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All Inorganic Colloidal Quantum Dot LEDs 
 
Sponsors 
NSF MRSEC, NSF NIRT, PECASE, ISN 
 
Project Staff 
V. Wood, J.M. Caruge, J.E. Halpert, M.G. Bawendi, V. Bulović 
 
LEDs with a quantum dot (QD) emissive layer are an attractive technology for display and large area 
lighting applications. QDs are nanoparticles that can be synthesized to emit anywhere from the ultraviolet 
to the infrared regions of the spectrum by changing their size and chemical composition. For example, 
varying the size of CdSe QDs from 17 to 120 Å tunes them to emit light at a wavelength between 470 nm 
to 630 nm [1]. Furthermore, QDs possess excellent color saturation and high photoluminescence 
efficiencies.   
 
QDs have been successfully integrated into LEDs with organic charge transport layers.  Such devices 
boast external quantum efficiencies (EQEs) of several percent in the red, green, and blue [2]. However, 
despite the high EQE and the ease of fabrication offered by organic semiconductor films, organic 
materials are susceptible to deterioration from atmospheric oxygen and water vapor. Device lifetimes can 
be improved with packaging, but this increases cost, making it difficult for QD-LEDs to compete with the 
already established technology of liquid crystal displays (LCDs).  Furthermore, organic materials cannot 
sustain the high current density needed to realize an electrically pumped colloidal QD laser.  In contrast, 
metal oxides are chemically and morphologically stable in air and can operate at high current densities.  
 
We report the first all-inorganic QD-LEDs consisting of radio-frequency sputtered metal-oxide charge 
transport layers and a colloidal quantum dot electroluminescent region. These devices manifest a 100-
fold increase in EQE over the one previously reported inorganic QD structure [3].  Our device consists of 
ZnCdSe QDs sandwiched between resistive, p-type NiO and co-deposited ZnO and SnO2 (See Figure 
1). We measured an EQE of 0.09% and a peak luminescence of 7000 Cd/m2 at 13.8 V and a current 
density of 3.2 A/cm2. As shown in Figure 2, light emission from the QDs is uniform across the device.  

  
Figure 1: Schematic of the all-inorganic QD-LED structure.  Indium 
tin oxide (ITO) and Ag electrodes are used. 

Figure 2: All inorganic QD-LED operating under 6 V 
applied bias. 
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Organic Phosphorescent Thin Film Electronic and Excitonic Processes in Quantum Dot 
LEDs 
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Hybrid light emitting devices (LEDs) based on organic charge transporting materials and emissive 
colloidal quantum dot monolayers have demonstrated superior color purity and high external quantum 
efficiency close to that of organic LEDs (OLEDs) [1], making them a technology that can potentially 
replace OLEDs in flat panel displays. While fabrication methods for QD-LEDs have been extensively 
studied over the past several years, the mechanisms of QD-LED operation still present a significant 
scientific challenge. Understanding the excitonic and electronic processes in QD-LEDs is crucial to 
efficient device design. 
 
We investigate the mechanism of operation of the hybrid organic/colloidal quantum dot (QD) light emitting 
devices (QD-LEDs). By varying the position of the emitting QD monolayer within the stacked organic 
structure, we find that the quantum efficiency of the device improves by >50% upon imbedding the 
emissive QD monolayer into the hole-transporting layer <10 nm below the interface between hole and 
electron transporting layers. We analyze these results in the context of two different mechanisms for QD 
light emission: the charge injection model and the exciton energy transfer model. We find that maximizing 
energy transfer contribution to QD luminescence improves QD-LED performance, primarily due to 
inefficiencies arising from charged QDs. 
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Figure 1:  Schematic diagram of the charge injection 
and energy transfer form an organic charge transporting 
layers to a monolayer of colloidal CdSe/ZnS core-shell 
QDs. 
 

Figure 2:  External quantum efficiency curves are shown 
for six devices displayed in the inset. The highest EQE of 
2.3% corresponds to the device 2 in which QD monolayer 
is imbedded 10 nm into TPD layer below the TPD/Alq3 
interface. 
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Microcontact Printing of Quantum Dot LEDs Using Inkjet Assisted Patterning Method 
 
Sponsors 
PECASE, NSF MRSEC, Hewlett-Packard 
 
Project Staff 
J. Yu, J. Chen, H. Huang, M. Bawendi, V. Bulović 
 
Colloidal quantum dots (QDs) with tunable emission wavelength, narrow emission band and efficient 
luminescence have been incorporated into OLEDs and used as lumophores in the QD-LED structure. In 
the past, the favored method of QD deposition has included a spin-coating step that does not utilize most 
of the QD material [1] [2]. We propose an alternative method that directly patterns the QD layers on a 
stamp by inkjet printing and is subsequently transferred onto organic material via microcontact printing 
(Figure 1a).  This technique allows patterning of the QD material and drastically improves material usage 
in fabrication of QD-LEDs and other optoelectronic devices that utilize QD thin films. 
 
With a thermal inkjet printer from Hewlett Packard, we pattern QDs onto a polydimethylsiloxane (PDMS) 
stamp with a feature size of 50μm. Interaction between the QD solution and the stamp surface plays an 
important role in the formation of the inkjet printed QD patterns. Coating the stamp with a layer of 
parylene allows for better drying properties of the ink on the stamp (Figure 1b).  The QD patterns have 
been transfer stamped onto organic hole transport layers (Figure 2a).  The QD-LED structure is 
completed by subsequent deposition of a hole blocking layer, electron transport layer, and electrode, and 
electroluminescence images of QD-LEDs are shown in Figure 2b and c. 
  

        
 

Figure 1:  (a) Inkjet printed quantum dot technique (b) Photoluminescence of quantum dot drop on different stamp 
surfaces.  
Figure 2: (a) Photoluminescence of inkjet printed red quantum dots transfer printed from parylene coated PDMS 
stamp to TPD. (b) (c) Electroluminescence from an inkjet assisted patterned QD-LED. 
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Ambient Environmental Patterning of Organic Thin Films by a Second Generation 
Molecular Jet (MoJet) Printer 
 
Sponsors 
Hewlett-Packard 
 
Project Staff 
J. Chen, V. Leblanc, P. Mardilovich, M. Schmidt, V. Bulović 
 
Organic light emitting device (OLED) technology for use in flat panel display (FPD) applications would 
benefit greatly from the development of a reliable, repeatable, additive patterning technique of forming 
organic electroluminescent (EL) thin films. We previously demonstrated that the first generation molecular 
jet (MoJet-I) printing technique is superior to the two industrial mainstream methods to pattern the EL 
layers, namely shadow masking patterning for molecular organics and InkJet printing for polymeric 
materials [1-2].  We present here the concept and application of the second generation (MoJet-II) printing 
technique. Using an improved silicon MEMS printhead, we demonstrate the feasibility of ambient 
environmental patterning of molecular organic EL thin films directly by local evaporative deposition. Three 
stages are involved in the printing process. In the first stage, thermal InkJet printing technology is used to 
dispense ink drops into a micro-machined silicon membrane consisting of an array of 8 by 8 micro- pores 
and an integrated heater. Once the pores are filled, in the second stage, a small current is passing 
through the heater to completely drive off solvent from the micro-pores. In the final stage, pulsed current 
of larger magnitude is applied to heat up the pores to a temperature sufficient to discharge the dry ink 
materials out of the pores and form molecular flux. The flux is then condensed onto a nearby substrate, 
forming designated thin film EL patterns.  
 
MoJet printing combines the advantages of film purity of thermally evaporated films with the flexibility of 
direct patterning to enable "flux on demand" deposition of molecular organic thin films with scalability over 
arbitrary form/size substrates. Such ambient environmental patterning can enable high-quality, low-cost, 
on-demand digital fabrication of organic devices [3]. 
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Figure 1:  (a). Schematic diagram of MoJet-II 3-
step deposition; (b). MoJet-II printhead; (c). 
Photoluminescent (PL) image of printhead micro-
pores filled with ink; (d). Empty pores after 
printing, ready for the next round of receiving ink. 

Figure 2:  MoJet-II printing results (a) in comparison 
with the inkjet printing results (b) with identical ink 
composition; (c). Individual OLED pixel reveals 
improved thickness uniformity under PL excitation; (d). 
Example of the final printed pattern annealed by 
excessive solvent 
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Micropatterning Organic Electronic Device Electrodes by PDMS lift-off 
 
Sponsors 
PECASE, NSF MRSEC 
 
Project Staff 
J. Yu, V. Bulović 
 
Patterning of electrodes in organic electronic devices is done primarily by techniques that are limited in 
resolution, scalability, or potentially damaging to the underlying organic material. We demonstrate a 
subtractive stamping technique for patterning the top metal electrode of organic electronic devices.  
Patterning is achieved by placing a relief patterned polydimethylsiloxane (PDMS) stamp in contact with a 
metal electrode and quickly peeling off the stamp (Figure 1a).  The fast peel rate increases the adhesion 
energy of the PDMS to the metal electrode, allowing the stamp to pick up the metal from the substrate.  
 
The in-plane roughness of the patterned straight edge is less than 1 um (Figure 1b) while the transition 
region of the patterned abrupt step is less than 0.1 um in width (Figure 1c).  We pattern micron sized 
features on a glass substrate with an ITO step with good yield (Figure 2).  We have shown that for 
organic light emitting devices, this technique is comparable to the traditional shadow masking technique 
[1].  This technique can also be applied to patterning gold electrodes for organic pentacene transistors.   
 

 
 

Figure 1: (a) Demonstration of the subtractive stamping technique. A quick release of the PDMS stamp to the 
substrate is required to lift off metal film from substrate surface.  (b) Top view of in-plane roughness of patterned edge 
of organic to metal from AFM (c) AFM height data to view transition region of organic to metal edge. 
 
Figure 2: Optical microscope image of (a)  13 um wide lines patterned from 17 nm thick Mg:Ag film and (b) 25 um 
diameter circles on 11 nm thick Mg:Ag film on  top of 50-nm Alq3, 50-nm TPD, 40-nm PEDOT, and 80-nm ITO or 
glass substrate. Both images show technique is able to occur even on a step of ITO on a glass substrate. 
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Organic Phosphorescent Thin Film Förster Energy Transfer from Fluorescent and 
Phosphorescent Organic Small Molecule to J-Aggregate Thin Films 
 
Sponsors 
MIT Institute for Soldier Nanotechnologies, NSF Materials Research Science and Engineering Center at 
MIT, Presidential Early Career Award for Scientists and Engineers 
 
Project Staff 
Y. Shirasaki, P. O. Anikeeva, J. R. Tischler, M. S. Bradley, V. Bulović 
 
Due to their extremely narrow absorption spectra and high peak absorption constant  
(α~1.0x10

6 
cm

-1
) J-aggregated thin films comprised of the anionic cyanine dye TDBC electrostatically 

adsorbed to the cationic polyelectrolyte PDAC (poly diallyldimethylammonium chloride) present an 
interesting material for thin film opto-electronic devices.  For example, J-aggregated film was successfully 
incorporated into a microcavity light emitting device (LED) to produce strongly coupled states of light and 
matter [1].  Its strong dipole also enables us to consider its application as an efficient light harvesting 
material that can transfer energy to other materials of interest such as quantum dots. 
 
As an initial step in this research, we study Förster resonant energy transfer (FRET) from fluorescent 
(Alq3) and phosphorescent (Ir(ppy)3) donors to the J-aggregated films. The two donor materials were 
chosen for the large overlap between their emission spectra and J-aggregate absorption spectrum, 
allowing for efficient long range (~10nm) FRET. In order to find a Förster radius and potentially a 
magnitude of the J-aggregate transition dipole, organic spacer layer of high bandgap material (TAZ) with 
varying thickness of 0-15nm with 3nm increments is deposited between the acceptor and donor films.  
The donor films are excited with 400nm pulsed laser and the total photon emission from the films are 
measured using a streak camera as shown in Figure 1.  Figure 2 shows the J-aggregate 
photoluminescence decay times changing respect to the distance to the donor film indicating an efficient 
FRET. 

 

 
Figure 1:  Streak camera pictures of photon 
emission from films with the J-aggregate 
(acceptor) and Alq3 (donor) layers with 
varying spacer layer thickness d in between.  

Figure 2:  Time resolved PL measurements of J-aggregate 
emission from films with Alq3 as the donor material.  The 
spacer layer thickness between the donor and the acceptor 
layers vary from 0-15nm with 3nm increments.   
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Physics and Fabrication of J-Aggregate Thin Films in Optical Microcavities for Nonlinear 
Optics Applications 
 
Sponsors 
DARPA, NDSEG, MIT NSF MRSEC 
 
Project Staff 
M. Scott Bradley, Jonathan R. Tischler, Yasuhiro Shirasaki, Vladimir Bulović 
 
Thin films of J-aggregates of cyanine dyes, which found wide use in the 20th century in the photographic 
film industry, exhibit narrow linewidth and large oscillator strength, enabling their use in the first room-
temperature solid-state devices that exhibit strong-coupling regime of Cavity Quantum Electrodynamics 
(Cavity QED) [1] .  As we demonstarted in a recent study, layer-by-layer (LBL)-assembled J-aggregate 
thin films can be precisely deposited in a specific location in a microcavity and contain a high density of 
aggregates, contributing to the observation of a peak thin film absorption coefficient of 1.05 ± 0.1 x 106 
cm-1, among the highest ever measured for a neat thin film [2].  As LBL J-aggregate thin films are 
incorporated into more complex optoelectronic device structures, a more thorough understanding of the 
properties of exciton-polaritons in J-aggregate thin films is required to evaluate how the properties of the 
thin films change as deposition parameters are varied. 
 
We investigate the optical and morphological properties of 5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-
sulfopropyl)-2(3H)-benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulfopropyl) benzimidazolium hydroxide, 
inner salt, sodium salt (TDBC, anionic dye) J-aggregates, alternately adsorbed with poly-
(diallyldimethylammonium chloride) (PDAC, cationic polyelectrolyte) on glass substrates.  Fig. 1 shows 
the reflectance spectra for substrates that underwent 8.5, 12.5, and 16.5 SICAS (sequential immersions 
in cationic and anionic solution) of PDAC/TDBC, where 0.5 SICAS refers to ending the growth on the 
PDAC immersion step.  Fig. 2 shows the reflectance spectra generated from T-matrix simulations using 
the dielectric function derived via quasi-Kramers-Kronig regression and multiples of the 8.5 SICAS film 
thickness.  As the thickness of the film is increased, a photonic band gap develops similar to the 
“superradiance” observed in multiple quantum-well structures and thin film organic crystals.  The 
observation that the spectral broadening is due to a photonic band gap effect suggests that thicker LBL 
films may be used in cavity devices to boost Rabi splitting without sacrificing the linewidth of the cavity 
exciton-polariton. 
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Figure 1: Measured reflectance for samples with 8.5, 
12.5, and 16.5 SICAS of PDAC/TDBC, where 
profilometry indicates film thicknesses of 16.3 ± 3.8 nm, 
32.1 ± 6.6 nm, and 42.6 ± 5.3 nm, respectively. 

Figure 2: Simulated reflectance using a dielectric function  
derived using a quasi-Kramers-Kronig regression with  
thickness multiples of 16.3 nm showing similar spectral 
 broadening as in Fig. 1. 
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Combined Impact of Field and Carrier Concentration on Charge Carrier Mobilities in 
Amorphous Organic Thin Films 
 
Project Staff 
C. Madigan and V. Bulović 
 
We report Monte Carlo (MC) simulations of charge carrier transport in amorphous organic solids and 
provide the first calculations of the field dependent charge carrier mobility in the presence of elevated 
carrier concentrations in energetically disordered solids.  We utilize the Miller-Abrahams field-assisted 
hopping rate[1] to perform mobility calculations over a range of carrier concentrations, electric fields and 
energy disorders typically encountered in organic electronic devices.  We find that charge accumulation in 
energetically disordered solids increases the mobility, with the strongest effects at the lowest applied 
fields and the highest energy disorders.  We show that the Poole-Frenkel regime[2,3] persists at elevated 
carrier concentrations.  However, comparison of our Monte Carlo calculations shows that existing analytic 
theory of charge transport in amorphous solids[4] inadequately accounts for impact of carrier 
concentration on charge transport as it neglects hopping cycles and improperly uses Fermi statistics 
under non-equilibrium conditions. 

  

Figure 1: Equilibrium mobility as a function of field 
and carrier concentration, n, subject to two Gaussian 
disorder models (GDM and CDM) for σ = [2,3,4]kBT. 

Figure 2: Equilibrium mobility as a function of 
 field and carrier concentration, n, subject to the 
 GDM for for σ = [2,3,4]kBT, calculated by MC 
 simulation and using analytic theories. 
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Organic Lateral Heterojunction Photoconductors 
 
Sponsors 
ISN 
 
Project Staff 
J.Ho, V. Bulovic 
 
The purpose of this project is to develop solid-state, organic device structures capable of amplifying
detection of chemical analytes and of efficiently transducting the chemosensitive response into an
attenuated electrical signal.  The main advantage to using organic materials in these structures is
that they are synthetically flexible and can be tailored to respond to specific analytes.  We
demonstrated lateral heterostructures with in-plane electrodes consisting of an optically active,
chemosensing layer and a charge-transport layer arranged  as shown in Figure 1.  In these
structures, luminescence and corresponding exciton density in the chemosensitive layer are directly
proportional to the density of the adsorbed analytes.  It is advantageous to physically separate the
sensing and transport functions in these chemical sensors as the separation allows us to optimize
the transduction of chemosensitivity to the device current and to develop a reusable device platform
for a variety of chemosensing applications.   
 
In addition to developing a novel device platform for chemical sensing, we are also using this novel
structure to study charge transport and exciton dynamics in organic thin films (Figure 1).  Our
devices consist of a series of gold interdigitated finger electrodes (W x L = 1500 μm x 4 μm) spaced
10 μm apart.  The gold electrodes are photolithographically defined on glass before the organic
layers are thermally evaporated.  Lock-in measurements of the photocurrent spectra suggest
external quantum efficiencies in the range of 10%.  Initial experiments indicate an enhancement in
photoresponse of the heterostructure devices over devices made from bulk films of both materials
(Figure 2).  

                  
Figure 1:  The interdigitated gold fingers create 100 
channels each 1500 μm long by 10 μm wide yielding an 
effective device area of approximately 1.5 mm2. A digital 
image (a) of a set of device electrodes under 
magnification (50X).  Energy band diagram (b) of a lateral 
bi-layer heterojunction photoconductor consisting of an 
exciton generation layer (EGL) and a charge transport 
layer (CTL). A cross-sectional view (c) of the same bi-
layer device is also shown.  Both illustrations depict the 
physical processes involved in steady-state device 
operation:  (1) absorption, (2) exciton diffusion, (3) exciton 
dissociation and charge transfer, and (4) charge 
transport. 
 
 

Figure 2: Semi-logarithmic plot of external quantum
efficiency (EQE) versus wavelength.  Inset illustrations  
depict device structures and film thicknesses next to their
corresponding curves, along with the electric fields
applied. The Au/TPD device yields no measurable
photoresponse and is not shown.  Both heterojunction
devices (red and green lines) yield orders of magnitude
improvement in the (EQE) over the Au/PTCBI device
(blue line) despite using lower bias voltages.  At λ = 552
nm, the Au/PTCBI/TPD device (green) and
Au/TPD/PTCBI device (red) yield EQEs of approximately
8% and 16% respectively which corresponds to an
internal quantum efficiency (IQE) of approximately 140%.
This demonstrates that lateral bi-layer heterojunctions are
capable of gain.   
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Heterojunction Photovoltaics Using Printed Colloidal Quantum Dots as a Photosensitive Layer  
 
Sponsors 
ISN 
 
Project Staff 
A. C. Arango, D. C. Oertel, M. G. Bawendi, V. Bulovic 
 
Colloidal quantum dot (QD) systems offer distinct optical and electronic properties that are not easily 
attained by other nanostructured semiconductors, such as highly saturated emission in QD light-emitting-
diodes, access to infrared radiation in QD photodetectors, and the prospect of optically optimized solar 
cell structures.  The prevailing deposition method for colloidal QD systems is spin casting, which 
introduces limitations such as solvent incompatibility with underlying films and the inability to pattern side-
by-side pixels for multispectral photodetector arrays.  In the present work we employ a non-destructive 
microcontact printing method, which allows for deposition of a thin quantum dot films onto a wide band 
gap organic hole transport layer, N,N'-bis-(3-methylphenyl)-N,N'-bis-(phenyl)-benzidine (TPD), thus 
producing an inorganic/organic heterojunction which serves to enhance charge separation in the device. 
The top and bottom contacts are provided by ITO electrodes, allowing for near transparency. 

We observe a photocurrent spectrum that follows the QD absorption profile. The magnitude of the 
quantum efficiency is low, in part due to minimal absorption and also excess charge transport losses in 
the CdSe layer.  We achieve a maximum short circuit current density at a QD film thickness 
corresponding to 3% absorption.  By changing the size and material properties of the QDs, the response 
spectrum of the device can be tuned across visible and near infra-red.  The present focus is on improving 
the device performance and optimizing the photodetection response in the 1μm to 2μm wavelength 
region by utilizing different QD film chemistries. 
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Figure 1: Plot of the quantum efficiency and absorption 
versus incident photon energy and wavelength.  The 
absorption is determined by measuring the transmission and 
reflection of the entire device stack.  The internal quantum 
efficiency at the first absorption peak is 16%. 

Figure 2:  Plot of the short circuit current, open circuit 
voltage and fill factor (FF) for devices where the QD 
layer thickness is varied from greater than six 
monolayers (13% absorption) to less than complete 
surface coverage (1% absorption).  The short circuit 
current peaks near 3% absorption as increased 
absorption competes with increased resistive losses in 
the QD layer. 
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Conventional non-volatile memories face obstacles to continued scaling, such as the inability to use 
thinner tunneling oxides and poor charge retention due to defects in the tunneling oxide.  A possible 
solution is to replace the continuous floating gate, where charge is stored, with quantum dots (QDs).  In 
the proposed structure, if a defect in the tunneling oxide exists in the oxide below a particular quantum 
dot, the rest of the quantum dots retain their charge due to poor lateral conduction between QDs.  
Because of this, quantum dot memories can achieve higher density, decreased power consumption, and 
improved performance. 
 
We construct a QD capacitor, shown in Figure 1, by using 7nm CdZnS quantum dots as the floating gate.   
This monolayer of quantum dots was deposited using spin casting.  Parylene was used as the gate 
dielectric because it can achieve good performance at low processing temperatures.  This capacitor 
structure is a first step in achieving a QD memory cell, as it proves significant in understanding the 
quantum dot’s ability to be written (charged), erased (discharged), and read (retain charge).   
 
As shown in Figure 2, we demonstrate the functionality of the QD capacitor.  The capacitance voltage (C-
V) plot illustrates hysteresis, which indicates the flatband voltage shift that exists due to charge storage.  
Interestingly in this device, both electrons and holes are stored at -5V and at +5V, respectively.  Though 
having both types of charge being charged and discharged is acceptable, it provides insight to the 
dynamics of charge retention for each type. 

   

 

 

 

 

 

Figure 1:  Schematic diagram of a QD capacitor 
structure with the CdZnS quantum dots have been 
used as the floating gate. 

Figure 2: C-V plot of QD capacitor with characterstic 
hysteresis.  Electron charging at -5V and hole charging at 
+5V.   
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Interest in organic semiconductors is sustained in part by the promise of large-area and flexible 
electronics.  Early work in this field has focused on the fabrication and testing of discrete devices, such as 
an organic field effect transistor (OFET), or organic photoconductor (OPD).  Creating electronic systems, 
however, requires an integrated approach, for both fabrication and testing. 
 
In this work, a 4x4 addressable imager consisting of OFET switches with OPDs was fabricated and 
tested, using a near-room temperature ( <95°C) process [1].  The individual pixel circuit is shown in the 
top left of Figure 1.  The OFET and lateral OPD were sized in order for the OPD to determine the pixel 
conductance while the OFET was on, and for the pixel conductance to be dominated by the OFET while it 
was biased off.  Since the OFET acts only as a switch, the circuit is robust to process variation and 
degradation over time.  Measurements indicate a pixel responsivity of 6x10-5 A/W and an on/off ratio of 
880 at a luminance of 5mWcm-2.  The conductivity versus luminance is pictured in Figure 1. 
 
The fabricated active matrix imager is seen in Figure 2.  It occupies an area of 10.24mm2 and uses a 25-
V power supply.  The imager was demonstrated to correctly image a “T” pattern after a first-order 
calibration.   
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Figure 1: Pixel conductivity versus luminance, for the 
cases of the OFET switch biased on, and off. 

Figure 2: Optical micrograph of the 4x4 active matrix imager.  
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It has been demonstrated that organic materials have semiconducting properties with mobility 
comparable to that of amorphous silicon (a-Si), the dominant material used in display applications. 
Organic field-effect transistors (OFETs) provide an exciting possibility of flexible large-area plastic 
electronics. Organic materials can also be deposited using a solution-based method enabling “printing” 
circuits. A roll-to-roll method can be used for mass production, and inkjet can be used for customized 
small-volume applications. One crucial area that needs to be researched is how the different charge 
transport mechanisms and material sets in organic transistors change the design considerations in circuit 
applications compared to the traditional silicon MOSFETs.  
 
This project aims to characterize and model OFET behavior for various circuit applications. Thus far, the 
nonlinear contact resistance, threshold voltage, and mobility are extracted from top-contact and bottom-
contact transistors with current-voltage (I-V), and capacitance-voltage (C-V) measurements. Extraction of 
contact resistance is found to be important in characterization of bottom-contact transistors as it obscures 
mobility extraction.  The mobility extracted after removing the effect of contact-resistance is shown to 
increase with the gate field, unlike that in crystalline silicon MOSFETs [1].  The mobility dependence on 
gate voltage leads to an interesting study of how the channel charge comes out of the channel as an 
OFET turns off. When a transistor is turned off, the charge that forms the channel returns to the source 
and drain. This effect is called charge injection and changes the final voltage on a capacitance load.  
When the transistor is off the low mobility in the OFET slows charge injection significantly. To study how 
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mobility and trapping affects charge injection, the transient response of an OFET switch is measured as a 
function of temperature. Figure 1 shows the setup used to make charge injections measurements. The 
source and drain are grounded with the transistor on until steady-state. The mechanical switch is opened 
and the voltage on the load capacitor is measured as the transistor is switched off. The measurement in 
Figure 2 shows the transient voltage measurements on the capacitor with varying temperature. The 
capacitor voltage rises as the positive charge in the accumulation layer exits to the capacitive load.  From 
the measurement, we hope to fully understand the transport mechanism in the organic semiconductor 
used.  
 

           

Figure 1: Schematic of a charge injection 
measurement.  

Figure 2: A typical charge injection measurement 
from a 1000/25 um OFET.  There is a clear 
temperature dependence on the measured voltage. 
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Organic semiconductors can be deposited at near room temperatures, enabling the creation of electronic 
and optoelectronic devices on virtually any substrate.  This unique technology makes possible the 
fabrication of large area, mechanically flexible optoelectronics, such as conformable displays or image 
sensors.  To realize these systems, an integrated approach to fabrication of organic optoelectronics is 
necessary.    
 
A near-room temperature (<95°C), scalable process has been developed, using conventional 
photolithography and inkjet printing [1].  This process produces integrated organic field effect transistors 
(OFETs) and organic photoconductors (OPDs) on a single substrate.  A cross section of the finished 
substrate is shown in Figure 1. 
 
Typical device characteristics for an integrated OFET are shown in Figure 2.  As a proof of concept, a 4x4 
active-matrix imager was created using the process and was demonstrated to correctly image patterns 
[2]. 

 

 
Figure 1: Schematic cross section of finished substrate illustrating 
OFET, OPD, and two interconnect layers. 

Figure 2: Typical output characteristics 
for a 1000μm / 4μm OFET.  
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Recently, sputtered metal-oxide-based field effect transistors (FETs) have been demonstrated with higher 
charged carrier mobilities, higher current densities, and faster response performance than amorphous 
silicon FETs, which are the dominant technology used in display backplanes [1-2]. Furthermore, the 
optically transparent semiconducting oxide films can be deposited in near-room-temperature process, 
making the materials compatible with future generations of large area electronics technologies that might 
require use of flexible polymer substrates and consequent low temperature processing [3]. It is possible 
to process FETs by shadow mask patterning at room temperature, but this method limits the range of 
feature sizes, accuracy of pattern alignment, and scalability of the process to large substrates. 
Consequently, our project aims to develop a low-temperature, lithographic process for metal oxide-based 
FETs, similar to one developed for organic FETs [4], that can be integrated into large area electronic 
circuits. 
 
Using an organic polymer, parylene, as gate dielectric, and indium-tin-oxide (ITO) for source/drain 
contacts, top-gate, lithographically processed FETs have been fabricated on glass substrates using 
ZnO:In2O3 channel layers. Figure 1 shows a micrograph of a completed FET, with current-voltage 
characteristics shown in Figure 2.  
 
A reproducible FET process requires consistent control of the material properties of the sputter-deposited 
metal oxide semiconductor film. We examined the effect of varying deposition conditions (e.g. sputter 
target composition, O2 partial pressure, film thickness) and post-deposition treatment on DC- and RF-
sputtered amorphous oxide thin films in the In2O3-ZnO system. The electrical properties of thin films are 
determined through resistivity and Hall measurements. These measurements are used as a guide in 
determining processing conditions in the fabrication of oxide-based FET circuits.  

 

 
Figure 1: Top-view photomicrograph of lithographically 
patterned field effect transistor (W/L = 100μm/100μm). A 
schematic cross-section is also shown (inset).  

Figure 2: Current-voltage output characteristics (top)  
and transfer characteristics (bottom) for lithographically 
 patterned zinc-indium-oxide field effect transistor. 
(W/L = 100μm/100μm) 
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Organic optoelectronic devices are promising for many commercial applications if methods for fabricating 
them on large-area, low-cost substrates become available. Our project investigates the use of MEMS in 
the direct patterning of materials needed for such devices. By depositing the materials directly from the 
gas phase, without liquid phase coming in contact with the substrate, we aim at avoiding the limitations 
due to inkjet printing of such materials. 
 
We developed a MEMS-enabled technique for evaporative printing of organic materials. This technique 
does not require a vacuum ambient, has a fast printing rate (1 kHz), and can be scaled up to an array of 
individually addressable nozzles. The MEMS printhead comports a microporous layer with integrated 
heaters for local evaporation of the materials. Figure 1 shows the microfabricated device: an array of 2 
micron pores and an integrated thin film platinum heater sit in the center of a silicon membrane. The 
material to be printed is delivered to the porous region in liquid or gas phase and deposits inside the 
pores (see Figure 1, top left). The integrated heater then heats up the porous area (see Figure 2, top) and 
the material is re-evaporated from the pores onto the substrate.  The main limitation of this printhead is 
the failure of the thin-film platinum heater at temperatures above 800°C (see Figure 2 bottom). 
 
This printhead was used, together with ink-jet technology for the delivery of material to the pores, to print 
molecular organic semiconductors (see other abstract in this volume). Our technique enables printing of 
organic optoelectronics over large areas and can be used to print on a variety of substrates, does not 
require a vacuum ambient, and thus could enable low-cost printing of optoelectronics.
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Figure 1: Left: Pictures of the pores, top fluorescent image 
after Alq3 material was loaded in the pores; bottom: optical 
image after re-evaporation of the material. Right: Top view 
and schematic of device. 

Figure 2: Top: Infrared microscope measurements 
of the temperature of a printhead chip. Bottom:  
SEM image of a Focused Ion Beam cross-section of  
a failed heater. 
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