
Buckminsterfullerene dihydride, C60H2, 
has been synthesized, isolated in pure form, 
and characterized as the la lb  isomer. As the 
simplest hydrocarbon derivative of C60, this 
molecule vrovides fundamental information 
regarding the structure of C60 derivatives. 
The results are entirelv consistent with the 
thermodynamic isomer predicted from 
semiempirical calculations on the 23 possi- 
ble C,,H2 isomers. The presumed borane 
intermediate, C6,(H)BH2, may provide a 
route to further functionalization of C,, and. 
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in a similar fashion, higher fullerenes. 
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Fabrication and Properties of 
Free-Standing C,, Membranes 

C. B. Eom, A. F. Hebard, L. E. Trimble, G. K. Celler, 
R. C. Haddon 

Van der Waals forces that bind C,, molecular solids are found to be sufficiently strong to 
allow the reproducible fabrication of free-standing C,, membranes on (1 00) silicon wafers. 
Membranes, 2000 to 6000 angstroms thick, were fabricated by a modified silicon micro- 
machining process and were found to be smooth, flat, and mechanically robust. An 
important aspect of the silicon-compatible fabrication procedure is the demonstration that 
C,, films can be uniformly and nondestructively thinned in a CF, plasma. Young's modu- 
lus and fracture strength measurements were made on membranes with areas larger than 
6 millimeters by 6 millimeters. %It may be possible to use C,, membranes for physical 
property measurements and applications. 

T h e  description of a simple technique to 
produce macroscopic amounts of C,, mole- 
cules (1) has stimulated numerous investi- 
gations into how these molecules can be 
assembled into solid forms. Crystals (1-3) 
and films (1, 4), for example, have been 
obtained by the sublimation of pure C60 at 
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controlled temperatures. These insulating 
molecular solids have a spherical, close- 
packed, face-centered-cubic (fcc) structure 
with a lattice constant of 14.1 A (2) and 
van der Waals bonding between the mole- 
cules. There is ample space in the crystal 
structure (26% open volume for close- 
packed spheres) to accommodate guest at- 
oms that, by donating electrons into the C,, 

molecular bands, can induce conducting (5) 
or superconducting (6) behavior. In addi- 
tion, each molecule has degrees of freedom 
that allow the molecules to tumble indepen- 
dently at gigahertz rates at room temperature 
(7, 8). These remarkable properties alone 
provide ample motivation to consider novel 
ways to form and process C6, solids. 

In this revort. we describe the fabrica- 
tion and characterization of free-standing 
C,, membranes supported at the edges by 
(100) oriented Si frames. Membranes have 
been made with thicknesses in the range 
2000 to 6000 A and areas larger than 6 mm 
by 6 mm. At first sight, it is remarkable that 
a van der Waals molecular solid, in which 
all the molecules are independently rotat- 
ing at room temperature, should be robust 
enough to hold together as a free-standing 
membrane. An estimate of the magnitude 
of the cohesive forces can be obtained from 
the heat of sublimation found with the 
Knudsen technique, 1.65 eV per C,, (9). 
The density of molecular bonds for close- 
packed C60 molecules with a nearest-neigh- 
bor separation of 10 A on the (1 11) plane 
of the fcc lattice is 1.16 x 1014 cm-', 
which, if we ignore near-neighbor correla- 
tion effects, at 1.65 eV for each C60-C60 
bond, gives an energy density of 310 ergs/ 
cm2. If we assume that this energy falls to 
zero when the surfaces are separated by, say, 
a molecular diameter (10 A),  then the 
specific cohesive force can be calculated as 
(310 eres/cm)/l.O x lop7 cm = 3.1 x lo9 
dynes/ck2. Typical van der Waals specific 
adhesion forces for chemically inert films 
are approximately 1 O9 dynes/cm2 (1 0). 
Thus, in a very approximate comparison, it 
is not unreasonable to exoect that these 
forces, which are sufficiently strong to give 
rise to robust adhesion. should likewise be 
strong enough to give robust cohesion in a 
free-standing membrane. The observation 
that C60 films on substrates such as glass 
survive the Scotch Tape adhesion test (4) 
supports this line of reasoning. 

In this report, we describe our fabrica- 
tion vrocedure. which makes good use of - 
conventional Si processing techniques. An 
important component of this procedure is 
the use of a CF lasma to remove a Si3N4 

4 q 
etch-stop layer without damaging the C,, 
film. Then we demonstrate that such ~ l a s -  
mas can also be used to uniformly thin a C6, 
film without damaging the remaining film. 
Characterization of the membranes by 
x-rays and bulge testing provides inforqa, 
tion about the structure and mechanical 
properties such as Young's modulus, inter- 
nal stress, and fracture strength. We con- 
clude with a discussion of how these mem- 
branes might be used in investigations of 
physical properties or in applications such 
as gas atom or ion filters and masks for x-ray 
lithography. 
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Figure 1 shows schematically the pro- 
cessing steps used in fabricating the C,, 
membranes. This process is adapted from 
typical Si micromachining techniques (1 1). 
First, low-stress Si3N4 films 1000 A thick 
are deposited on both sides of (100) Si 
wafers that are 2 inches in diameter and 100 
km thick. Conventional photolithography 
is then used to make features on the wafer. 
The final feature size depends on the wafer 
thickness and can be calculated bv consid- 
ering the anisotropic etching angle (-54'). 
The edges of the rectangular features are 
aligned along the [Oll] in-plane orientation 
of the Si wafer. We remove the Si3N4 on 
the features by using a CF, plasma generat- 
ed in a reactive ion beak etching system. 
The CF, gas flow rate and total pressure are 

10 standard cubic centimeters per minute 
and 10 mtorr. reswectivelv. The radio-fre- , . 
quency power on the diode (70 W) gener- 
ates a self-bias voltage of 200 V. 

After the Si3N4 has been removed, the 
wafer is etched anisotropically in 6.9 M 
KOH solution (100 ml of water + 44 g of 
KOH) at 7OoC. Under these conditions the 
etch rate of Si along the [loo] direction is 
approximately 1 kmlmin. After etching, 
the Si3N4 membrane remains because Si3N4 
is relatively inert to the KOH solution and 
is strong enough to survive. Subsequent to 
this step (panel D in Fig. I) ,  C6, films are 
deposited onto the Si3N4 on the opposite 
side of the Si wafer. The deposition condi- 
tions and characteristics of the C6, films are 
discussed elsewhere (4). The final and per- 

Fig. 1. Sequence of depo- (A) Low-stress Si3N4 deposltlon 
sltlon and etchlng steps 
used to fabricate C,, niem- 
branes on (100) orlented 

(B) Photolithography 
Photore~slst (1 pm thlck) 

(C) Si3N4 etching by CF4 plasma 

CF4 plasma Photores~st 

(D) SI anisotropic etching by hot KOH solution 
etch rate = lprnlmln KOH etching yJ\p+, 1 ( nkj 

(E) C, deposition by thermal evaporation 
u 

C,, thin film 

t t t tc,, 
(2000 to 6000 A) 

(F) Si,N4 etching by 1 1 I ~ C F ~ P I ~ S "  
CF4 plasma i rn 

'c,, membrane 

Fig. 2. Dependence of ul- 
traviolet-visible absor- 
bance on wavelength for a 
C,, film, initially 3200 A 
thick, deposited onto 
quartz and plasma etched 
with CF, for the times indi- 
cated in the legend. 

200 300 400 500 600 
Wavelength (nm) 

haps most critical step is the use of CF, 
plasma etching to remove the Si3N4 film 
adjacent to the C,, in the exposed areas of 
the wafers. The C,, etch rate under these 
conditions is -150 Almin, slower by a 
factor of 2 than the etch rate for Si3N4 
under the same conditions. This relativelv 
slower etch rate of C60 with respect to 
Si,N, is essential for the fabrication of the 

3 f 

C6, membranes. 
The slower etch rate of c,, as compared 

to Si3N4 or Si in the CF4 plasma can be 
explained by different etching mechanisms. 
When Si or Si3N4 is exposed to a CF, 
plasma, etching is facilitated by chemical 
reactions and the generation of volatile 
by-products such as SiF, (12). In contrast, 
the C,, films are etched by a sputtering 
process (simple momentum transfer), and 
there is no chemical reaction between C6, 
and the excited species in the CF, plasma. 
We have confirmed this by comparing the 
etch rate for C,, and Si3N4 in a CF, plasma 
with the etch rate in an Ar+ plasma having 
similar etching parameters. The etch rate 
for C6, in ArC is about 100 Almin, in 
contrast to the negligible etch rate for 
Si3N4 and Si. The slower etch rate for C6, 
in the Arf plasma relative to that in the 
CF, plasma is due mainly to the lighter mass 
of Arf compared to the heavier species in 
the CF, plasma (for example, mass of Ar, 
40; CF,, 50; CF,, 69; and CF,, 88). 

Because the C6, membranes must be 
exposed to the CF, plasma during the last 
step of the processing, it is important to 
check for structural damage to the C,, - uu 

caused by exposure to the CF, plasma. We 
did this by monitoring the optical density of 
a C60 film initially 3200 A thick as a 
function of etching time. This reference 
film was deoosited onto a auartz substrate. 
etched for a recorded time, measured ex 
situ, etched again, and so on. Figure 2 
shows absorbance over the wavelength 
range 200 to 600 nm for the subset of 
etching times identified in the legend. The 
absorbance at each of the four prominent 
peaks in Fig. 2 is displayed in Fig. 3 as a 
function of etched film thickness (measured 
with a wrofilometer). The weak intensities 
decrease with etching time', but the peak 
positions remain constant. The measured 
absorbance is linear in thickness as would 
be expected for exponential attenuation. 
The linear extrapolation of the four differ- 
ent absorbances to the same thickness 
(-3200 A) where the film is com~letelv 
removed indicates that the relative peak 
heights do not change during processing. 
Accordingly, at all stages of etching, the 
thinned film has a spectrum that is identical 
to that of pure C6,, and there is negligible 
damage to the C60 during processing. The 
absorbance is sensitive to C6, molecular 
damage caused by the etching CF, ions but 
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Fig. 3. Absorbance at the peak wavelengths of 
Fig. 2 (identified in the legend) versus mea- 
sured etched film thickness. The linear depen- 
dences and their convergence to a thickness 
near the starting thickness of 3200 A indicates 
that the C, film is uniformly thinned without 
damage to the remaining film. 

not to structural changes in the fcc lattice, 
which might be present near the surface of 
the etched film. 

The photograph in Fig. 4 shows a fin- 
ished membrane in reflected light. The film 
is 5730 A thick, and the area is 6.4 by 6.4 
mm2. The ~rominent vellow color is char- 
acteristic of C, films sublimed onto trans- 
parent substrates (1, 4). 

We determined the mechanical proper- 
ties of two separate C60 membranes by 
applying a differential pressure P to the 
membrane and monitoring the displace- 
ment h of the membrane center. The ten- 
sile stress uo, Young's modulus E, and 
Poisson's ratio v are related to these mea- 
sured quantities by the equation (13, 14) 

where a and t are the membrane side length " 
and thickness, respectively. Shown in Fig. 
5 is a plot of P versus h for a square 
membrane that is 3860 A thick and 6.4 mm 
on a side. The data for several deflection 
cycles overlap well, indicating elastic rather 
than plastic behavior. The solid-line regres- 
sion fit of Eq. 1 to the data gives uo = 12.7 
MPa for the tensile residual stress and E/ 
(1 - V) = 55.4 GPa for the effective 
modulus. Results for a second membrane, 
3440 A thick, were uo = 21.2 MPa and 
E/(1 - v) = 99.6 GPa. For comparison, 
the corresponding values of E/(1 - v) for 
diamond and glassy C (GC20) are 1172 and 
38.5 GPa, respectively (15). A value for 
Young's modulus of E = 15.9 GPa for 
solvated Cm crystals has been measured in a 
vibrating reed experiment (1 6). Although 
this value cannot be directly compared with 
our result because of the unknown Poisson 
ratio v, one might expect the presence of 

Fig. 4. Photo raph of a free-standing C, mem- 
brane 5730 1 thick with an area of 6.4 by 6.4 
mm2. 

solvent residues in the single crystals to give 
degraded elastic properties. The factor of 
-2 difference between the elastic constants 
of the two membranes reported here may be 
the result of processing variations and the 
use of different thickness substrates. Both 
membranes fractured near a differential 
pressure of 10 torr, corresponding roughly 
to fracture strengths in the range 75 to 95 
MPa. For polycrystalline Si membranes in 
the same apparatus, the fracture strength 
can exceed 1 GPa (1 7). 

X-ray examination of a C60 membrane 
5730 A thick in both transmission and 
reflection revealed an fcc structure with 
randomly oriented grains -60 A in size. 
The x-ray spectrum is essentially the same 
as that of C, films similarly prepared on 
quartz substrates (4). There are differences, 
however. in the intrinsic stresses of mem- 
branes df different thicknesses. The as- 
prepared thinner membranes (-2000 A) 
are usually wrinkled. These wrinkles can be 
removed by vacuum annealing at 300" to 
400°C and then cooline to room temDera- - 
ture. The as-prepared thicker membranes 
(-6000 A) are always taut and remain so 
under vacuum annealing conditions. Upon 
cooling after the anneal, however, the ad- 
ditional tension introduced by the anneal- 
ing that was responsible for removing the 
wrinkles in the thinner films will, in the 
thicker films, occasionally cause membrane 
rupture. Because the thermal expansion 
coefficient of 2 x K-' is rather high 
(18), a temperature change of 100°C can 
introduce critical stresses. Relaxation ef- 
fects that might mediate these stresses are 
presently not understood. Further work is 
needed to ascertain whether thicker mem- 
branes (26000 A) can be fabricated with 
larger ( 2  1 cm) areas. We expect that mem- 
branes less than 1000 A thick are possible 
with areas less than 1 mm2. 

Having demonstrated that reasonably 
robust C, membranes can be reproducibly 
fabricated. it is worthwhile to comment on 
how they might be used. Free-standing 
membranes are advantageous for physical 
characterization studies where the absence 
of a substrate greatly facilitates the measure- 
ment [such as electron energy loss, infrared 
absorption, and transmission electron mi- 
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Fig. 5. Differential pressure across a 3860 A 
thick C, membrane versus deflection. The 
analysis of elastic properties is discussed in the 
text. 

croscopy (TEM)]. Similar considerations 
hold in experiments in which C60 is doped 
from the vapor phase by alkali metals. 
There is no worry about diffusion into and 
interaction with an underlying substrate, 
and the Si support frame can be advanta- 
geously used as a mask. 

Because carbon with its six electrons has 
a low cross section to x-rays and high-energy 
electrons, C6, membranes might be consid- 
ered as "transparent" substrates for TEM 
sample preparation and as masks in x-ray 
lithography. A unique advantage of the C, 
solid in such applications is its smooth sur- 
face and its low density of 1.67 g/cm3, a 
factor of 2 lower than diamond and 0.73 
times that of graphite. X-ray lithography 
masks require mechanical stifhess to main- 
tain dimensional stability, so it would be 
necessary to improve the mechanical prop- 
erties of the present membranes. Polycrystal- 
line Si, which is considered a good candidate 
for x-ray masks (17), has El(1 - v) a factor 
of 3 higher than the C, membrane mea- 
sured in Fie. 5. However. in the soft x-rav 
region nea; the C, absorption edge at 284 
eV (43.6 A), C, membranes would be 
significantly more transparent than Si. A 
possible application at these wavelengths 
might be in projection x-ray lithography 
(19). 

Finally, one might think of a free-stand- 
ing Cm membrane as the quintessential 
micropore filter. The membrane should be 
permeable to some gases and not to others. 
It is known, for example, that, under pres- 
sure, significant amounts of hydrogen com- 
pared to oxygen can be stored in crystalline 
material (20). Also, variability in the mo- 
bility of particular ionic or atomic species 
might be useful in sensor applications where 
selectivity is desired. 
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Outgassed Water on Mars: Constraints from Melt 
Inclusions in SNC Meteorites 

Harry Y. McSween, Jr.,* and Ralph P. Harvey 
The SNC (shergottite-nakhlite-chassignite) meteorites, thought to be igneous rocks from 
Mars, contain melt inclusions trapped at depth in early-formed crystals. Determination of 
the pre-eruptive water contents of SNC parental magmas from calculations of the solid- 
ification histories of these amphibole-bearing inclusions indicates that martian magmas 
commonly contained 1.4 percent water by weight. When combined with an estimate of the 
volume of igneous materials on Mars, this information suggests that the total amount of 
water outgassed since 3.9 billion years ago corresponds to global depths on the order of 
200 meters. This value is significantly higher than previous geochemical estimates but 
lower than estimates based on erosion by floods. These results imply a wetter Mars interior 
than has been previously thought and support suggestions of significant outgassing before 
formation of a stable crust or heterogeneous accretion of a veneer of cometary matter. 

Torrents of running water have scoured 
the ancient, heavily cratered crust of Mars 
to produce valley networks, and a variety of 
more recent features (softened terrain, ped- 
estal craters, patterned ground) testify to 
the presence of subsurface water or ice ( I ) .  
Under present atmospheric conditions, 
however, liquid water is unstable every- 
where on the planet's surface, water ice is 
stable on the surface only at the poles, and 
only minute amounts of water vapor are 
present in the martian atmosphere. Al- 
though ice at the polar caps may be equiv- 
alent to a global average water depth of 
perhaps 20 m (2), most of the planet's water 
is probably hidden from view as permafrost 
or ground water. As much as 1000 m of 
globally distributed water could be stored 
within the upper 10 km of the crust (3). 
Because most of the water on Mars cannot 
be imaged by spacecraft, it is difficult to 
quantify the amount of water that has been 
outgassed. 

One estimate of outgassed water, extrap- 
olated from the amount of erosion caused 
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by a large flood in the Chryse basin, corre- 
sponds to global depths of >440 m (2). 
This is a minimum estimate, because it was 
assumed that water carried its maximum 
sediment load. Even larger amounts of wa- 
ter are required by the proposed former 
existence of martian seas (4). (For compar- 
ison, Earth has outgassed enough water to 
cover its surface uniformily to a depth of 
2700 m.) 

A contrary view is provided by measure- 
ments of the total volume of igneous mate- 
rials on Mars, which are the source of its 
outgassed water. A recent estimate, based 
on the assumption that martian magmas 
have water contents similar to those of 
typical terrestrial basaltic magmas (1% by 
weight), corresponds to a global water 
depth of 150 m ( 5 ) .  

Other, independent estimates are based 
on the composition of the martian atmo- 
sphere. Atmospheric hydrogen, nitrogen, 
and argon isotopic abundances suggest that 
the amounts of outgassed water were limit- 
ed, corresponding to global depths of 3.6, 8 
to 133, and 6 to 10 m, respectively (6). 
Atmospheric carbon and oxygen isotopic 
compositions are consistent with an out- 
gassed water depth of perhaps 50 to 60 m 

(79. These values, however, rest on ques- 
tionable assumptions that impact erosion of 
the atmosphere has been negligible, that 
ratios'of noble to other gases were uniform 
among the terrestrial planets and remained 
unchanged during hydrodynamic escape, 
that escape rates for C 0 2  and H 2 0  over 
time are adeauatelv estimated. that climatic 
conditions i i  the past were similar to those 
of the present, and other complications (8). 

The SNC meteorites are believed to be 
martian igneous rocks ejected during large 
im~acts (9). Another estimate for the > ,  

amount of outgassed water is based on a 
model for the bulk comuosition of the SNC 
meteorite parent body formulated from ele- 
ment ratios in the meteorites. Calculations 
of the original volatile inventory of this 
parent body suggest that it was significantly 
enriched in volatile elements and water 
relative to Earth, but the model assumes 
that most of its water was lost through 
reaction with metallic iron during core 
formation early in the planet's history (10). 
The water content of the martian mantle. 
calculated from ratios of the abundance of 
water to the abundances of other volatile 
species in bulk SNC meteorites and its 
solubility in magmas, is only 36 ppm (1 1). 
If all of this water were outgassed, it would 
form a global ocean 130 m deep. However, 
more reasonable degrees of outgassing imply 
that the amount of water was smaller, 
perhaps 10 to 20 m. This estimate depends 
critically on the assumption of homoge- 
neous accretion by which Mars lost its 
original water through planet-wide equili- 
bration, an accretion model different from 
that advocated for Earth. 

These conflicting estimates for martian 
outgassed water can be reconciled in several 

u 

ways: The measured volume of igneous 
materials presumably represents volcanic 
activity since 3.9 billion years ago, the time 
at which stable crust began to form. Any 
magmatism and outgassing before that time 
left no rock record, so this represents a 
minimum estimate. The addition of non- 
outgassed water through late accretion of a 
veneer of cometaw material (12) could also ~, 

explain the discrepancy between estimates 
based on igneous materials and those based 
on erosion by floods. The SNC parent body 
model can be reconciled with other water 
estimates if the need for homogeneous ac- - 
cretion is relaxed, so that not all water is 
lost through reaction with metallic iron. - 
The lower atmospheric estimates can be 
understood if Mars lost part of its early 
atmosphere by impact erosion or hydrody- 
namic escape. 

The estimate of martian outgassing 
based on the volume of volcanic materials 
represents a critical lower limit for the 
planet's water inventory, one that can be 
quantified further by a consideration of 
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