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Organic Heterostructure Field-Effect Transistors 
A. Dodabalapur,* H. E. Katz, L. Torsi,? R. C. Haddon 

Organic field-effect transistors have been developed that function as either n-channel or 
p-channel devices, depending on the gate bias. The two active materials are a-hexathi- 
enylene (a-6T) and C,,. The characteristics of these devices depend mainly on the 
molecular orbital energy levels and transport properties of a-6T and C,,. The observed 
effects are not unique to the two materials chosen and can be quite universal provided 
certain conditions are met. The device can be used as a building block to form low-cost, 
low-power complementary integrated circuits. 

Organ ic  transistors have characteristics that 
make them attractive in applications such as 
large-area electronics, including lo\\,-cost 
deposition processes, compatibility with 
plastic substrates, and steadily improving 
performance. Thin-film transistors (TFTs) 
with active ~naterials consisting of oligomers 
of t h i o ~ h e n e  have been uioneered bv Gar- 
nier et k1. ( 1  ); they are p-channel traisistors 
and work in the accu~nulatioi~ and depletion 
modes but never in the inversion mode. W e  
have recently shown that field-effect rnobil- 
 ties of u. = 0.01 to 0.05 cm2 V p '  sp'  and 
on-off iurrent ratios greater than 1 0 % ~  
achievable with such materials (2 ,  3). T h e  
field-induced conductance is indeoendent of 
the thickness of the organic active material. 
T h e  s\vitching speeds of a - 6 T  TFTs, which 
depend on bias conditions and device di- 
mensions, are typically -10 ps; hence, such 

TFTs are fast enough to be considered for use 
in display applications. 

A fe\v organic materials such as CGO have 
bee11 used to make n-channel TFTs (4). 
These devices operate in the  accumulation 
mode and, like the  oligothiophenes, can 
never operate in the  inversion mode. Re- 
cent \vork by Haddon et al. has resulted in 
C,, TFTs with p = 0.08 cln2 V p '  sp '  i 11 
vacuum (5). Because neither oligothio- 
phene nor fullerene transistors operate un- 
der inversion mode conditions, it is not 
possible to realize n- and p-channel opera- 
tion from a single material. W e  have devel- 
oped a n  organic transistor structure with 
two active materials that ~ e r l n i t s  both D- 

channel and n-channel operation in a sin- 
ple device. T h e  availabilitv of such a device 
yhould enable the  fabrication of comple- 
mentary circuits that possess \\,ell-known 
advantages with respect to power dissipa- 
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T h e  schematic laver structure of the  de- 
vice is shown in Fig. 1. T h e  first active layer 
(adjacent to the gate dielectric) is a -6T ,  a 
thiophene oligorner that exhibits good p- 
channel operation ( 1 ,  2 ) ;  this layer is typi- 
callv 10 to 20 n m  thick. T h e  second laver. 
for A-channel operation, is C,, and is ab lu t  
20 to 40 nln thick. A third electrically 
inactive organic layer is deposited o n  top of 
C,, to protect it from the  ambient. T h e  t\vo 
active materials were chose11 not  onlv be- 
cause good p-channel and n-channel tran- 
sistors have been made with them, but also 
because the  energy levels of their highest 
occupied and lowest unoccupied molecular 
orbitals (HOMOs and LUMOs) are favor- 
able (Fig. 2). T h e  energy levels of a - 6 T  
were taken from (6 ) ,  in which they were 
measured by photoemission spectroscopy. 
T h e  energy levels of -3.8 eV (LUMO)  and 
-7.1 eV ( H O M O )  for C,, thin f i l m  were 
take11 from (7). These values, \vhich are 
usually measured under high vacuum con- 
ditions, may be slightly altered in devices 
that undergo some exposure to air. T h e  
enerev levels of the HOMOs and LUMOs ", 
of the  tmro materials are such that when the 
gate is biased negatively with respect to the  
source, the p-channel material ( a -6T)  is 
filled \\,it11 holes, and when the gate is biased 
positively, the n-channel material (C,,) is 
filled with electrons. T h e  energy band dia- 
grams for the two modes of operation are 
shown in Fig. 3, where it is tacitly assumed 
that the magnitudes of the  energy level dis- 
continuities a t  the heteroiunction remain 
unchanged under all bias conditions. 

W i t h  t\vo active materials, the  same 
transistor call be used as either an  n-chan- 
nel or a p-channel device (Fig. 4) .  T h e  
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Source a-6T Drain 

1 Si substrate (gate) I 
Fig. 1. Schematic layer structure of a heterojunc- 
tion organic TFT with a-6T and C,, actve layers. 
The dimensions are not to scale. 

devices were tested by direct probing with 
coaxial probes under vacuum after exposing 
them to air for a few minutes between dep- 
osition and characterization. T h e  device 
characteristics described above convincinelv " ,  
demonstrate the applicability of heterojunc- 
tion concepts and design techniques to or- 
ganic-polymeric materials. T o  show that the 
effects described above are not restricted to 
the uarticular materials chose11 (a -6T  and 
C,,), \Ire changed the p-channel material to 
a,w-dihexyl hexathienylene (8), another 
promising oligothiophene derivative. Char- 
acteristics qualitatively similar to those 
shown in Fig. 4 were obtained in these tran- 
sistors; this f ind~ng implies that the observed 
behavior is not unique to the a-6T-CGO 
combination. Similar behavior has been ob- 
served with the m-6T-perylenetetracarboxy- 
lic anhydride material system and may be 
expected, in principle (9), for other combi- 
nations of organic-polymeric materials that 
have a band lineup similar to that in Fig. 2 as 
\\,ell as the appropriate transport properties. 

T h e  transistor characteristics sho\vn in 
Fig. 4 were analyzed with a model devel- 
oped for organic TFTs (1 0) that takes into 
account short-channel effects, parasitic re- 
sistance, and field dependence of the  mo- 
bility. T h e  p-channel operational character- 
istics of the device are almost identical to 
those of TFTs with only a - 6 T  active layers 
(p .  = -0.004 cm2 V-' s-' ; threshold volt- 
age = -0 V) .  T h e  n-channel characteristics 
are sliehtlv different from those of TFTs with - ,  
only CGO active layers. T h e  threshold voltage 
is larger (+40  V) ;  for small gate voltages 
there is a leakage component to the drain- 

Vacuum 

a-6T 
2.9 

'60 - 3.8 (LUMO) 

5,1 =& - 5.2 
Au (HOMO) 

Fig. 2. Energy levels (in electron volts) of the 
HOMO and LUMO of a-6T [from (611 and C,, [from 
(711. 

P-channel N-channel 
enhancement enhancement 

Fig. 3. Energy band diagrams of the heterojunc- 
t~on  transistor In the p-channel and n-channel 
modes of operation. In the p-channel mode, an 
accumulation layer of holes is formed at the a-6T- 
SiO, interface; in the n-channel mode, an accu- 
mulation layer of electrons IS formed in C,, near 
the interface with a-6T. 

source current (shown in Fig. 4B by dotted 
lines), \vhich disappears as the gate voltage 
increases beyond the threshold voltage. Be- 
yond this point, the trai~sistor characteristics 
are quite similar to those of Cbo TFTs (5). 
T h e  magnitude of the drain-source current 
at different gate biases is s11o\~,~n in Fig. 5. 
T h e  n-channel field-effect mobility is calcu- 
lated to be p. = 0.005 cm2 V-' s-'. 

T h e  drain-source offset voltage Dresent u L 

during n-channel operation is probably re- 
lated to the choice of source and drain 
ohmic contacts. T h e  work function of ALI 
(5.1 to 5.2 eV) is almost exactly matched to 
the H O M O  energy of the  a - 6 T  but poorly 
matched to the  L U M O  energy of the  CGc. A 
potential barrier of >1 V exists bet\veen the 

Drain voltage (V) 

Fig. 4. Current-voltage character~st~cs are shown 
for p-channel operaton (A) and n-channel opera- 
t on  (B) of a devce w~ th  gate a length of 4 k m  The 
vertcal gate electr~c feld IS also shown for both 
cases The dotted Ines In (B) represent the eak- 
age component of the dran current. 
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work function of A u  and the  L U M O  energy 
of the CbO. Another  possible contributing 
factor to the  offset is that electrons must 
pass through 10 to 20 nln of a - 6 1  between 
the injecting contacts and the  Cbo Further 
optimization of the  contact metallization 
and device geometry sho~ild reduce both 
the threshold voltage and the  drain-source 
offset voltage. 

If the a - 6 T  layer (Fig. 1 )  was too thick 
(>40  n m )  it \vas not possible to obtain 
n-channel operation, \\,hereas when the  
thickness \vas <25 nm,  11-channel behavlor 
al\vays resulted. This behavior may occur 
because, as a result of electric field-induced 
band-bending, the  L U M O  energy of the 
m-6T at  the  ~nterface with the  gate dielec- 
tric becomes lower than the  L U M O  energy 
of the  CGC near the  interface with the a -6T .  
Because some of the electrolls in the CbO 
may occupy very lo\v mobility states ( the  
most probable cause for the  positive thresh- 
old voltage), there is a maximum thickness 
limit for the a - 6 1  beyond \1,11ich the  field- 
induced electrons will occupy states in 
m-61 instead of in 

T h e  order of the  t\vo materials was re- 
versed in some samples, with CGC deposited 
first. In  such devices, good n-channel be- 
havior (IJ, = 0.09 cln2 V-' s ~ ' )  \\,as ob- 
served. However, for negative gate biases, 
p-channel behavior was observable but the 
field-effect mobility \\:as lolver by ser~eral 
orders of magnitude. T h e  hole mobility in 
m-6T depends critically o n  the  quality of 
the  tilms, the orientation of the a - 6 1  mol- 
ecules, and the  nature of the  surface on 
which the  films are deposited. It is likely 
that the predeposited CbO causes a substan- 
tial degradation in the  transport properties 
of the  m-6T by i n d ~ ~ c i i ~ g  a different orien- 
tation t11ai1 that induced by the SiOz 

T h e  above data shed some light on why 
manv organic nlaterials conduct onlv one , u 

carrier species (electrons or holes) effiiient- 
ly at room temperature. T h e  most reason- 

-80 -40 0 40 80 
Gate voltage (V) 

Fig. 5. Magnitude of the drain-source current I,, 
as a funct~on of gate voltage for the n- and p- 
channel modes of operat~on ( V,, = 40 V).  The 
solid Ines are the data and the points are a para- 
bolic fit from which the f~eld-effect mobil~tes were 
extracted 
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able explanation for this phenomenon is 
that the  other species (electrons in a - 6 T  
and holes 111 C6,) becotne trapped In ex- 
tremely lo\\, mob~l l ty  states. T h e  data in Fig. 
4 and the  energy level lineup in Fig. 2 
suggest that the  energies of such trap lev- 
els are not  too far from the  appropriate 
H O M O - L L M O  energy levels. Were this 
not the  case, and lf t he  traps were very 
deen, t h e  c o m ~ l e n l e ~ ~ t a r v  behavior seen In 
the& transisto's a~oulcl no t  be possible. For 
example, field-induced electrons, instead 
of occupying high-mobillty states in C6$ 
(Fig. ?B), lnlght hecome trapped in  lower 
lving lo\\,-mohilltv tran states in a - h T .  , L, , 
T h e  densities of tlhe interface states (a t  the  
S i02-a -6T  and a-6T-C,, interfaces) are 
also low enough not to seriously affect the  
bending of energy levels (Fig. 3) \\,it11 bias. 

Our observations suggest that heterojunc- 
tions brlsed on organic materials have impor- 
tant similarities \\,it11 their inorgaluc counter- 
parts, including an approxlluate conformity 
with the so-called electron affinlty rule, which 
prescribes the lllanner 111 a~h lch  energy levels 
line up when a heterojunction 1s forlned (1 1).  
More important, the transistor behalrior indi- 
cates that the ix~gnitude of the HOMO- 
LUMO discontinuities relnalns substantially 
uncha~lged under bias conditions. One  of the 
practical applications of this \vork is the use of 
organic transistors un the fabrication of  lo^\^- 
power digital circuits. Colnplelnentary circuits 
(which require 11-channel and p-channel 
transistors) dissipate very little power because 
most of the transistors pass current only for 
brlef perlods a ~ h e n  they are being sn~itched 
( 1  2); thus, in thls application they can offer 
the dual advantages of lower power dissipa- 
tion and extended device lifetime. T h e  latter 
advantage is considered especially beneficial 
for organic-polymeric transistors. 
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Observation and Origin of Self-organized 
Textures in Agates 

Peter J. Heaney* and Andrew M. Davis 

One of the most impressive manifestations of spontaneous pattern generation in natural 
materials is iris agate, which contains submicrometer concentric striations that may cycle 
several thousand times within an individual specimen. Analysis by secondary ion mass 
spectroscopy and transmission electron microscopy identified the iris texture as alter- 
nating layers of fine-grained, highly defective chalcedony and coarse-grained low-defect 
quartz. This oscillatory zonation in defect concentration may be ascribed to Ostwald- 
Liesegang crystallization cycles from silica-rich fluids that are variably polymeric and 
monomeric. Periodic changes in defect concentration and grain size also are observed 
with wavelengths of hundreds of micrometers and of centimeters, so that agates reveal 
textural self-similarity over three length scales. 

F o r  centuries natural scientists have mar- 
veled at patterns within rocks and lnlnerals 
that formed without the benefit of external 
templates, and researchers no\v are attempt- 
ing to exploit these textures to infer the 
collditions that govern crysta1li:ation pro- 
cesses. Minerals that exhibit cornpositional 
zonlng (for example, plagioclase, garnet, 
and augite) have been studled extensively 
to deter~nine crystal gro\vth rates and cyclic 
changes in their depositional environments 
(1 ). Chemists have investigated periodlc 
and aperioiiic oscillatory behavior in sys- 
tenls far from euuilihrium to understand 
nonlinear reaction dynamics (2 ) .  Agates 
present one of the most spectacular exam- 
ples of autonomous pattern generanon in 
nature, and the textures exhihlted by these 
concentrlcallv handed bodies are colnrnon 
to a host of sLherulitic materials (3). Here, 
ale report a n  exanlinatlon of iris handing in 
agates that reveals oscillations in defect 
concelltration over three length scales; this 
finding suggests crystallization from fluids 
\vlth fluctuating degrees of polymerization. 

Agates form w t h l n  gas cavities of vol- 
canic host rocks \\-hen lnicrocrystalline 
chalcedony flbers nucleate o n  vug walls and 
grow inward (4) .  A l t h o ~ ~ g h  the popularity 
of agate as a senliprecio~~s gem derlves from 
its colorful zonation, it is the nonpiglnented 
ins handing that is nlost remarkable for ~ t s  
rhythmic unifornlity. Iris bands appear as 
striations parallel to the cavlty wall and 
perpendicular to the  fiber axes, and thus 
they generate concentric rings. Cross-polar- 
ized light inicroscopy reveals that iris bands 
oscillate wit11 respect to refractive index: 
Bands with indices similar to those of uuartz 
alternate with hands having slightly lo\ver 
refractive indices, and these oscillations 
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mav cvcle 8000 tilnes or Inore within a , , 
g i l~en  sector of a n  agate (5, 6). T h e  wave- 
length of the oscillatloll varies from -0.1 to 
5 bm. and the n~odulation creates an  onti- 
cai diffraction grating for visible light, giv- 
ing rise to the iridescence that is the hall- 
Inark of museum-quality iris agate (7,  8). 
Though sonleti~nes obscured by pigmenta- 
tion, zones w t h  iris banding are present in 
virtually all agates. 

Explanations for the occurrence of oscil- 
latory handing in agate have invokeil rhyth- 
I ~ I C  segregation of a inorpho~~s  opal \17ithi11 
clhaliedony ( 5 )  and periodic changes in fi- 
ber orie~ltation (8). Studies that used pow- 
der x-ray diffraction and trans~nission elec- 
tron m~croscopy (TEh,I) do not support 
these lnterpretatlons (9-1 1 ). Frondel (1 2 )  
has demonstrated hy scanning electron 1111- 

croscopy (SEM) that the iris layers ~ 1 t h  
lower refractive indices are Inore easily 
etched hy hydrofluoric acld. He  argued that 
disparate etching rates result from oscilla- 
tions in hvdroxvl content alone the chalced- 
ony fiber'leng;ll; tlhe more 1;pidly etched 
"H" hands are OH-rich and the Inore resis- 
tant "L" hanils are OH-poor. Because even 
trace amounts of hydrogen dramatically 
\veaken quartz crystals, the speciation of hy- 
drogen 111 quartz has provoked nulnerous 
~nvestigations (1 3). 

T o  test the possibility that iris l~ands  
represent colnpositiollal oscillations along 
the fiber axes, we exalnined iris agates by 
secondary ion Inass spectroscopy (SIMS). 
Irls agates \\,ere sectioned parallel to the 
hands, and elemental variation along the 
fihers normal to the handing n7as obtained 
by tgnneling through the iris layers by 
nleans of ' " 0  ion bo~nbard~nen t  (Fig. 1 )  
(14).  T h e  coupled s~lhstit~ltion A13-' + Na' 
tt SI'.' IS well documented in chalcedony 
( J C ) ,  and ~t is s ~ ~ p ~ o r t e d  ln our results by 
nearly identical count rates fc~r A1 and Na  
(Fig. 1A) .  This cation exchange suggests 
that concentration variations for A1 and Na 
sho~lld fall exactly out of phase with those 
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