ultrasonic dispersion of electrochemical- 
ly etched Si wafers. In contrast to the gas- 
phase prepamions of colloidal Si, this tech- 
nique produces Si pactides from high-purity 
semiconductor-grade substrates, d t i n g  in 
a more convenient synthesis that avoids 
contamination by Si02 and other impuri- 
ties. This method of preparation opens up a 
new area of study for luminescent porous Si 
and provides greater options for exploiting 
its properties. Ih a demonstration of the 
latter, we have characterized composite Si/ 
polystyrene films fabricated from an Si sus- 
pension in toluene. The solutions and the 
blymer films display visible lumin-ce 
characteristic of quantum-size Si. 

Singleuystal polished (100) wakn of 
P-doped (n-type) Si of 0.5 to 2 ohmcm 
mistivity and Bdoped (p-type) Si of 6 to 
10 ohman resistivity were used. Ohmic 
contam were fonned as previously de- 
scribed (30) and mounted such that only Si 
was exposed to the etching bath. The result- 
ing Si elecnode was used as the working 
electrode in a two-dcctmde e l m e m i c a l  
cdl. A Pt sheet was used as the counter- 
electrode. The etching bath was a 50:50 (by 
volume) solution of aqueous HF (Fisher 
Scientific, Electronic grade) and 95% etha- 
nol (Quantum Chemical Company). The 
n-Si samples were held at 0.0 V with respect 
to the Pt coun te re lde ,  and the current 
density was adjusted by illuminating with a 
300-W ~ngsten (ELH) lamp. The p-Si 
samples were held at potentials ranging 
from 0.6 to 1.6 V versus the Pt counter- 
electrode. We produced luminescent porous 
Si by galvanostaticaUy etching either n- or 
p-Si at current densities between 0.1 and 5 
mA/an2 for 1 hour (n-Si) or 6 hours (p-Si). 
The samples were then removed from the 
bath, rinsed with water, and air-dried. In 
contrast to previous reports that a subse- 
quent slow etch is necessary to produce 
1-t porous Si (26,27), we observed 
visible luminesrrnce immediately upon re- 
moval of the samples from the elecnochem- 
ical etch. The luminescence is visible to the 
naked eye as a red-orange to yellow glow 
when the samples are illuminated with a 
small ultraviolet (w) lamp (Mineralight 
WS-II). The primary difference between 
the present e&ng d q u e  and that used 
in earlier reports (26) is the anodic current 
density, which is lower in the present work. 
For the n-type samples, we found that the 
intensity of emission could be in& by 
fobwing the initial slow etch with a short 
(20 s) etch at 100 mA/an2. Infkartd (IR) 
s w  of the anodized wafers displayed 

Flg. 3. Bright-field transmission electron micro- 
graph of a duster of Si particles on a polystyrene- 
coated Cu grid taken at aa accelerating voltage of 
300 kV. The selected uca dihction pattern 
(inset) shows a polycrysrallinc ring pattern char- 
acmistic of Si. 

strong Si-H stretches in the 2050 to 2150 
an-' region and lacked discernible peaks 
for surface Si-0, indicative of the dean, 
H-terminated Si surface characteristic of 
fieshly etched porous Si (28, 29). 

From this point on, we carried out all 
manipulations under a dry N2 atmosphere, 
using pudied, dried solvents with conven- 
tional Schlenk and syringe techniques (31). 
In a typical preparation, 10 ml of solvent 
were added to a flask containing the anod- 
ized Si wafer and the rnixnur was placed in 
a Fisher Scientific FS5 ultrasonic*deaning 
bath for between 15 min and 2 hours. We 
monitored the dissolution of the porous Si 
periodically by o m  the luminescence 
of the solution upon irradiation with a UV 
lamp. After removal from the ultrasonic 
bath the solution was allowed to settle for 1 
hour, and the supematant was removed from 
the setded solids. We made kxible, tanspar- 
ent films of the composite S i / p o l v  by 
adding polystyrene to a toluene suspension of 
Si partides and then casting the d t i n g  
solution onto a glass slide in air. 

The UV-visible-near-IR absorption 
spectrum of a representative colloid solution 
(in acetonitrile) (Fig. 1) was similar to the 
published spectrum of Si particles synthe- 
sized from silane combustion (4). The emis- 
sion spectrum of a suspension in toluene was 
obtained with a charge-coupled device de- 
tector (0.25-m monochromator, liquid N2- 
cooled) (Fig. 2). The excitation source was 
the d e f d  442-nm line of a 10-mW 
He/Cd laser. The maximum wavelength 
A,,- of emission varied between 750 and 
650 nm for different solvent preparations, 
and the peak width at half maximum was 
typically 200 nm. These emission spectra 
qualitatively match thase ofthe solid samples 
before dissolution, as well as those obtained 
on plasmadeposited Si nanopa&des (5). 

The emission spectrum of an Si/polysty- 
m e  film was also taken (Fig. 2). The lumi- 

3 JANUARY 1992 REPORTS 67 



nescence is visible to the naked eye, al- 
though it is noticeably less intense and 
shifted to higher energy with respect to the - -. 
emission spectrum of the parent (non-poly- 
mer-containing) Si dispersion in toluene. 
This shift is attributed to oxidation of the Si 
particles during the casting process. Similar 
shifts in the emission spectra have been 
observed upon exposure of porous Si to air 
(32). The pure toluene and polystyrene films 
showed no detectable luminescence. 

Transmission electron microscope (TEM) 
images were obtained by pipetting a drop of 
the Si colloidal suspension onto the middle 
of a polystyrene-dipped TEM grid (Cu 
mesh) in air. In the microscopy we used a 
Philips CM30 TEM at an acceleration volt- 
age of 100 or 300 keV. Si particles attached 
to thin regions and near holes in the poly- 
styrene could be studied (Fig. 3). Crystal- 
line, overlapping Si particles are clearly vis- 
ible against an amorphous polystyrene 
background. The particles are irregularly 
shaped and range in size from many mi- 
crometers down to the resolution limit of 
the TEM (about 0.2 nm). This image is 
consistent with the known structural prop- 
erties of bulk porous Si as seen from TEM 
and scanning electron microscopy (33-35). 
The inset shows a selected area diffraction 
pattern clearly identifiable as polycrystalline 
Si. The edges of each particle and the small- 
est particles are very thin, less than 10 nm 
thick. Convergent beam diffraction showed 
these regions to be predominantly amor- 
phous, although TEM images of lurnines- 
cent porous Si have recently been reported 
showing small crystalline regions (36). The 
lack of crystallinity observed in the present 
work is possibly the result of oxidation 
during exposure to air or electron beam 
damage during microscopy. Presumably the 
smaller particles and the thin regions on the 
larger particles are responsible for the lumi- 
nescence observed in these samples, as quan- 
tum confinement effects are expected to ap- 
pear in Si particles no larger than several 
nanometers (1-3). 
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Strontium Isotopic Composition of Estuarine 
Sediments as Paleosabity-Paleoclirnate Indicator 

The strontium isotopic composition of biogenic precipitates that occur in estuarine 
sediments can be used as proxy indicator of paleosalinity and for assessing precipitation 
and river discharge rates over thousands of years. In the San Francisco Bay estuary, 
river water with low 87Sr/86Sr ratio (average, 0.7065) and low Sr concentration (0.13 
parts per million) mixes with seawater with a higher 87Sr/86Sr ratio (0.7092) and Sr 
concentration (7.9 parts per million). The predicted mixing relation between salinity 
and Sr isotopic composition is confirmed by measurements of modern estuarine 
surface waters. A paleosalinity record obtained from foraminifera for the ancestral San 
Francisco Bay during oxygen isotope substage 5e of the last interglacial reflects a global 
rise and fall of sea level, and short time-scale variations related to fluctuations in 
discharge rates of the Sacramento and San Joaquin rivers. 

E STUARIES ARE GEOLOGICALLY 
short-lived features, existing mainly 
during times of relatively high sea 

level; but, because estuaries are sensitive to 
climatic changes, the geochemistry and fau- 
nal assemblages in estuarine sediments are 
an important source of paleoclimatic and 
paleohydrologic information. In this paper, 
we describe a geochemical method of deter- 
mining paleosalinity of estuarine waters and 
report results obtained from San Francisco 
Bay, the largest estuarine system on the west 
coast of North America, for oxygen isotope 
substage 5e of the last interglacial (about 
120,000 years before present). As San Fran- 
cisco Bay receives freshwater from 40% of 

the surface area of California (162,000 km2) 
by way of the Sacramento and San Joaquin 
rivers and their tributaries (Fig. 1) (I), 
salinity variations in the geologic record 
provide a proxy for precipitation and runoff 
from a large continental area. Because 
streamflow in the western United States and 
Hawaii reflects large-scale North Pacific 
winter atmospheric circulation, the Sr isoto- 
pic data may have broad paleoclimatic and 
paleohydrologic implications (2). 

The salinity of San Francisco Bay water is 
a function of freshwater inflow rates and sea 
level; the latter controls the entry of saline 
(33 to 35 per mil) ocean water into the bay 
through the Golden Gate (Fig. 2) (1, 3). 
The inflow of freshwater is seasonal; maxi- 
mum river discharge occurs during winter 

B. L. Ingram, Department of Geology, Stanford Univer- 
sitv. Stanford. CA 94305. and Berkelev Center for and summer, reflecting winter rains 
isotope ~ e o c h e m i s t ~ ,  ~ e ~ k e n t  of ~ e o i o ~ ~  and Geo- and spring snowmelt (1). Because most of 
physics, University of California, Berkeley, CA 94720. 
D. Sloan, Museum of Paleontology, University of Cali- the state's annual precipitation in north- 
fornia, Berkeley, CA 94720. ern California, 80% of the freshwater enter- 
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