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Starting with purified, bacterially produced protein, we have created a [PSlt]-
inducing agent based on an altered (prion) conformation of the yeast Sup35 
protein:~fter converting Sup35p t o  its prion conformation in  vitro, we intro- 
duced it into the cytoplasm of living yeast using a liposome transformation 
protocol. Introduction of substoichiometric quantities of converted Sup35p 
greatly increased the rate of appearance of the well-characterized epigenetic 
factor [PSI+],which results from self-propagating aggregates of cellular Sup35p. 
Thus, as predicted by the prion hypothesis, proteins can act as infectious agents 
by causing self-propagating conformational changes. 

Prions are infectious agents that lack nucleic 
acid and are composed of an altered, P sheet-
rich conformation of a normal cellular protein 
(I). Prion infectivity is thought to result from 
the ability of the prion protein in its altered 
conformation to bind to the normal form of 
the protein and catalyze its conversion to the 
infectious conformation. While originally 
identified as the causative agent for a set of 
related transmissible spongiform encephalop- 
athies (TSEs), including Creutzfeld-Jacob 
disease in humans, scrapie in sheep, and mad 
cow disease in cattle, self-propagating P 
sheet-rich protein aggregates also underlie a 
variety of noninfectious neurodegenerative 
diseases (2). These include the relatively 
common disorders Alzheimer's disease and 
Parkinson's disease, as well as dominantly 
inherited polyglutamine repeat disorders, 
such as Huntington's disease (3-5). In addi- 
tion to the role in human pathogenesis, P 
sheet-rich aggregates of glutamine and aspar- 
agine-rich domains mediate inheritance of the 
non-Mendelian, prionlike traits [PSIt] and 
[URES] in Saccharomyces cerevisiae (6, 7). 

The facile genetics of S. cerevisiae has 
made the yeast prions a rich source of infor- 
mation on the mechanism of prion propaga- 
tion in vivo as well as the role of prion-based 
inheritance in the normal physiology of a 
cell. In the case of [PSI+], the prion protein is 
a translation termination factor Sup35p (8). 
Self-replicating aggregates of Sup35p lead to 
depletion of the cellular pool of the termina- 
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tion factor, resulting in an enhanced tendency 
for ribosomes to read through nonsense mu- 
tations (9). A modular NH,-terminal prion 
domain of Sup35p is necessary and sufficient 
for propagation of [PSI+] (10-13). Sup35p 
prion function is strongly conserved, but as 
with mammalian prions, a species barrier in- 
hibits cross-species prion induction (14-16). 
Finally, a major advantage of the [PSI] sys- 
tem is that it is possible to propagate Sup35p 
aggregates in vitro by using pure proteins 
(1 7-19). 

Although a large body of data demon- 
strates the central role of self-propagating 
conformational changes in the above phe- 
nomena, in no case to date has the core 
prediction of the prion hypothesis been 
demonstrated by creating new infectious 
material from pure protein in vitro [for 
recent progress, see (20-22)]. Indeed, de- 
spite the success in eliminating nucleic ac- 
ids from the infectious agents responsible 
for TSEs, the low infectivity of isolated 
material [typically there are 100,000 prion 
protein (PrP) molecules per infectious unit] 
makes it difficult to rule out a requirement 
for other nonproteinaceous components 
(23). Here, we have developed a liposome 
transformation protocol to test if pure in 
vitro-converted Sup35p can induce [PSI+]. 

A liposome-based strategy for introduc- 
ing converted protein into yeast cytoplasm. 
Efforts to demonstrate prion-based infection 
by using pure in vitro~onverted Sup35p to 
induce the [PSI+] state face two compound- 
ing challenges. First, conversion is likely to 
require introduction of a substantial bolus of 
highly aggregated protein into the yeast cy- 
toplasm, because effective initiation of 
S U P ~ ~ Ppolymerization in vitro requires ad- 
dition of -0.5% preformed fiber (19). Sec- 

ond, cells receiving converted Sup35p have 
to be identified and selected against the large 
bulk of cells receiving no protein in order to 
minimize any contribution from the small 
(-1 X but significant, spontaneous 
conversion to [PSI+] (7). To overcome these 
difficulties, we developed a Iiposome trans- 
formation strategy that allowed the simulta- 
neous delivery of both a URA~-marked plas-
mid and a large bolus of Sup35p aggregates 
into yeast spheroplasts (Fig. 1). By selecting 
for growth on media lacking uracil, we could 
eliminate cells that had not undergone suc- 
cessful fusion. 

We first optimized our transformation 
protocol by monitoring liposome-mediated 
delivery of the URA3 marked plasmid (24). 
For preparation of liposomes and encapsula- 
tion of macromolecules, we used the reverse- 
phase evaporation method, which yields large 
(400 ? 50 nm) liposomes, allowing delivery 
of volumes approaching 1% of the yeast cy- 
toplasm. To enhance transformation efficien- 
cy, we attached liposomes to the surface of 
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Fig. 1. Schematic representation of the lipo- 
some transformation strategy (24, 40). URA3 
plasmid (0)and Sup35 NM-His, (;=) are coen- 
capsulated in biotin-containing liposomes. Af- 
ter purification on a Ficoll density gradient to 
remove unencapsulated material, the lipo-
somes are bound to the surface of biotinylated 
yeast spheroplasts, and fusion is induced by the 
addition of PEG. Surface binding of liposomes 
to spheroplasts before fusion increases trans- 
formation efficiency by two orders of magni- 
tude (24).Cells that undergo successful fusion 
are selected by growth on medium lacking ura- 
cil. Finally, these liposome transformants are 
examined for conversion to [PS I t ] .  
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yeast spheroplasts by a biotin-streptavidin tein had been delivered to the cell interior codon) mutation in the adel gene (27). In 
linkage (Fig. 1) and then induced fusion with (Fig. 2B). [psi-] yeast, only truncated, nonfunctional 
polyethylene glycol (PEG). The DNA plas- Using Alexa 488-labeled Sup35 NM- Adelp is produced, resulting in no growth on 
mid delivered by liposome transformation His, and fluorescence microscopy, we esti- media lacking adenine and the accumulation 
was resistant to deoxyribonuclease I treat- mated the number of intact liposomes con- of a red metabolic intermediate on media 
ment, and efficient transformation required taining encapsulated protein in the liposome containing low adenine. By contrast, the 
biotin, confirming that the transformation oc- preparations. Western blot analysis compar- [PSI+]factor causes a nonsense suppression 
curred by fusion-mediated delivery of lipo- ing the amount of Sup35p in a specified phenotype and production of full-length 
some-encapsulated material (24). number of yeast cells with a 5- or 25-fold Adelp, resulting in growth on media lacking 

Liposome transformation allows intro- larger number of liposomes revealed that a adenine and white-pink colonies on low-ad-
duction of converted Sup35p into yeast. single liposome delivers at most 10% of enine media. 
We next used our liposome protocol to intro- Sup35 NM-His, compared with endogenous We used this color assay and the adenine 
duce converted Sup35 protein into yeast 
cells. For our conversion experiments, we 
used a Sup35p fragment (Sup35 NM-His,) 
composed of the glutamine and asparagine-
rich NH,-terminal domain (N), which plays a 
critical role in the prion propagation (10-13), 
and the highly charged middle region (M) 
followed by a COOH-terminal seven-histi-
dine tag. The protein contained no impurities 
detectable by SDS-polyacrylamide gel elec-
trophoresis (PAGE) or mass spectrometry 
and, with the exception of removal of the 
NH2-terminal methionine, the Sup35 NM-
His, contained no covalent modifications 
(expected mass = 29345.1 Daltons, mea-
sured mass = 29344.3 Daltons) (24). 

By fluorescently labeling Sup35 NM-
His,, we could directly visualize the different 
steps of the transformation process. A single 
cysteinewas added to the COOH-terminus of 
Sup35 NM-His, protein, allowing it to be 
modified with a fluorescein-derived fluoro-
phore ALEXA 488 (24). Before PEG treat-
ment, microscopy revealed fluorescent lipo-

full-length Sup35p (Fig. 2C), whereas esti-
mates of cellular Sup35p concentrations in-
dicate that an average liposome delivers at 
least 2% of endogenous protein (25). 

Using a well-characterized in vitro con-
version assay (18, 19), we directly demon-
strated that the encapsulated protein had 
formed a state capable of initiating the poly-
merization of monomeric Sup35 NM-His,. 
After dilution from urea, Sup35 NM-His, 
undergoes amyloid fibril formation, which is 
preceded by a lag phase (-60 min under the 
present conditions) that is shortened by the 
addition of catalyhc amounts of preformed 
fibers. After releasing encapsulated protein 
by cycles of freeze-thawing (Fig. 3) or ether 
extraction (26), addition of 0.6% of lipo-
some-derived Sup35p NM-His, substan-
tially accelerated the polymerization, 
whereas addition of an equivalent amount 
of protein encapsulated in liposomes did 
not affect conversion. 

Introduction of Sup35pinduces conver-
sion to the [PSI+]state. The liposome trans-

prototrophyto screen liposome transformants 
for putative [PSI+]convertants (24). After 
transformation with liposomes, yeast were 
plated on media lacking uracil and containing 
a low-adenine concentration (SD-URAIlow 
ADE), thus selecting for the URA3 plasmid 
and testing the [PSI+]phenotype. We then 
retested putative [PSI+]colonies for growth 
on media lacking adenine. Finally, we distin-
guished true [PSI+]convertants from ADEl 
suppressor mutations by growth on media 
containing low concentrations of guanidine 
hydrochloride (5 mM), which causes efficient 
[PSI+]curing (28). To ensure that the growth 
on low-adenine medium did not induce 
[PSI+]formation, we repeated the conversion 
experiments, plating first on SD-URA media 
that was rich in adenine. In this case, we 
examined every liposome transformant for 
the presence of [PSI+]. 

Using Sup35 NM-His, at a concentration 
of 200 p.g/ml, we obtained a total of 33 
[PSI+] colonies from 2214 liposome trans-
formants (Table 1) (29). Increasing the 

some-encapsulated protein bound to the formationprotocol allowed us to determine if Sup35p concentrationin the liposomes to 300 
spheroplast surface in a small fraction (- 1 in introduction of Sup35 NM-His7 aggregates pg/ml substantiallydecreased the number of 
50) of cells (Fig. 2A). After PEG treatment, could initiate the conversion of the cellular URA3 plasmid transformants but did not 
we did not observe liposomes attached to the pool of Sup35p, resulting in de novo induc- change the efficiency of [PSI+] conversion 
outside of cells. Rather, a fraction of cells tion of [PSI+].To detect the presence of the among these transfomants (5 of 287). By 
appeared to contain fluorescent material [PSI+]factor, we used the yeast strain 74D- contrast, as might be expected from protein-
within the cytoplasm, suggesting that the pro- 694 harboring a suppressiblenonsense (stop- mediated infectivity, when we used a lower 
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panel). (8) Visualization of spheroplasts after PEG-induced fusion. (C) Western blot analysis 

Sup35p+ -comparing levels of Sup35p present in cell extracts with Sup35 NM-His, in a 5- or 25-fold larger 
number of liposomes. Fluorescent liposomes were quantified by counting in a hematocytometer 
and related t o  the amount of yeast cells. Shown is a 5X  (lane 2) and 25X (lane 3) excess of - 6 Sup35
liposomes compared with 1X  yeast cells expressing endogenous full-length Sup35p (lane 1). NM-HIS, 
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Sup35p concentration (100 pg/ml), the effi- 
ciency of conversion appeared to decrease (2 
of 585). 

In a series of assays we confirmed that the 
converted colonies carried the [PSI+] factor. 
First, even after repeated passages on nonse- 
lective media, converted yeast retained the 
ability to grow on media lacking adenine and 
formed white-pink colonies on low-adenine 
media (Fig. 4A). Second, growth on media 
containing low concentrations of guanidine 
caused efficient [PSI+] curing, resulting in 
adenine auxotrophy and reversion to red col- 
or (Fig. 4A). Finally, using a previously de- 
scribed centrifugation assay (11, 12), we 
demonstrated directly that the nonsense read- 
through phenotype resulted from aggregation 
of the cellular Sup35 protein. In [PSI+] con- 
vertants, Sup35p fractionated exclusively to 
the pellet after high-speed centrifugation. By 
contrast, before conversion or after curing of 
converted yeast by growth on guanidine-con- 
taining media, Sup35p remained largely in 
the supernatant (Fig. 4B). 

A set of further control experiments 
demonstrated that induction of [PSI+] was 
a specific consequence of introduction of 
the Sup35p and not simply a by-product of 
the liposome transformation procedure 
(Table 1). We repeated the above transfor- 
mation experiments using liposomes con- 
taining only the URA3 plasmid. Out of the 
5692 colonies examined, we found only 
one [PSI+] convertant. Similarly, when we 
incorporated bovine serum albumin (200 
pglml), a protein that is not associated with 
prion formation or the [PSI+] state, we did 
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Fig. 3. Liposome-encapsulated Sup35 NM-His, 
catalyzes polymerization in vitro. To initiate 
conversion, concentrated Sup35 NM-His, was 
diluted from denaturant to a final concentra- 
tion of 2.5 p,M (79). Conversion was allowed to  
proceed in the absence of added material or in 
the presence of 0.6% Sup35 NM-His, either in 
intact liposomes or released from liposomes by 
freeze-thawing. At the indicated times, the ex- 
tent of fibril formation was assayed by addition 
of the dye Congo red, which specifically binds 
to amyloid fibers. A similar degree of acceler- 
ation was observed when the protein was re- 
leased from the liposomes by ether extraction 
(24). 

not obtain any convertants among the 2128 
colonies examined. 

A species barrier in liposome infectivi- 
ty. A hallmark of prion infection is the exis- 
tence of species barriers requiring that the 
amino acid sequence of the infecting protein 
closely match that of the infected organism 
(1, 14-16). To test whether similar specific- 
ity exists for the liposome transformation, we 
examined the ability of two Sup35p variants 
to induce [PSI+]. The first was an NM do- 
main derived from the distantly related Can- 
dida albicans homolog of Sup35p (Sup35 
NM,,-His,). As with S. cerevisiae Sup35p, 
the C. albicans protein supports prion-based 
inheritance in vivo and forms self-propagat- 
ing amyloids in vitro. A species barrier, how- 
ever, inhibits cross seeding between the S. 
cerevisiae and C. albicans proteins (14). A 
similar species barrier appears to exist in the 
liposome transformation, because we ob- 
tained only two [PSI+] colonies from 2846 
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Fig. 4. Characterization of yeast converted by 
introduction of Sup35 NM-His,. (A) Nonsense 
suppression phenotype of converted cells. The 
ability to  suppress an adel nonsense mutation 
was examined by growth on medium lacking 
adenine, or containing low adenine with or 
without 5 mM guanidine (+Gua) as indicated. 
Shown are 10 examples of liposome-converted 
yeast (C1 to  ClO), as well as examples of [psi-] 
and [PSI+] colonies. (B) For centrifugation assay 
examining solubility of Sup35p protein, cells 
were grown to  mid-log phase, and extracts 
were subjected to  centrifugation at 100,000g 
(9). Soluble (S) or pelleted (P) fractions were 
assayed by SDS-PAGE and Western blot analy- 
sis with a polyclonal antibody to  Sup35p. 
Shown are two examples of liposome conver- 
tants (C1 and CZ), a liposome convertant cured 
by growth on 5 mM guanidine (C1 + Gua), as 
well as [psi-] and [PSI+] strains. 

transformants with liposomes containing the 
Sup35 NM,,-His, protein at a concentration 
of 200 pg/ml (Table 1). 

The second Sup35p variant we exam- 
ined was a single point mutant (substitution 
of serine at position 17 with arginine) of the 
S. cerevisae protein, which was identified 
in an earlier screen for Sup35p mutants that 
are defective in formation and propagation 
of the [PSI+] prion state (19). Remarkably, 
this mutation, while not preventing prion 
formation, is sufficient to inhibit cross- 
reaction with the wild-type protein in vivo 
and in vitro: The Sup35 NM fragment de- 
rived from this point mutant [Sup35 
NM(S17R)-His,] forms amyloids fibers in 
vitro that are capable of seeding themselves 
but not the wild-type protein (Fig. 5A) (19). 
Similarly, whereas overexpression of the 
Sup35 NM-green fluorescent protein 
(GFP) fusion leads to -30,000-fold in- 
crease in the rate of appearance of [PSI+], 
even prolonged massive overexpression of 
the mutant protein did not appreciably in- 
duce [PSI+] (Fig. 5, B and C). This point 
mutation also abrogates the ability of the 
Sup35p to induce conversion by liposome 
transformants, because we obtained only a 
single [PSI+] colony out of 3852 liposomes 
transformation when liposomes contained 
Sup35 NM(S 17R)-His, at a concentration 
of 200 pglml (Table 1). 

Taken together, these results demonstrate 
the existence of a species barrier in the lipo- 
some transformations. In addition, because the 
production and purification of Sup35 
NM(S 17R)-His,, Sup35 %,-His, and wild- 
type Sup35 NM-His, are identical, the inability 
of the mutant proteins to induce [PSI+] argues 
strongly against the possibility that the ob- 
served infection is due to an undetected con- 
taminant in our protein preparations. 

Table 1. Effect of transfecting protein on the rates 
of [PSI+] conversion. NM, NM,,, and NM(S17R) 
refer to Sup35 NM-His,, Sup35 NM,,-His,, and 
Sup35 NM(S17R)-His,, respectively. Unless other- 
wise indicated, protein concentrations were 200 
Pg/rnl. 

[PSI+] Conver- 
Transforming convertantsl sion 

protein No. of rate 
transformants (X 10,000) 

NM 
100 p,g/ml 21528 38 
200 pg/ml 3312.21 8 150 
300 pg/ml 51287 170 

Nonamyloid controls 
No protein 115,692 1.8 
BSA 012,214 0 

Specific@ controls 
N"a 212,816 7.1 
NM(S17R) 113,852 2.6 

Total controls 
411 4,574 2.7 
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In vitro-converted protein is far more 
efficient at inducing [PSI+] than protein 
produced by translation in vivo. Overexpres- 
sion of Sup35p induces [PSI+] (Fig. 5, B and 
C) (12, 30). Thus, it was possible that the de 
novo conversion observed in our liposome 
transformation experiments was due to increas- 
ing the cellular levels of Sup35p over a critical 
threshold, rather than a consequence of the 
altered conformation of the introduced Sup35p. 
However, an average liposome delivers only 2 
to 10% of the levels of endogenous protein 
(Fig. 2C) (25). Moreover, it is unlikely that 
yeast transformants receive substantially more 
Sup35-NM-His,, because increasing the level 
of protein in the liposomes to 300 to 500 pglml 
inhibits transformation. Thus, delivery of even 
substoichiometric quantities of preconverted 
protein by liposome fusion was sufficient to 
enhance greatly the rate of conversion to 
[PSI+]. By contrast, we found that transient 
expression of the identical Sup35 NM-His, 
polypeptide to levels comparable to that of the 
endogenous protein had little effect on the rate 
of appearance of the [PSI+] factor (26). Indeed, 
only after prolonged and massive overexpres- 
sion of Sup35p NM domain (in this case fused 
to GFP) were we able to achieve efficiency of 
conversion comparable to that obtained by in- 
troduction of preconverted protein (Fig. 5C). 

These results argue that infectivity is de- 
termined primarily not by the amount of pro- 
tein exposed to the cytoplasm, but rather by 
the state of Sup35p. However, it remains 
unclear why the absolute numbers of conver- 
sion for both overexpression and liposome 
infection are in the range of only 1 to 3%. At 

present, we cannot distinguish whether this is 
due to physiological factors, which make 
only a small fraction of yeast cells competent 
for conversion, or due to the quality of our 
encapsulated seed. 

Conformation-based infectivity. Our 
studies provide direct evidence for the prion 
hypothesis: namely, that a protein, by virtue 
of its ability to propagate in an altered con- 
formation, can act as an infectious agent. 
Using a liposome transformation protocol, 
we demonstrate that introduction of precon- 
verted Sup35pderived NM-His, protein into 
yeast cytoplasm can catalyze the aggregation 
of the cellular pool of Sup35p, resulting in de 
novo appearance of the well-characterized 
epigenetic factor [PSI+]. After induction, the 
[PSI+] state propagates indefinitely but is 
readily cured, without altering the cellular 
DNA, by transient growth on guanidine-con- 
taining medium. 

Several observations argue that the abil- 
ity of the introduced protein to convert 
yeast to [PSI+] is based on the protein's 
having adopted an altered, self-propagating 
conformation. First, mass spectroscopy re- 
veals that the polypeptide contains no de- 
tectable covalent modifications. Second, in 
vitro seeding experiments demonstrate that 
before introduction into the yeast cyto- 
plasm, the liposome-encapsulated protein 
has adopted the prion conformation capable 
of catalyzing the conversion of monomeric 
Sup35p. Third, conversion to [PSI+] is in- 
duced only when the introduced seed is 
competent for seeding wild-type Sup35. Fi- 
nally, the introduced, preconverted protein 
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Time (min) 

B I Conversion Efficiency (10,000~) 
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Fig. 5. Sup35 NM(S17R)-His, does not induce conversion of wild-type Sup35p in vitro or in vivo. 
(A) Wild-type and mutant Sup35p do not cross seed in vitro. Kinetics of conversion of Sup35 
NM-His, (WT) or Sup35 NM(S17R)-His, was monitored as described in Fig. 3. Polymerization was 
followed either in the absence of seed or in the presence of 3% moVmol ratio of preconverted 
wild-type or S17R mutant Sup35 NM-His, as indicated. Polymerization is enhanced only when the 
seed is the same as the converting protein. (B) Overexpression of mutant Sup35p fails to induce 
conversion to [PSI+] in vivo. A fusion between GFP and either wild-type Sup35 NM or Sup35 
NM(S17R) was expressed from a copper-inducible high-copy (2p) plasmid (19). At the indicated 
times, the fraction of cells converted to [PSI+] was determined by plating on medium lacking 
adenine. (C) Western blot analysis with an antibody raised against the Sup35 NM domain 
demonstrates that the wild-type (lane 2) and mutant (lane 3) proteins are expressed to comparable 
levels and are both strongly overexpressed relative to the endogenous full-length Sup35p (lane 1). 

is vastly more effective at inducing the 
[PSI+] state than is the identical polypep- 
tide produced by translation in vivo. 

The dramatic increase in infectivity of 
in vitro-converted Sup35 NM-His, com- 
pared with overexpression argues that, in 
vivo, there are specific and robust mecha- 
nisms for inhibiting de novo conversion of 
newly synthesized polypeptides. In part, 
this is accomplished by proteins, such as 
Sup45p, that specifically interact with 
Sup35p (31). However, recent observations 
suggest that the general cellular chaperone 
machinery also regulates prion formation 
and propagation (27, 32, 33). Recent anal- 
ysis of sequenced genomes indicates that 
rather than being confined to a few proteins 
in yeast, glutamine and asparagine-rich do- 
mains with a high propensity to form self- 
propagating prion states are present in a 
substantial fraction (-1%) of proteins in 
yeast and higher eukaryotes including 
mammals (34). Thus, in addition to pro- 
moting folding, the chaperone machinery is 
likely to help inhibit aggregation of cellular 
proteins with high glutamine andlor aspar- 
agine content into prionlike states. Once 
formed, however, chaperones appear to be 
unable to readily reverse polymerization of 
such highly ordered aggregates. 
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An Organic Solid State 

Injection Laser 


J. H. Schon, Ch. Kloc, A. Dodabalapur, B. Batlogg* 

We report on electrically driven amplified spontaneous emission and lasing in 
tetracene single crystals using field-effect electrodes for efficient electron and 
hole injection. For laser action, feedback is provided by reflections at the cleaved 
edges of the crystal resulting in a Fabry-Perot resonator. Increasing the in- 
jected current density above a certain threshold value results in the decreasing 
of the spectral width of the emission from 120 millielectron volts to less than 
1 millielectron volt because of gain narrowing and eventually laser action. High 
electron and hole mobilities as well as balanced charge carrier injection lead to 
improved exciton generation in these gate-controlled devices. Moreover, the 
effect of charge-induced absorption is substantially reduced in high-quality 
single crystals compared with amorphous organic materials. 

Semiconductor lasers are widely used in mod- bility. As an electrically driven device is strong- 
em science and technology. Compared with ly influenced by the transport properties of the 
conventional inorganic semiconductors, organ- semiconductor, we focus on organic materials 
ic semiconductors offer potential advantages that exhbit high mobilities for electrons as well 
with respect to easy processing, lower cost, and as holes. 
flexibility. Hence, electrically driven lasers Materials properties. Mobilities on the 
based on organic semiconductors might find a order of 2 cm2 V-' s-' can be achieved in 
wide range of applications. Optically excited tetracene at room temperature. This is more 
lasing and amplified spontaneous emission than four orders of magnitude higher than 
have been observed in a wide range of semi- mobilities in materials used in conventional 
conducting polymers, small molecules, and or- OLEDs (4, 8, 10). Tetracene also offers a 
ganic single crystals (1-9). Moreover, amor- reasonably high photoluminescence quantum 
phous or nearly amorphous organic and poly- yield, and electroluminescence has been re- 
meric semiconductors have been very success- ported for single-crystal diodes (12). Optical- 
fully used in thin-film organic light-emitting ly pumped amplified spontaneous emission 
devices (OLEDs). These devices typically re- has been observed in tetracene-doped (13, 
quire injection current densities of 1 to 10 mA/ 14) and undoped anthracene single crystals 
cm2 to achieve brightnesses of order 100 cdm2 (15). To minimize extrinsic influences such 
(4). For laser applications, substantially higher as grain boundaries, defects, or disorder, we 
current densities will be required. Reduced lu- investigated high-quality single crystalline 
minescence efficiencies at high injection cur- samples to unveil the intrinsic opto-electronic 
rent densities and charge-induced absorption properties of this material. 
have been identified as major problems for Device design. To ensure facile electrical 
electrically pumped OLEDs (4, 10 , l l ) .  Anoth- contacts and balanced injection of electrons 
er limiting factor is the low charge carrier mo- and holes, we used two field-effect elec-

trodes. Tetracene single crystals were grown 
Bell Laboratories, Lucent Technologies, 600 Mountain from the vapor phase in a stream of inert gas 
Avenue, Murray Hill, NJ07974-0636, USA. (16). Typical samples exhibit smooth faces of 
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mail: batlogg@lucent.com about 1 to 10 km. Field-effect device struc- 
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tures were prepared on freshly cleaved crystal 
surfaces. Source and drain electrodes (Au for 
holes and A1 for electrons, respectively) were 
thermally evaporated through a shadow mask 
defining a 25-km channel length and several 
hundred ym channel width. An amorphous 
A120, layer was sputtered onto the crystal, 
resulting in a capacitance of Ci = 50 nFlcm2 
between the gate electrode and the crystal. 
Finally, transparent Al-doped ZnO gate elec- 
trodes were deposited. A schematic of the 
structure is shown in Fig. 1A. 

It has been recently demonstrated that am-
bipolar charge transport, i.e., n- as well as p-
channel activity, can be obtained in high-quality 
single-crystal polyacene field-effect transistors 
(FETs) (1 7). Hence, gate-controlled electrodes 
can realize efficient electron as well as hole 
injection, with the field-induced charge acting 
as a heavily doped "contact" to the crystal. 
Furthermore, charge carrier mobilities as high 
as lo3 to lo5 cm2 V 1  s 1  are achieved at low 
temperatures, and Fractional Quantum Hall 
transport has been observed in similar devices 
at temperatures below 4 K (18). Typical thresh- 
old voltages V, of the FETs are -0.6 V for 
p-channel and +1 V for n-channel operation. 
The carrier concentration in the channel region 
can be adjusted by the applied gate voltage. 
Organic semiconductor crystals can act as a 
waveguide, as has been shown for optically 
pumped oligothlophene crystals (19, 20). How- 
ever, in the present structure, the A120, layer 
(-150 nm) is too thin to serve as a cladding 
layer. Thus, a planar multirnode waveguide is 
formed by the entire structure with air as the 
cladding material on both sides. This means 
that at low injection current densities, a substan- 
tial fraction of the guided modes are in the lossy 
ZnO layers. The geometry of the device is such 
that there are many modes, and an analysis of 
the optics of this structure will be published 
elsewhere. An overall internal loss on the order 
of 100 cm-' is estimated for this multilayer 
structure. Feedback is provided by cleaving the 
crystal perpendicular to the waveguide struc- 
ture, resulting in a Fabry-Perot-type resonator. 
Assuming an ideal reflectivity of 8% for these 
cleaved edges, mirror losses on the order of 50 
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