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Alternating current thin-film electroluminescent (AC-TFEL) devices already occupy a segment of the 
large-area, high-resolution, flat-panel-display market. The AC-TFEL displays, which consist of a phosphor 
layer, such as manganese doped-zinc sulfide (ZnS:Mn), vertically sandwiched between two insulators 
that are contacted by electrodes, are robust, possess long lifetimes, and offer high luminance with rela-
tively low power consumption [1], [2].  While fabrication of AC-TFEL devices has been the subject of con-
siderable study over the past three decades, significant challenges remain. Development of multicolor 
displays with balanced red, green, and blue (RGB) emission has proven difficult as the most efficient red, 
green, and blue phosphors comprise different materials systems that require different deposition and an-
nealing steps.  Transparent AC-TFEL displays have recently been demonstrated by Sharp, Inc.; however, 
the processing of the phosphor to achieve transparency is difficult and has not yet been developed for 
phosphors other than ZnS:Mn [3].  

We present a novel materials system for solution processing of the active phosphor layer in transparent 
AC-TFEL devices. We use colloidally-synthesized Mn-doped nanocrystals interspersed between RF 
magnetron sputtered ZnS layers to demonstrate electroluminescence (EL) from a solution-deposited ac-
tive layer in an AC-TFEL device fabricated at room temperature [4]. We adapt the synthesis of Thakar et 
al. to make stable ZnSe/ZnS:Mn/ZnS nanocrystals with quantum yields of (65±5)% [5].  As Figure 1 
shows, these wide band gap host nanocrystals along with sputtered wide band-gap metal oxides (Al2O3, 
HfO2, and ITO) enable transparent AC TFEL devices without additional processing steps beyond the 
room-temperature layer-by-layer deposition of each material set.  Our devices exhibit electrolumines-
cence from the Mn dopants at frequencies greater than 10 kHz and with voltages as low as 110 Vpp (See 
Figures 1 and 2) [4]. 
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Figure 1:  A photograph of a 0.5 in. x 0.5 in. glass 
substrate containing ten 1 mm x 2 mm AC-TFEL 
devices, with no bias applied.  The substrate is pictured 
on top of printed text to demonstrate the transparency of 
our AC-TFEL device architecture. The inset shows the 
uniformity of pixel illumination (in the dark) with the 
device operating at 170 Vpp and 30 kHz. 

Figure 2: Electroluminescent (EL) spectra for devices 
with Al2O3 and HfO2 insulating layers (solid and 
dashed orange curves, respectively). Photolumines-
cence (PL) spectra of the nanocrystal solution (solid 
gray curve) and a completed device (dashed black 
line). The overlap of the spectral peaks indicates that 
the emission is due to the Mn impurity dopants. 
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Here we report observation of extremely low-threshold lasing in organic VCSELs when the excitons are 
coherently coupled non-radiatively to each other.  Non-radiative coupling between excitons can enhance 
the emission cross-section of a gain material and lead to laser action at considerably lower excitation 
densities [1].  The coupling strength associated with the excitonic interaction is proportional to the number 
of excited molecules at any given time; hence the effect necessitates creating the exciton population 
quickly relative to the excited state decay time.  This phenomenon is often referred to as superradiance 
[1], [2].  In organic semiconductor VCSELs, this effect leads to a 95% reduction in threshold when sub-
psec non-resonant excitation is utilized to create the exciton population, instead of a longer nsec duration 
pump pulse.  The VCSELs consist of a thermally evaporated gain layer composed of the laser dye DCM 
doped (2.5 % v/v) into an Alq3 host matrix, which is situated between a metal mirror and a dielectric Bragg 
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reflector (DBR).  In VCSELs where the gain layer is “λ/2n thick”, i.e., 156.7 nm, an extremely 
low threshold of 4.9 μJ/cm2 is observed.  This marks the first time lasing from organics has been 
reported in a metal/DBR half-wavelength thick microcavity, despite the rather modest resonator 
quality factor of Q < 200.  Lasing is confirmed by supra-linear input-output power dependence 
and by spectral and spatial line-narrowing above the threshold.  Moreover, when the optical ex-
citation is polarized, the emission above the threshold strongly follows the polarization of the 
pump light.  All prior demonstrations of laser action in solid-state organic VCSEL structures 
have utilized either gain layers of at least 3 times the thickness [3] or have relied on higher fi-
nesse of all dielectric microcavities [4].  The observed laser threshold of 4.9 μJ/cm2 in the half-wavelength 
thick microcavity corresponds to excitation of at most 3.2% of the DCM molecules. 

 

Figure 1: Input/Output power dependence upon direct 
DCM excitation (λex = 535 nm) shows the lasing threshold 
at 4.9 μJ/cm2 incident power and superlinear slope α = 
2.29 when fit to power law, y = mxα.  Inset: Device design 
consists of a dielectric Bragg reflector (DBR), organic 
semiconductor gain layer, and silver mirror.  The sample 
is excited at θ = 60° from normal using TM polarized laser 
light focused down to a spot size of 0.001 cm2 as 
measured on the sample plane. 

Figure 2: Emission spectra of OVCSEL at different 
power levels above and below the threshold show 
linewidth narrowing from 2.5 nm for excitation below 
threshold ( , 3.25 μJ/cm2; , 8 μJ/cm2) to 1.1 nm 
above threshold ( , 15 μJ/cm2;  , 250 μJ/cm2). 
Inset: Emission cone spatially narrows from from Δθ 
= ± 30º to Δθ = ± 5º as measured at the emission 
peak. 
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Colloidal quantum dot (QD) systems offer distinct optical and electronic properties that are not easily at-
tained 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 [1].  The prevailing deposition method for colloidal QD systems is spin-casting, which intro-
duces 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 mi-
crocontact printing method [2], which allows for deposition of a thin quantum dot film onto a wide-band-
gap organic hole transport layer, N,N'-Bis (3-methylphenyl)-N,N'-bis-(phenyl)-9,9-spiro-bifluorene (spiro-
TPD), thus producing an inorganic/organic heterojunction that serves to enhance charge separation in the 
device. The top and bottom contacts are provided by ITO electrodes, allowing for near-transparency (Fig-
ure 1). 

Restrictions imposed by transport losses in the QD film are found to limit charge generation.  Measure-
ments of the external quantum efficiency (EQE) and internal quantum efficiency (IQE) as a function of QD 
film thickness, plotted in Figure 2, reveal a marked dependence on thickness.  The IQE is determined by 
dividing the EQE by the absorption of the QD film, all of which are measured at the first absorption peak 
of the QD film (λ = 590 nm).  Following excitation and exciton diffusion to an interface, dissociation of the 
exciton produces free carriers that must diffuse to opposite electrodes in order to produce a photocurrent.  
A model that accounts for both exciton and charge diffusion reproduces the general thickness trend, as-
suming an exciton diffusion length LEx = 43 nm, an electron diffusion length LEl = 61 nm, and near-zero 
contribution from the first two QD monolayers.  Further development will require reducing exciton and 
charge transport losses in order to permit efficient charge-generation from thicker QD films with improved 
absorption.  

Figure 1: The QD heterojunction device architecture used in 
this work accommodates QD film thicknesses varying from 8 
to 80 nm. 

Figure 2: External quantum efficiency (EQE) (red squares) 
and internal quantum efficiency (IQE) (green circles) at λ = 
590 nm versus nominal QD film thickness and device 
absorption at λ = 590 nm.  An analytical model for the EQE 
(red line) and IQE (green line) reproduces the general trend 
with thickness.  Nominal thicknesses are calculated assuming 
an absorption coefficient of 104 cm-1 at λ = 590 nm. 
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We demonstrate a heterojunction photodetector consisting of a metal-oxide charge transport layer and a 
colloidal quantum-dot (QD) charge-generation layer.  To make the device, a metal-oxide semiconductor, 
SnO2, is sputter-deposited over an array of interdigitated gold electrodes.  A thin film of PbS QDs is then 
spin-coated over the structure (see Figure 1a).  The optical and electrical characteristics of the device can 
be optimized independently through the modification of these two layers.   
 
The metal-oxide and QD layers form a type-II hetero-interface (Figure 1b) suitable for dissociating photo-
generated excitons.  Exciton dissociation at the interface results in the generation of holes in the QD layer 
and electrons in the metal-oxide layer.  A bias corresponding to a field of ~104 V/cm is applied across the 
electrodes to facilitate carrier collection.  The increased electron density increases the metal-oxide film 
conductivity, which in turn manifests an increase in lateral current through the device.  A plot of the spec-
trally resolved external quantum efficiency is shown in Figure 2, with high efficiency response matching 
the spectral response of quantum-dot absorption. 

This work builds on previous reports from our laboratory in which an organic/organic photodetector [1] 
and an organic/QD photodetector [2] were described.  The present device can be driven at reduced bias 
and extends spectral sensitivity into the infrared region.  The unique ability to independently tune the opti-
cal and electrical characteristics of these structures makes them a valuable platform with which to study 
the physical processes at QD hetero-interfaces. 

 

 

 

Figure 1: (a) Schematic of the device structure.  (b) 
Energy band diagram.  Excitons dissociate at the 
interface between the metal-oxide film and the 
quantum dots. 
 

Figure 2: External quantum efficiency spectrum (solid) and PbS QD absorp-
tion (dashed).   
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5. Heterojunction Photoconductors for Chemical Detection 
 
Sponsors 
Institute for Soldiers Nanotechnology, Center for Materials Science and Engineering 
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We have developed and demonstrated a solid-state sensor platform that directly transduces the chemo-
signal of a fluorescent polymer-chemical interaction into photocurrent.  In addition to the direct transduc-
tion mechanism, the sensor separates the chemosensing and conduction processes across the two dif-
ferent films, enabling independent optimization of each film to serve a specific function [1].  Conceptually, 
the device consists of a Type-II bilayer heterojunction deposited on planar electrodes that enables the 
application of an electric field in-plane with the interface.  The bilayer heterojunction is realized by spin-
casting a chemosensitive fluorescent polymer on top of a sputtered metal oxide film.   

Figure 1 depicts device operation: 1) absorption of illumination creates excitons, 2) excitons diffuse to the 
interface, 3) band offsets enable efficient exciton dissociation into free carriers, and 4) transport of photo-
generated, free carriers in the photoconductive channel. The presence of an analyte will strongly mod-
ulate the photoluminescence (PL) efficiency of the chemosensitive fluorescent polymer, which signifies a 
change in the population of excitons that can radiatively decay [2] .  Altering the exciton population 
changes the carrier concentration at the heterointerface, which results in a change in the measured pho-
tocurrent. 

Initial testing of bilayer sensors, incorporating various polymers as the EGL and SnO2 (doped 30% O2) as 
the CTL, demonstrates an upper sensitivity limit to TNT detection of approximately 10 picograms of ma-
terial in a few seconds.  Figure 2 compares the spectral response of a 100-nm film of SnO2 to a bilayer 
device (100 nm SnO2/5nm HW polymer) before and after exposure to saturated TNT vapor.  The inset 
shows the real-time change in photoconductivity at the absorption peak of the polymer when TNT vapor is 
introduced at time t = 0.  These results prove the bilayer sensor concept and hold promise for the devel-
opment of a sensitive, highly specific, portable chemical sensor platform with potential for a wide array of 
applications. 

 

Figure 1: Energy band diagrams and cross-sections of 
bilayer sensor consisting of an exciton generation layer 
(EGL) and a charge transport layer (CTL) before and after 
exposure to a particular analyte. 
 

Figure 2: Semilogarithmic spectral response plot of 
HW polymer/SnO2 bilayer sensor before (orange) 
and after (brown) saturated TNT vapor exposure.  
Response of 20-nm SnO2 film (grey) is shown for 
comparison.  Inset: Time response of TNT sensing 
action at t = 500 nm.  TNT vapor is introduced at 
time t = 0 s.    
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6. Multi-layer Heterojunction Photoconductors 
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We fabricate a two-terminal, lateral multi-layer photoconductor consisting of three molecular organic thin 
films with cascading energy bands (see Figure 1):  the charge transport layer (CTL), N,N'-bis(3-
methylphenyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine (TPD);  the charge spacer layer (CSL), N,N'-bis-
(1-naphthyl)-N,N' –diphenyl-1,1-bipheny1-4,4'-diamine  (NPD); and the exciton-generation layer (EGL), 
3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI).  Placing an interstitial spacer layer between 
the CTL and the EGL improves the photogenerated current of tri-layer photoconductors over bi-layer, 
Type-II heterojunction photoconductors.   

Light excitation acts as a pseudo- “gate electrode” by generating excitons in PTCBI (EGL).  Those exci-
tons diffuse to the PTCBI/NPD interface, where they dissociate, leaving the electron behind in PTCBI, 
while the hole is initially injected into NPD from where it can transfer to the more energetically favorable 
states in TPD.  Excess holes in the TPD film raise the hole-carrier concentration in the TPD film and in-
crease the device conductance by forming a channel of excess carriers at the TPD/NPD interface.  The 
thin film of NPD (CSL), between TPD (CTL) and PTCBI (EGL), spatially separates the dissociated carri-
ers, reducing the likelihood of bimolecular recombination across the TPD/PTCBI interface.  Bi-layer hete-
rojunction photoconductors consisting of TPD and PTCBI alone have been shown to improve the external 
quantum efficiency over single layers of TPD and PTCBI by several orders of magnitude [1], [2].  Mea-
surement of the current at an optical excitation wavelength of 532 nm from a biased multi-layer, lateral 
heterojunction device [Au/TPD(50 ± 0.5) nm/NPD(4 ± 1) nm/PTCBI(50 ± 0.5) nm] displays improvement 
by a factor of eight over the bi-layer without a CSL (see Figure 2).  A thickness study of the NPD spacer 
layer experimentally demonstrates the dependence of the photoresponse efficiency on the spatial separa-
tion of the dissociated charge. 
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Figure 1: Energy-band diagrams of (a) a bilayer device 
consisting of CTL/EGL and (b) a trilayer device consisting 
of CTL/CSL/EGL.  Relevant interfacial recombination 
rates and carrier diffusion rates are depicted. 

Figure 2: Log-log current-voltage characteristics of 
TPD 50 ± 0.5 nm TPD/NPD/50 ± 0.5 nm PTCBI, with 
0, 3.5, and 4 nm of NPD.  Arrows indicate increasing 
NPD thickness and dashed red lines are guides that 
depict ohmic and trap-limited conduction. 
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Due to their record high absorption constant and narrow photoluminescence linewidth [1], thin films of J-
aggregated cyanine dyes have been extensively studied with respect to their potential applications in 
novel opto-electronic devices, such as organic light emitting diodes, optical switches, and lasers. J aggre-
gates’ strong absorption is especially interesting for use in light sensing devices like a photoconductor.  A 
J-aggregate film that is only a few nanometers thick, in conjunction with a dielectric mirror, has an ability 
to absorb almost 100% of incoming light [2] at normal incidence.   

We demonstrate in this study an efficient lateral J-aggregate photoconductor.  Our device structure is a 
bi-layer heterojunction consisting of an optically active 5 nm thick TDBC J-aggregate thin film, which 
serves as the primary exciton generation layer, and a 50 nm layer of zinc indium oxide (ZIO) underneath, 
which serves as a charge transport layer.  The contacts which sit below the ZIO are series of gold interdi-
gitated fingers photolithographically defined on glass.  The bi-layer structure physically separates the light 
absorption and charge transport regions of the device, taking advantage of the J aggregates’ unique opti-
cal properties and the ZIO’s charge transport properties.  We observe that the heterojunction significantly 
increases the efficiency of the device by assisting the dissociation of the excitons, similar to the work re-
ported by J. Ho et al [3].  External quantum efficiency (EQE), defined as the change in number of elec-
trons passing through the bi-layer device per incident photon is shown in Figure 1.  EQE greater than 100 
% suggests that the exciton recombination lifetime is greater than the transit time of the electrons passing 
through the device.  The curve follows the absorption curve of ZIO and the J aggregates shown in the 
inset.  Figure 2 shows the time response of the bi-layer device. 
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Figure 1: External quantum efficiency of the bi-layer 
device as a function of the incident light wavelength.  The 
inset is the absorption curves of ZIO and TDBC J 
aggregates.  The efficiency of the device is significantly 
improved where the J aggregates absorb light. 

Figure 2: Time response of the bi-layer device using a 
LED light source peaked around 595 nm. 

 
References: 
M. S. Bradley, J. R. Tischler and V. Bulović, “Layer-by-layer J-aggregate thin films with a peak absorption 

constant of 106 cm-1,” Advanced Materials, vol. 17, no. 15,  pp. 1881-1886, August 2005. 
J. R. Tischler, M. S. Bradley and V. Bulović, “Critically coupled resonators in vertical geometry using a 

planar mirror and a 5 nm thick absorbing film,” Optics Letters, vol. 31, no. 13, pp. 2045-2047, July 
2006. 

J. C. Ho, A. Arango and V. Bulović, “Lateral organic bilayer heterojunction photoconductors,” Applied 
Physics Letters, vol. 93, no. 6, pp. 063305, August 2008.   

8. Patterned Organic Microcavities for Confinement of Exciton-Polaritons 
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We demonstrate fabrication of organic laterally-patterned microcavity devices with lateral sizes on the 
micron scale using PDMS lift-off patterning.  Recently, low-threshold lasing was demonstrated from pillars 
formed by thermally evaporating thin films of Alq3 (aluminum tris(8-hydroxyquinoline)) doped with the la-
ser dye DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) through thin nickel 
shadow masks with square, 5- x 5-nm2 openings [1].  Additionally, recent research efforts in microcavity 
exciton-polariton devices based on inorganic active materials such as GaAs or CdTe quantum wells have 
focused on the lateral patterning of microcavity exciton-polariton systems [2].  Such 0D cavities allow for 
symmetry-breaking of the in-plane wave vector, opening new pathways for parametric generation of pho-
ton pairs [3].  For the same reason, laterally-patterned organic microcavity exciton-polariton devices are 
also of interest.   The PDMS lift-off patterning, as opposed to shadow masking, allows standard lithogra-
phy techniques to be used to define pattern features in silicon PDMS molds [4], [5].  Additionally, smaller 
features than are achievable through shadow masking are theoretically feasible even with PDMS due to 
the generally low aspect ratio in PDMS needed for embossing small features on the patterned organic 
film. 
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We use PDMS lift-off patterning of a thin film of thermally-evaporated TPD (N -bis(3-methylphenyl)-N,N -
diphenyl-1,1 -biphenyl-4,4 -diamine) doped with DCM to form embossed pillars in the TPD film of 20-25 
nm in thickness.  Figure 1a shows the device structure, Figure 1b shows PDMS lift-off patterning tech-
nique, and Figure 1c shows the molecular diagrams of the device constituents.  When the sample is opti-
cally excited with a ɭ=408 nm light source, emission from both the unpatterned (ɭ~630 nm) and patterned 
areas (ɭ~655 nm) is observed, as seen in Figure 2.  The background emission dominates since its cavity 
resonance is closer to the resonance of DCM, as shown; use of different organic materials with larger lift-
off amounts can increase this wavelength shift. 

  

Figure 1: (a) Patterned microcavity structure. (b) The 
PDMS lift-off patterning process. (c) Molecular 
structures of constituent materials. 

Figure 2: Emission spectrum of DCM with unpatterned 
(background) and patterned microcavities when excited 
with λ=408 nm. 
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Excitons in a solid can be coupled to the electromagnetic field by placing the material inside a resonantly 
tuned microcavity. If the decay rates of the excitons and the cavity mode are slower than the rate of ener-
gy exchange, the system takes on new eigenstates that are light-matter superpositions known as exciton-
polaritons, and the limit of strong coupling is achieved. Recent work has demonstrated the use of organic 
thin films [1], [2] as the excitonic layer in polaritonic structures and the characteristic linear properties of 
these devices showed strong coupling. We present the first in-depth study of high-intensity optical excita-
tion of such organic exciton-polariton devices.   
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The excitonic component of our devices was made of the 5.1 ± 0.1 nm film of J-aggregated cyanine dye 
TDBC assembled using layer-by-layer growth [3], giving an extremely high absorption coefficient of 106 
cm-1. The cavity was formed by sputter-depositing a 4.5 pair distributed Bragg reflector (DBR) on a quartz 
substrate, followed by a λ/4n SiO2 spacer layer, where n is the index of refraction and λ = 595 nm, the 
peak of the J-aggregate emission (Figure 1a). The J-aggregate film was then deposited, followed by a 
100±1 nm spin coated layer of polyvinyl alcohol, which enhances the photoluminscence quantum yield of 
the J-aggregate film and acts as a spacer layer. A transparent thermally evaporated organic layer forms 
the remainder of the spacer, and the structure is capped with silver mirror, giving a cavity Q of ~60. The 
reflectivity as well as the photoluminscence (PL) of these devices shows two distinct resonances, which is 
characteristic of strong coupling (Figure 1).  

To test for evidence of polariton lasing, the devices were pumped at λ = 535 nm at 60° relative to normal 
and the PL was collected at normal incidence. To fully characterize the behavior of the devices in a wide 
range of power regimes, three pump sources were utilized: a CW laser at 532 nm, a 10-ns pulsed laser at 
535 nm, and a 150-fs pulsed laser at 535 nm. With CW excitation, all of the devices showed linear PL 
intensity as a function of input power. With 10-ns excitation, the PL began to show a sublinear power law 
dependence (p = 0.535), with the effect becoming more pronounced with 150-fs excitation (p = 0.348) 
(Figure 2a and b). Devices with a range of tunings as well as cavities with higher Q (~115) were tested 
and all showed the same qualitative sublinear behavior. A similar sublinear behavior was observed in J-
aggregate thin films that were not situated in a cavity. We propose the process of exciton-exciton annhila-
tion as a possible mechanism to explain the reduction of quantum yield with increasing intensity. Previous 
studies have shown the existence of exciton-exciton annihilation in cyanine dye J-aggregates [5], and it is 
a phenomenon observed in other  excitonic materials that are candidates for organic polariton lasing. An-
nihilation would be a process directly in competition with polariton-polariton scattering—inherently an ex-
citon-exciton interaction—which is a possible mechanism for populating the k = 0 state of the polariton 
dispersion and achieving room- temperature organic polariton lasing. 

  

Figure 1: (a) A DBR-metal microcavity with a J-aggregate 
excitonic layer and a total optical thickness of ~λ/2 where λ = 595 
nm. (b) The reflectivity of devices  having different cavity-exciton 
detunings and the corresponding PL.  

Figure 2: The PL vs. intensity for: microcavity 
pumped with 535 nm (a) 10 ns laser (b) 150 
fs laser; and a J-aggregate thin film pumped 
same two lasers. 
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We demonstrate strong light-matter coupling using a promising new J-aggregate material based on a di-
benz[a,j]anthracene macrocycle [1], Figure 1a, that is robust under high power optical excitation.  Strong 
light-matter coupling leads to polaritonic resonances that are superpositions of the underlying excitonic 
and photonic states [2] and can exhibit laser-like coherent light emission at remarkably low excitation 
densities due to polariton condensation [3]. A key hindrance to achieving polariton condensation thus far 
using cyanine dye J-aggregates has been exciton-exciton annihilation [4], which quenches excitations 
from the polaritonic states before they can condense.  The J-aggregates of the dibenz[a,j]anthracene-
based macrocycle show no signs of exciton-exciton annihilation until optical excitation densities exceed-
ing 20 MW/cm2, while in thin films of a typical J-aggregated cyanine dye, TDBC, annihilation appears at 
10 kW/cm2.  Thin films of the macrocycle were prepared by spin-coating a 6 mg/ml solution of the dye in 
chlorobenzene, yielding layers that were 15 nm thick with an RMS roughness of less than 1 nm.  The J-
aggregation of the dye in these films was evidenced by the appearance of a narrow absorption line at 465 
nm of FWHM = 15 nm, Figure 1b, and the concomitant disappearance of the monomer absorption band 
as the dye concentration was increased [1]. The films possess an absorption coefficient of 2.1 x 105 cm-1 
at the J-aggregate absorption peak wavelength of 465 nm, show good photochemical stability, and have 
photoluminescence quantum yield exceeding 90%. Strong coupling was observed when thin films of the 
macrocycle were situated in a λ/2n planar optical microcavity consisting of a silver mirror and dielectric 
Bragg reflector.  Devices exhibit polaritonic dispersion with a room temperature Rabi-splitting of 130 meV, 
Figure 2.  Experiments are underway to demonstrate organic-based polariton condensation. 
 

     

Figure 1: (a) Chemical structure of dibenz[a,j]anthracene-based 
macrocycle. (b) Optical absorption and photoluminescence 
spectra from a thin film prepared by spin-coating the compound 
onto a glass substrate.  Thin film roughness of less than 1 nm 
was observed in AFM. 

Figure 2: Polaritonic dispersion relation 
derived from angular device reflectance data.  
Anti-crossing of energy levels is observed at 
35º from normal.   
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Conventional flash memories may reach fundamental scaling limits [1] because of the minimum tunnel 
oxide thickness and poor charge retention due to defects in the tunneling oxide, necessitating new ap-
proaches to meet the scaling requirements while simultaneously meeting the reliability and performance 
requirements of future products. In this study we demonstrate alternative nano-segmented floating gate 
memories using organic molecules as programmable charge-storage and charge-retention elements in 
capacitive structures.  These organic thin films consist of inherently well-ordered planner molecules that 
are on the order of 1nm in size, representing a uniform set of identical nanostructured charge-storage 
centers. We investigated and compared the memory behavior of a variety of molecular thin films for iden-
tifying the molecular thin-film characteristics best suited for design of floating gate memory. The initial re-
sults show device durability over 105 program-erase cycles, with a hysteresis window of up to 3.3 V for 
program/erase conditions of +8V/-8V, corresponding to the charge storage density of 5 x 1012 cm-2. These 
results signify the potential of using molecular organic thin films as a floating gate of flash memory devic-
es.  

 

  

Figure 1: The schematic cross-section of the device structure 
with chemical structures of tested molecular organic thin 
films. 
 

Figure 2: The C-V plot of a device with a10-nm thick 
PTCBI layer showing a 3.3±0.1 V hysteresis win-
dow.  
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12. Direct Patterning of Metallic MEMS through Microcontact Printing 
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Standard photolithography-based methods for fabricating microelectromechanical systems (MEMS) 
present several drawbacks including expense, incompatibility with flexible substrates, and limitations to 
wafer-sized device arrays.  We have developed a new fabrication method for rapid fabrication of large-
area MEMS that breaks the paradigm of lithographic processing using a scalable, large area microcontact 
printing method to define three-dimensional electromechanical structures.  Our PDMS Lift-Off Transfer 
(PLOT) involves the rapid removal of a pick-up stamp from a transfer pad to transfer a continuous metal 
film from the pad to the stamp.  A stamp that forms the membrane suspension supports is fabricated by 
molding a thin layer of PDMS against a silicon master with a predefined relief.  The metal membranes are 
deposited by thermal evaporation onto a transfer pad which has been prepared with an organic molecular 
release layer.  To achieve transfer of the metal membrane over the supports of the device, the stamp is 
brought into conformal contact with the transfer pad and then released by rapidly peeling away.  MEMS 
bridge structures, such as the ones shown in Figure 1, have been fabricated using PLOT, and their per-
formance as variable capacitors has been characterized.  In Figure 2, the capacitance of these devices 
increases with applied voltage, indicating mechanical deflection of the bridges due to the electrostatic 
force.  PLOT forms MEMS structures without requiring elevated temperature processing, high pressure, 
or wet chemical or aggressive plasma release etches, providing compatibility with sensitive material sets 
for the fabrication of integrated micro- or opto-electronic/MEMS circuits.  Flexible, paper-thin device ar-
rays produced by this method may enable such applications as pressure sensing skins for aerodynamics, 
phased array detectors for acoustic imaging, and novel adaptive-texture display applications. 

  

Figure 1: Devices formed by PLOT: optical micrographs (a. 
& c.), schematic (b.) and photograph of devices formed on a 
flexible substrate (d.) 

Figure 2: Capacitance increases with applied 
voltage in two devices, indicating mechanical 
deflection of the bridging metal film. 
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13. Surface Micromachining via Digital Patterning 
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Conventional microelectromechanical systems (MEMS) fabrication relies heavily on the semiconductor 
manufacturing paradigm. While this model is well-suited for planar devices such as integrated circuits, it is 
drastically limited in the design and fabrication of three-dimensional devices such as MEMS. From a 
commercial viewpoint, this paradigm also poorly fits MEMS because the lower market demand makes it 
harder to offset the high production costs. Ridding MEMS fabrication of its reliance on such techniques 
may introduce several advantages, namely a wider base of substrate materials as well as decreased 
manufacturing costs. 

Our project investigates severing MEMS fabrication from the traditional paradigm via digital patterning 
technologies. We have previously shown how MEMS can be used for the direct patterning of small mole-
cular organics [1]. Using similar concepts, we have shown that surface micromachining can also be 
achieved. 

In 2007-2008, we identified a viable material set for our surface micromachining process’ sacrificial and 
structural layers: poly-methylmethacrylate (PMMA) and silver nanoparticles. To account for surface non-
uniformity of the deposited PMMA, we employed solvent vapors to effectively lower the polymer’s glass 
transition temperature and cause reflow at room temperatures [2]. To limit surface wetting and increase 
material loading of the silver nanoparticles, we deposited a PMMA reservoir to contain the silver nanopar-
ticle solution (Figure 1). Free-standing cantilevers were fabricated (Figure 2), confirming that these tech-
niques can be used for a surface micromachining process. 

The next stage will be to fabricate additional MEMS structures and test the silver nanoparticle’s mechani-
cal properties. These properties will be used to design and fabricate a demonstration system based on 
our surface micromachining process. Subsequent stages will include creating a library of digital fabrica-
tion processes so that entire MEMS devices can be fabricated without the use of semiconductor manufac-
turing techniques. 

 

Figure 1: A silver surface micromachined cantilever fabricated using direct printing. 
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14. Effects of Bias Stress in Organic Thin-film Transistors 
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Organic transistor technology holds the promise of large-area flexible electronics and integration of vari-
ous sensors and actuators on a single substrate [1]. However, current-voltage (I-V) characteristics of or-
ganic transistors are known to change with the application of prolonged voltages [2]. Such change, 
termed the bias-stress effect, leads to operational instability, which limits the usable lifetime of the circuit.  
The bias-stress effect must be understood and minimized to enable the use of organic transistors in func-
tional applications. In this work, we present a method to accurately measure the bias-stress effect and a 
model that predicts the effect at different stress conditions. The model provides physical insight into the 
mechanisms causing the bias-stress effect and an estimate of the expected lifetime of the transistor.  It 
also provides a means to determine the operating region that minimizes the bias-stress effect. 
 
To measure the bias-stress effect and no other degradation effects, we characterize pentacene OTFTs 
that have no measurable change due to storage in nitrogen ambient. We demonstrate that the after-
stress I-V characteristics can be accurately described by the initial I-V characteristics and a shift in ap-
plied gate voltage, ΔV. Based on this observation, we characterize the bias-stress effect with ΔV. We 
measure ΔV at different gate and drain bias (VSG and VSD) and stress times. Measurements with different 
VSD at fixed VSG stress show that ΔV decreases with increasing drain bias or current, indicating that gate 
field and channel carriers, not drain current, are responsible for the stress effect. We report that ΔV satu-
rates independent of the VSG stress. We propose a simple carrier-trapping rate model that results in a 
stretched-exponential equation that accurately describes the observed ΔV behavior with respect to stress 
times. The model suggests that the bias-stress effect is caused by trapping of the channel carriers. The 
bias-stress effect saturates due to a constant number of trap sites, unlike in a-Si:H TFTs, where the trap 
sites are continually created until there are no more channel carriers [3]. The saturation of the bias-stress 
effect independent of the VSG stress is reported for the first time in organic transistors. 
 
 

  
Figure 1.  Transfer characteristics after bias stress 
at VSG = 30 V, VSD = 1 V at varying stress time, t. 
The dashed line shows the shifted transfer characte-
ristics of the unstressed device (t = 0 s). 

Figure 2. Measured stress time-dependence of the 
induced ΔV for different gate bias-stress conditions (co-
lored dots) and the stretched-exponential fit made to the 
data (solid lines).  
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The organic thin-film transistor (OTFT) is a field-effect transistor technology that uses organic materials as 
the semiconductor. OTFTs have field-effect mobilities that are comparable to those of hydrogenated 
amorphous silicon TFTs, and OTFTs are compatible with large-area and mechanically-flexible substrates 
[1], [2]. The goal of this work is to demonstrate an integrated OTFT temperature-sensing circuit suitable 
for large-area and flexible substrates. 

As shown in Figure 1, two important differences are observed between the OTFT’s and the MOSFET’s 
current-voltage characteristics when temperature is varied. First, the OTFT’s current increases with tem-
perature in both subthreshold and above-threshold regimes, whereas the MOSFET’s above-threshold 
current decreases with temperature. Second, the OTFT’s subthreshold slope is temperature independent 
over the measured range of -20 to 60°C, while the MOSFET’s subthreshold slope is proportional-to-
absolute-temperature (PTAT). 

Because of these differences in temperature response, the OTFT temperature-sensing “∆VBE circuit” 
(Figure 2a) has a complementary-to-absolute-temperature (CTAT) response instead of an equivalent sili-
con circuit’s PTAT response. The OTFT circuit is scaled to an array format to enable surface thermal 
sensing applications. As Figure 2b shows, the array consists of 3x3 temperature-sensing circuit cells of 
1mm2 each and is currently being characterized. 
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Figure 1:  (a) The OTFT’s (measured) and (b) 
pMOSFET’s (BSIM3) current-voltage characteristics 
versus temperature. 

Figure 2:  (a) The CTAT circuit array schematic and (b) 
die photo. 
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Organic thin-film transistors (OTFTs) hold the potential for large-area, flexible electronics because their 
near-room-temperature processing enables them to be fabricated on plastic substrates.  We have devel-
oped a low temperature (≤95°C) process to fabricate integrated OTFTs [1].  Designing circuits using 
OTFTs is challenging since only p-channel transistors are typically available.  The OTFT technology limits 
noise margins in digital circuits due to the lack of an NMOS load, the location of the threshold voltage 
(VT), and the availability of a single VT device [2].  We have addressed this problem by creating a dual VT 
process, with the addition of only one mask to pattern a second gate metal.  We present positive noise 
margin inverters and a near rail-to-rail ring oscillator using a 3V supply.  The ring oscillator output wave-
form is shown in Figure 1. 

1mm2 
each 
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The dual VT process enables analog integrated circuits.  We demonstrate an uncompensated, two-stage 
operational amplifier with open loop gain of 36dB, unity gain frequency of ~7Hz, and common-mode re-
jection ratio (CMRR) of 20.1dB.  The dual VT op amp has 30x better gain * -3dB frequency product than a 
single VT implementation and uses a 5V power supply.  The op-amp frequency response is pictured in 
Figure 2. 

    

              

Figure 1: Schematic of 11-stage ring oscillator and 
buffer (top).  A 1.7 Hz output transient, indicating an 
inverter propagation delay of 27 ms. 

Figure 2: Schematic of op-
amp (top). Open loop 
frequency response of dual 
VT operational amplifier, 
indicating 2 poles (bottom). 
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Metal-oxide-based field-effect transistors (FETs) have been demonstrated with higher charge-carrier mo-
bilities, higher current densities, and faster response performance than amorphous silicon FETs, which 
are the dominant technology used in display backplanes [1], [2]. Because the optically transparent semi-
conducting oxide films can be deposited at near-room temperatures, these materials are compatible with 
future generations of large-area electronics technologies that require flexible substrates [3]. Our project 
aims to develop a low-temperature, scalable lithographic process for metal oxide-based FETs that can be 
integrated into large-area electronic circuits.  

While any single demonstrated transistor may have excellent characteristics, circuit design using these 
FETs is impossible without the capability to reproducibly fabricate FETs with uniform characteristics. Pre-
viously, we demonstrated top-gate, fully lithographic FETs of varying channel lengths on 100-mm glass 
wafers with a sputtered ZnO:In2O3 channel layer, using an organic polymer, parylene, as the gate dielec-
tric and indium-tin-oxide (ITO) for source/drain contacts. Because of process non-uniformities, however, 
FET turn-off voltages (VOFF) across a wafer and between wafer lots varied by as much as ±10V. By mod-
ifying the process to deposit semiconductor and protective dielectric together without breaking vacuum, 
the FET uniformity across wafers was improved; the standard deviation of VOFF decreased to <1V across 
three subsequently-processed wafer lots. Figure 1 shows a photograph of a 100-mm glass after fabrica-
tion was completed; current-voltage characteristics for a device fabricated in the improved process are 
shown in Figure 2. This baseline process can provide a platform for the design of oxide FET-based cir-
cuits, as well as for studying the underlying device physics of metal-oxide FETs.   

 
 

Figure 1:  A 100-mm glass wafer with lithographically 
patterned metal-oxide field-effect transistors. Device 
uniformity can be examined by comparing transistors of 
the same geometry from different die across the wafer.  

Figure 2: Current-voltage characteristics of 
lithographically patterned FET (W/L = 100μm / 100μm). 
Output curves are plotted in the top graph; double-
swept transfer curves taken in saturation and triode 
regions are plotted on the bottom. The turn-off voltage, 
VOFF, is -4V.  
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The main goal of this research is to combine a low-temperature budget fabrication method with scalable 
processes such as sputter deposition to realize oxide channel field-effect transistors (FETs) on glass or 
flexible plastic substrates. Oxide-based transistors offer an attractive alternative to commercially used 
amorphous Si transistors due to their high mobility values (~10-20cm2/Vs vs ~1cm2/Vs) [1-3]. Field-effect 
mobility, sub-threshold slope, and threshold voltage of FETs are the main parameters that are characte-
rized for circuits. However, reliability of properties needs to be also addressed before these devices take 
their place in large-area electronic applications.  

In this study we test the stability of FETs that have a polymer dielectric, parylene, and an amorphous 
oxide semiconductor, zinc indium oxide. The devices are processed lithographically at low temperatures 
(T ≤ 100 ºC). Figure 1 shows a typical transfer characteristics curve representing device performance. 
The inset gives the distribution of the threshold voltage across a 4-inch wafer. In Figure 2, the change in I-
V characteristics is shown under a prolonged gate bias stress. The gate bias is interrupted at fixed times 
to record the transfer characteristics of the transistor at a drain bias of VD=1V. Preliminary results of I-V 
tests show a positive shift in the threshold voltage. Two possible mechanisms that are originally proposed 
for similar shifts in amorphous Si FET’s are metastable state generation in the semiconductor and charge 
trapping in the dielectric [4]. Stability experiments at different temperatures and bias gate voltages are 
conducted to understand the instability mechanisms in these hybrid (inorganic/organic) devices.  

 
 

Figure 1: Transfer characteristics of a 
W/L=100μ/100μ transistor. Data are taken from -5V to 
5V with 0.1V steps while VD= 1V. The distribution of 
threshold voltage collected from 17 devices on 
different dies across the wafer is given in the inset. 

Figure 2: The VG-ID curve of a transistor as a function of 
stress time. The stress measurement is interrupted every 
180s to measure the transfer characteristics. 
Measurements after 3min, 15min, 30min, and 1h are 
included to show the shift in the characteristics. 
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