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origin of this difference is controversial and may 
depend on photooxidation of the sample or the in- 
tensity of the excitation beam in addition to inter- 
chain effects; see, e.g. (30-32). No matter how the 
effect arises, under the conditions of our experi-
ments, the decay of MEH-PPV's excited state absorp- 
tion is different in solution and film environments 
(Fig. 2). Thus, we can use excited state absorption to 
help determine the local environment of the polymer 
in different regions of the composite sample. 
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A Superconducting Field-Effect 
Switch 

J. H. Schon,' Ch. Kloc,' R. C. Haddon,' B. Batlogg' 

We report here on a novel realization of a field-effect device that allows 
switching between insulating and superconducting states, which is the widest 
possible variation of electrical properties of a material. We chose C,, as the active 
material because of its low surface state density and observed superconduc- 
t iv i ty in  alkali metal-doped C,,. We induced three electrons per C,, molecule 
in the topmost molecular layer of a crystal wi th  the field-effect device, creating 
a superconducting switch operating up t o  11 kelvin. An insulator was thereby 
transformed into a superconductor. This technique offers new opportunities for 
the study of superconductivity as a function of carrier concentration. 

The basic idea of an ideal electric "valve" goes 
back to the late 1920s and involves switching 
between high- and low-resistance regimes by 
an applied electric field (1). However, reliable 
devices could not be prepared until 30 years 
later (2),surface states of inorganic sernicon- 
ductors, such as silicon or germanium, being 
the major hurdle. Since then, the silicon field- 
effect transistor (FET) has become the comer- 
stone of modem semiconductor industry and 
technology. In addition, there has been an on- 
going effort to modulate superconductivity in 
thin films by an applied static electric field (3). 
Shlfts of the transition temperature of up to 
30 K have been observed in high-% cuprate 
films, caused by changing the concentration of 
charge carriers in the electronically active CuO, 
layers (4, 5). However, complete field-induced 
switching between superconducting and insu- 
lating states remains a desirable goal. Here 
we report on a novel C,,-based field-effect 
device, an ultimate switch between the insu- 
lating and superconducting regimes of chem- 
ically pure C,,. 
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ments of Chemistry and Physics and Advanced Car- 
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Working with C,, as the starting material 
is advantageous because so much is known 
about transport, and ultimately superconduc- 
tivity, in C,, when electrons are induced by 
chemical doping (6, 7). Undoped C,, has a 
band gap of approximately 2 eV and is there- 
fore insulating, whereas alkali metal-doped 
C,, (A,C,,) exhibits metallic conductivity 
and, at low temperatures, superconductivity. 
Furthermore, working with van der Waals- 
bonded materials, such as molecular crystals, 
offers the inherent advantage of low surface 
state densities because of the absence of 
dangling bond-type surface states. Previous 
studies on organic semiconductors such as 
pentacene have shown that in an organic FET 
the chemical potential can be shifted easily 
across the band gap of the semiconductor, 
leading to n- as well asp-channel activity (8).  

We have grown C,, single crystals that are 
several mm3 in size in a stream of hydrogen in 
an apparatus similar to that used for the growth 
of other organic semiconductor crystals (9). 
Multiply sublimed material was used as a start- 
ing material. In order to prepare field-effect 
devices on C,, single crystals, we evaporated 
gold source and drain contacts on smooth 
growth surfaces through a shadow mask. Chan- 
nels were typically 25 to 50 bm long and 500 to 
1000 bm wide. Sputtered A1,03 with a capac- 
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itance Ci of 185 nFicm2 was used as the gate 
dielectric. Finally, a gold gate electrode was 
deposited on top of the oxide (Fig. 1). FET 
measurements were carried out in vacuum at 
temperatures between 4 and 300 K. Additional 
space charge-limited current measurements 
were used to determine the number of electri- 
cally active defects in these high-quality single 
crystals (10). Trap concentrations (deep levels) 
as low as 3 X 1012 cm-3 (one per 5 X 10' C,,, 
molecules) are estimated. This level is signifi- 
cantly lower than those reported earlier for oth- 
er vacuum-grown crystals (I I). 

Previous thin film C,, transistors exhibited 
n-type behavior and field-effect mobilities of 
0.09 cm2iV.s (12). Figure 1 shows the typical 
transistor characteristics at room temperature 
for single-crystal devices. These devices show 
n- as well as p-channel activity, reflecting the 
ambipolar transport in these high-quality single 
crystals and further emphasizing the low inter- 
face state density of the FET. Electron and hole 
mobilities of 2.1 and 1.8 cm2/V.s, respectively, 
are deduced from standard semiconductor 
equations (13). At room temperature, the chan- 
nel resistance can be varied over approximately 
nine orders of magnitude by the applied gate 
bias (Fig. 2A). Figure 2A shows the channel 
resistance as a function of gate charge (n = 

C,VJe, where n is the charge carrier density, C', 
is the capacitance, is the gate voltage, and r 
is the elementary charge) at room temperature 
and 5 K. The initial drop of the resistance at a 
few volts reflects the turn-on of the FET. At 
larger bias, charge accumulates in the channel, 
leading to a gradual decrease of the resistance. 
Finally. at very high positive gate voltages, the 
channel resistance drops abruptly to zero below 
a critical temperature T,  of 11 K. The channel 
evidently becomes superconducting. The drop 
of the resistance depends both on the applied 
gate voltage and on the temperature. This is 
shown in Fig. 2B, where the channel resistance 
is plotted versus temperature and the gate 
charge. A priori we do not know the electronic 
nature of the superconducting channel; that is. 
how many molecular layers become supercon- 
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Fig. 1. Source-drain current versus gate voltage 
at room temperature for a C, single-crystal 
FET. Top, p-channel operation; bottom, n-chan- 
nel operation. The inset shows the schematic 
structure of a single-crystal FET. 

ducting. However, excellent agreement with 
known bulk superconductivity in A3C6, (14) is 
found if we assume that only a single layer of 
C, molecules accepts the electrons (15). The 
area density is approximately 9 X 1013 C, 
molecules per cm2 and the gate charge corre- 
sponds to 2.7 X 1013 electrons per cm2, which 
is equivalent to three electrons per molecule 
(Cm3-). In bulk A$,,, this canier concentra- 
tion is known to produce the optimum T,, as the 
Fermi level lies near the maximum in the den- 
sity of states of the conduction band. A more 
detailed map of the superconducting T, as h c -  
tion of gate bias, expressed in terms of electrons 
per C,,, is shown in Fig. 3. The critical tem- 
perature is maximal for three electrons per C,, 
molecule (14). Hence, we conclude that field- 
induced doping results in the same supercon- 

R E P O R T S  

Fig. 3. Channel resis- 
tance as a function of 
temperature and elec- 
trons per C,, mole- 
cule. The electron con- 
centration is calculat- 

1 ed assuming that only 
the first molecular 
layer accepts charge. 

m The maximum of the 

ducting phenomena as does chemical doping in 
bulk A3C6,. 

Modifying the lattice constant of A3C,, 
by doping or pressure results in a change of 
the .lattice constant and of the electronic 
bandwidth, and therefore of the density of 
states at the Fermi level. Consequently, T, 
varies in accordance with Bardeen-Cooper- 
Schrieffer theory (6, 16, 17). A systematic 
variation of T, with the lattice constant is 
indeed observed for A,C,, (slight deviations 
from the cubic crystal structure are ignored 
here). The value of T, = 11 K observed in our 
field-effect switch is slightly lower (-3 to 4 
K) than expected from the "universal curve" 
(Fig. 4). This T, reduction might be ascribed 
to the two-dimensional nature of the channel 
region as compared to the three-dimensional 
properties of bulk samples (15). 

A first characterization of the superconduct- 
ing channel involves the upper critical magnetic 
field H, (Fig. 5). The slope of the critical field 
(dH,,ldT) is approximately -5 T/K in the 
range reported for bulk A3C6, (6). Using the 
standard extrapolation to T = 0 K, we can 

Fig. 2. Channel resis- 
tance of a C,, single- 

A 
Q I 1 

crystal FET as a func- g J - 
tion of applied gate 5 
voltage and tempera- .g 106 2% K - - 
ture. (A) Resistance at 
5 K and room temper- 2 10' 
ature as a function of - 
gate voltage. m tran- E 1 0 ' i 5 K  

sition t o  the super- 2 ,O. ; . . 
. . . ... 1 

conducting state is 10 100 300 
seen as a drop in the Gate Voltage (V) 
blue curve. (B) Resis- 
tance as a function of gate charge (CiVJ and temperature, demonstrating super- 
conductivity for concentration above 2.5 X IOl4 and below T, = 11 K. 

lot A'#- 
C, FET 

0 
1.40 1.41 1.42 1.43 1 . 4  1 4  

M c e  Conhnt (nm) 

Fig. 4. Transition temperature for bulk alkali- 
doped A$,, and our C,, field-effect switch. 
The values for A$,, are taken from (6). 

estimate the coherence length to be on the order 
of 30 A. This is further evidence that supercon- 
ductivity in a C,, field-effect device is of the 
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Temperature (K) 

Fig. 5. Transition to the superconducting state 
for different magnetic fields applied perpendic- 
ular to the channel. The variation of the upper 
critical magnetic field H,, with temperature is 
shown in the inset (slope ..; -5 TIK). 

same type as in A3C,,. The filling of the band 
is controlled by the applied gate voltage, and 
because of the strong electron-phonon interac- 
tion in this material, the channel region be- 
comes superconducting below 1 1 K. 

The possibility of investigating supercon- 
ductivity as function of electron (or hole) 
density in a simple FET device opens up 
various opportunities to find superconductiv- 
ity in new classes of materials, especially 
organic semiconductors. In addition to being 
able to implement the longstanding idea of an 
ultimate field-induced switch (insulator-su- 
perconductor transformation), this technique 
also opens up new ways to substantially mod- 
ify the electronic state in molecular crystals. 
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The Archean Sulfur Cycle and 
the Early History of 
Atmospheric Oxygen 

Donald E. Canfield,* Kirsten S. Habicht, 60 Thamdrup 

The isotope record of sedimentary sulfides can help resolve the history of 
oxygen accumulation into the atmosphere. We measured sulfur isotopic frac- 
tionation during microbial sulfate reduction up t o  88°C and show how sulfate 
reduction rate influences the preservation of biological fractionations in sed- 
iments. The sedimentary sulfur isotope record suggests low concentrations of 
seawater sulfate and atmospheric oxygen in the early Archean (3.4 t o  2.8 billion 
years ago). The accumulation of oxygen and sulfate began later, in  the early 
Proterozoic (2.5 t o  0.54 billion years ago). 

Life has dramatically modified the surface 
chemistry of Earth. A most conspicuous ex- 
pression of this is the accumulation of oxy- 
gen, a product of oxygenic photosynthesis by 
plants and cyanobacteria, into the atmosphere 
and oceans. Atmospheric oxygen promotes 
the oxidative weathering of rocks on land, 
forming oxidized species such as iron oxides 
and soluble sulfate (1). As a result. the accu- . , 
mulation of sulfate into the oceans (the con- 
centration is presently 28 rnM) and the for- 
mation of iron oxides during weathering on 
land are two substantial geochemical expres- 
sions of oxygen accumulation into the atmo- 
sphere (1, 2). Still, considerable controversy 
and debate surround when atmospheric oxy- 
gen first began to accumulate. In one scenar- 
io, atmospheric oxygen reached present-day 
levels by the earliest Archean 13.8 billion 
years ago (Ga)] and has persisted in high 
concentrations ever since (3). In another sce- 
nario, atmospheric oxygen first began to ac- 
cumulate much later, around 2.2 to 2.3 Ga in 
the early Proterozoic (2). Present-day levels 
may not have been reached until sometime in 
the Neoproterozoic, 0.54 to 1.0 Ga (4). 

The history of seawater sulfate concentra- 
tions is germane to differentiating between 
these two models for atmospheric oxygen 
accumulation. Low concentrations of seawa- 
ter sulfate into the early Archean would be 
consistent with, and provide evidence for, 
low early Archean concentrations of atmo- 
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spheric oxygen (5). Inferences as to the his 
tory of seawater sulfate accumulation ar 
based, primarily, on interpretations of th 
sulfur isotope record of ancient sedimentar 
sulfide minerals. This record shows sedimen 
tary sulfides between 3.4 and 2.8 Ga wit: 
isotopic compositions of 2 5  per mil (960 
around a contemporaneous seawater sulfat 
isotopic composition [634S (6)]  of 2 to 3% 
(7). The principal feature of this record is th 
small isotope difference between seawate 
sulfate and sedimentary sulfides. 

The interpretation of this record is based o: 
our understanding of the factors controlling is0 
tope fractionation during sulfate reduction b: 
sulfate-reducing bacteria. These bacteria are re 
sponsible for most of the sulfide formed i: 
modem marine sediments. There is a tendenq 
for pure cultures of sulfate-reducing bacteria to 
fractionate less as specific rates (rate per cell) o 
sulfate reduction increase (8). Increasing tern 
perature can lead to higher specific rates fo 
individual species of sulfate reducers, anc 
therefore, lower fractionations might be expeci 
ed at higher temperatures. Thus, minimally frac 
tionated early Archean sedimentary sulfide 
may have formed at rapid rates of sulfate reduc 
tion in a warm, sulfate-rich (1 0 to 28 rnM) ocea: 
(3,9), providing support for high early Archea 
atmospheric oxygen concentrations (3,9). 

This ocean model requires extensions o 
relations between specific rates of sulfate re 
duction, temperature, and isotope fraction 
ation beyond current observations. Thus, fo 
Desulfovibrio desulfitricans, the most studiel 
sulfate-reducing bacterium, fractionations o 
10 to 26%0 are observed at 40° to 45OC, th 
upper temperature limit for the survival of th 
organism, where specific rates of sulfate reduc 

28 APRIL 2000 VOL 288 SCIENCE www.sciencemag.org 


