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Organic-Inorganic Hybrid 
Materials as Semiconducting 

Channels in Thin-Film 
Field-Effect Transistors 
C. R. Kagan, D. B. Mitzi, C. D. Dimitrakopoulos 

Organic-inorganic hybrid materials promise both the superior carrier mobility 
of inorganic semiconductors and the processability of organic materials. A 
thin-film field-effect transistor having an organic-inorganic hybrid material as 
the semiconducting channel was demonstrated. Hybrids based on the perov- 
skite structure crystallize from solution to form oriented molecular-scale com- 
posites of alternating organic and inorganic sheets. Spin-coated thin films of the 
semiconducting perovskite (C,H,C,H,NH,),Snl, form the conducting channel, 
with field-effect mobilities of 0.6 square centimeters per volt-second and 
current modulation greater than lo4. Molecular engineering of the organic and 
inorganic components of the hybrids is expected to further improve device 
performance for low-cost thin-film transistors. 

Alternative semiconducting materials for thin- mobilities reported for organic TFTs have been 
film field-effect transistors (TFTs), which have achieved by vacuum evaporation of ordered 
mobilities at least comparable to that of amor- thin films of either small molecules (3) or short- 

duced dimensionality and by mediating the 
electronic coupling between inorganic units. 
Engineering the organic-inorganic hybrid on 
the molecular scale may be done to maximize 
both field-effect mobility and current modula- 
tion. The combination of high carrier mobility 
and ease of processing may make organic-inor- 
ganic hybrid materials good substitutes in all 
the applications put forth for organic materials. 
The potentially higher carrier mobilities of hy- 
brid materials may extend their application to 
higher speed devices than is presently possible 
with either a-Si or organic semiconductors. 

One class of organic-inorganic hybrid is 
based on the three-dimensional (3D) perov- 
shte structure ABX, (Fig. 1). The chemistry of 
the organic and inorganic components of the 
perovskite can be tailored to tune the electronic, 
optical, magnetic, and mechanical properties of 
hybrid materials (13). Although most organic- 
inorganic perovskites are insulating, hybrids 
having a tin(I1) iodide framework are elec- 
trically conductive. Hall measurements on 
pressed pellet samples of the 3D perovskite 
CH3NH3Sn13 reveal that it is a low-carrier- 
density metal with a room temperature Hall 

phous silicon (a-Si) and may also be easily chain oligomers (6) .  Molecular ordering im- mobility of 50 cm2N s (14). Layered perov- 
processed with low-cost techniques, are re- proves orbital overlap and therefore film mo- skites of the form A2A1,,-,Sn,,13,+, may also 
quired to enable new opportunities for display bility. Although evaporated films demonstrate be prepared by stacking n inorganic layers, 
and storage technologies. Conjugated organic mobilities comparable to that of a-Si (0.1 to 1 containing a small A' cation, separated by or- 
small molecules (1-4), short-chain oligomers cm2N . s), the high vacuum used makes depo- ganic layers of a larger A cation. Systematic 
(5, 6 ) ,  and long-chain polymers (7-10) contin- sition costly. Solution-based deposition tech- study of the effects of dimensionality has 
ue to receive substantial attention as new semi- niques, such as spin coating, are the most de- shown a metal-to-semiconductor transition as n 
conducting channels for TFTs. Organic semi- sirable processes because they are both cheap is reduced from n -+ for the 3D hybrid to 
conductors may be deposited by low-cost, low- 
temperature processes such as spin coating, dip 
coating, or screen printing from solution or 
thermal evaporation. These techniques provide 
a potential niche for organic semiconductors in 
applications that require large areas, low cost, 
mechanical flexibility, or a combination of 
these factors. Examples of applications include 
TFTs for active matrix liquid crystal displays 
(AMLCDs), where a-Si is presently used; ac- 
tive matrix organic light-emitting diodes 
(AMOLEDs); and low-cost data storage devic- 
es. In addition, low-temperature deposition con- 

and large-area deposition methods. Long-chain 
polymers are soluble enough to be spin coated, 
but their mobilities, lop8 to lop2 cm2N . s, are 
lower because films are more disordered (9). 
Recently a soluble pentacene precursor was 
synthesized and converted to yield mobilities of 
0.1 cm2N . s (4). The low carrier mobilities of 
organic TFTs limit their device-switching 
speeds and therefore their range of potential 
applications. 

Organic-inorganic hybrid materials com- 
bine the advantageous properties characteristic 
of crystalline inorganic solids with those of 

n = 1, for the 2D layered hybrid (15). Although 
the conductivity is reduced with decreasing di- 
mensionality, high carrier mobilities are expect- 
ed for the lavered oerovskites because they 
consist of the same extended inorganic frame- 
work of comer-sharing SnI, octahedra that 
gives rise to the high carrier mobility of the 3D 
analog CH3NH3Sn13. 

We demonstrated an organic-inorganic TFT 
using the 2D layered organic-inorganic perov- 
skite (C,H5C2H4NH3),SnI, as the semicon- 
ducting channel. (C6H,C2H4NH3),SnI, is syn- 
thesized by dissolving stoichiometric quantities 

ditions enable organic semiconductors to be organic molecules within a molecular-scale of SnI, and the organic salt, C6H5C2H4 NH, 
deposited on plastic substrates for flexible elec- composite. The inorganic component forms an HI in concentrated (57 weight %) aqueous HI at 
tronic devices (11, 12). extended framework bound by strong covalent 90°C under flowing N2. Crystals of the com- 

In organic semiconductors, a-orbital over- or ionic (or both) interactions to provide high pound (C,H,C,H,NH,),SnI, precipitate from 
lap between adjacent conjugated molecules en- carrier mobilities. The organic component fa- solution upon cooling to room temperature. The 
ables charge transport, but the weak van der cilitates the self-assembly of these materials, crystals are filtered, iinsed in 5 : 1 to1uene:n- 
Waals interaction bonding neighboring mole- enabling hybrids to be deposited by the same butanol, and dried under vacuum. The crystals 
cules limits their carrier mobilities. The highest simple, low-cost, low-temperature processes as are redissolved at 20 mglml in anhydrous meth- 

the organic materials. The organic component anol. Solutions are filtered through a 0.2-p,m 
IBM T. j. Watson Research center, post o f f i ce  is also used to tailor the electronic properties of polytetrafluoroethylene filter and spun onto wa- 
218, Yorktown Heights, NY, 10598, USA. the morganic framework by definmg its re- fers at 2500 rpm for 2 min in an inert atrno- 
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Fig. 1. Schematic of a TFT device structure having 
a layered organic-inorganic perovskite as the 
semiconducting channel. The perovskite structure 
ABX, comprises corner-sharing BX, octahedra. 
Each octahedron is defined by six X anions at the 
vertices and one B cation at the center. The A 
cations sit in the interstitial sites between octa- 
hedra. In the organic-inorganic perovskite, anion- 
ic, inorganic BX4,- sheets are charge-balanced by 
cationic organic molecules substituted in the A 
cation sites. The layered organic-inorganic pe- 
rovskite can be visualized by inserting an organic 
layer between perovskite sheets. 

sphere. Thin films, -300 A thick, are dried and 
annealed at 80°C for 10 min. In the schematic 
device structure (Fig. I), with a spin-coated 
organic-inorganic hybrid material used as the 
semiconducting channel, heavily n-doped sili- 
con wafers with an indium contact are used as 
the gate electrode. The gate dielectric layer is a 
400 A, 1500 A, or 5000 A thermally grown 
oxide. High-work-function metal source and 
drain electrodes such as Pd, Pt, or Au are 
deposited by evaporation through a shadow 
mask either before or after spin coating. How- 
ever, depositing the hybrid after metallization 
eliminates the material's exposure to potentially 
harmhl temperatures. Devices were tested in a 
nitrogen box with a Hewlett-Packard 4145B 
semiconductor analyzer. 

The organic-inorganic perovskites with 
metal halide frameworks are simple to deposit 
by methods such as spin coating (16), dip coat- 
ing (1 7), or vacuum evaporation (18, 19). The 
layered organic-inorganic perovskites self-as- 
semble from solution to form oriented poly- 
crystalline films on substrates (Fig. 2). Ionic 
and covalent interactions between the metal 
cations and the halogen anions drive formation 
of an extended framework of inorganic SnI, 
octahedra. The organic, cationic, ammonium 
head groups form hydrogen and ionic bonds to 
halogens of the anionic metal halide octahedra 
to charge-balance the structure. Van der Waals 

Fig. 2. (A) X-ray diffraction pattern for a com- 
pleted TFT with (C,H,C,H,NH,),Snl, as the 
semiconducting channel and Pd source and drain 

0 10 20 30 electrodes. (B) Representation of the organic-in- 

20 (desrees) organic perovskite used in the device. 

interactions between organic tail groups on or- 
ganic-inorganic-organic layers induce stacking 
of the layers to form the alternating, organic- 
inorganic, layered perovskite structure. The 
strong bonding between cationic and anionic 
species in the hybrid, not found in organic 
materials, requires the compound to have a 
specific stoichiometry and drives the organiza- 
tion of the organic and inorganic components 
into well-defined crystallographic sites. 

In the x-ray diffraction pattern from a 
(C6H,C,H4NH,),Sn14 spin-coated device struc- 
ture with Pd electrodes (Fig. 2), observation of 
only (0 0 l )  reflections h m  the organic-inor- 
ganic perovskite shows that the alternating or- 
ganic-inorganic-organic layers stack perpendic- 
ular to the substrate surface. The (0 0 l )  reflec- 
tions correspond to an interlayer distance of 
16.3 A separating the inorganic sheets (20). 
This geometry is ideal because the inorganic 

charge-carrying sheets extend in the direction 
of canier transport. The progression of strong, 
sharp x-ray reflections is a measure of the high 
crystallinity and large grain size in spin-coated 
thin films. Scanning electron micrographs show 
that spin coating deposits uniform polycrystal- 
line films with grain sizes exceeding 300 nrn for 
thin films -300 A in thickness over the typi- 
cally deposited - I-cm2 area. 

A representative plot of drain current, ID, 
versus source-drain voltage, V,,, is shown a s a  
fimction of the applied gate voltage V, (Fig. 
3A) for a TFT with (C6H,C2H4NH,),SnI, as 
the semiconducting channel and a 5000 A gate 
oxide. The layered organic-inorganic perov- 
skite forms a p-channel transistor. The TFT 
operates in accumulation mode upon applica- 
tion of a negative bias to the gate electrode as 
the concentration of majority carriers contribut- 
ing to ID increases. Application of a positive 

60 30 0 -30 -60 
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Fig. 3. (A) Drain current I, versus source-drain voltage VD, as a function of gate voltage V, for a 
spin-coated (C6H,CzH4NH,)zSn14 thin-film transistor having a channel length L = 28 p m  and 
channel width W = 1000 pm, defined by Pd source and drain electrodes. The gate dielectric is 
5000 A SiO,. (B) Plots of ID and versus V, at constant V,, = - 100 V used to  calculate current 
modulation and field-effect mobility, p. (C) Plot of p versus V, at V,, = -100 V. 
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gate bias depletes the channel of holes, turning 
the device off. At low V,,, the TFT shows 
typical transistor behavioras I, increases lin- 
early with GS. Current saturation, with only a 
small ohmic component, is observed at hlgh 
&, as the accumulation of holes in the channel 
is pinched off near the drain electrode. 

Device operation is adequately modeled 
by the standard field-effect transistor equa- 
tions that apply to both organic and inorganic 
TFTs. From the plot of I, and ID1I2 versus VG 
(Fig. 3B) used to calculate current modula- 
tion (Io,/IoFF) and field-effect mobility, +, 
in the saturation regime, the field-effect mo- 
bility for this device is 0.55 cm2/V . s for a 
550-V sweep of VG at V,, 2 60 V. This 
mobility is typical for (C,H,C2H4NH3),SnI4 
as it has been calculated for many devices on 
the same wafer, on different wafers, and from 
different preparations of the hybrid. These 
same device characteristics scale to smaller 
voltages as the gate oxide thickness is re- 
duced. The highest mobility measured for 
this material, on a 1500 gate oxide at V,, = 
-30 V, is 0.62 cm2/V . s, which is six times 
higher than that of any other spin-coated 
material (4) and comparable to a-Si and the 
best organic semiconductors deposited in 
high vacuum. 

The field-effect mobility of these organic- 
inorganic TFTs depends on & (Fig. 3C) as 
reported for organic TFTs (12) and a-Si (21). 
Increasing & increases the number of accumu- 
lated charges available in the channel to fill 
localized traps in the material. At higher V,, the 
trap states are filled, enabling additional charg- 
es to move with carrier mobilities defmed by 
the delocalized bands of the hybrid semicon- 
ductor. Filling of trap states is likely responsible 
for the discontinuities shown in Fig. 3B, which 
suggests that higher mobilities may be achieved 
at lower L& in TFTs with high dielectric gate 
insulators, which may be deposited on plastic 
substrates (12). 

Materials that can be solution processed 
and exhibit a high Io,/IoFF are required for 
TFTs in low-cost large-area applications. The 
(C,H,C2H4NH,)2Sn14 TFT (Fig. 3B) has an 
Io,/IoFF of > lo4. There is an increase in leak- 
age as &, increases for large positive &, lim- 
iting the current modulation. These on-off ratios 
are achieved without patterning the semicon- 
ductor to the active region between source and 
drain electrodes. The hybrid is spun across a 
-1-cm2 area of the wafer covering 16 devices. 
Patterning the semiconductor to the active de- 
vice region reduces leakage through the insula- 
tor contributing to I,,,, increasing Io,/IoFF to 
at least 10,. Leakage, dominated by noninten- 
tional dopants in unpattemed regions of the 
semiconductor away from the device, may be 
reduced by decreasing film thickness (22). 

Organic-inorganic hybrid materials show 
the highest field-effect mobilities and Io,lI0,, 
ratios for spin-coated TFT channel materials. 
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The Root of Angiosperm 
Phylogeny Inferred from 

Du~licate Phvtochrome Genes 
Sarah Mathews" and Michael J. Donoghue 

An analysis o f  duplicate phytochrome genes (PHYA and PHYC) is used t o  root 
the angiosperms, thereby avoiding the inclusion of highly diverged outgroup 
sequences. The results unambiguously place the root near Amborella (one 
species, New Caledonia) and resolve water lilies (Nyrnphaeales, -70 species, 
cosmopolitan), followed by Austrobaileya (one species, Australia), as early 
branches. These findings bear directly on the interpretation of morphological 
evolution and diversification within angiosperms. 

The evolution of flowering plants fundamen- 
tally altered the biosphere. Deciphering the 
causes and consequences of their origin and 
radiation requires knowledge of phylogeny, 
especially the order in which branches di- 
verged near the root of the tree (1). However, 
the root of angiosperms has remained unre- 
solved, as different lines of evidence have 
suggested many disparate alternatives (2). 
This ambiguity stems in part from uncertainty 
surrounding the identity of their closest rela- 
tives (3-4, and from the great differences 
between angiosperms and all other living 

lines of seed plants. Such differences render 
homology assessments exceptionally difficult 
in morphological analyses, and may lead to 
"long branch attraction" in molecular analy- 
ses, which occurs when convergent nucleo- 
tide substitutions cause the spurious connec- 
tion of highly diverged sequences (6 ) .  In 
analyses of angiosperms, distant outgroup se- 
quences might connect (perhaps with confi- 
dence) to the most divergent angiosperm se- 
quence or sequences. For this reason it has 
been suggested that the angiosperm root may 
never be resolved using nucleotide sequence 
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