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ABSTRACT

An organic light-emitting device was fabricated on a commercial atomic force microscopy (AFM) probe having a pyramidal tip by a lithography-
free vacuum thermal evaporation (VTE) process. The line-of-sight molecular transport characteristic of VTE results in controlled thickness
variation across the nonplanar substrate, such that localized current injection occurs at the tip region. Furthermore, the high curvature of the
AFM tip vertex concentrates the electric field, causing highly localized bipolar charge injection, accompanied by photon emission from a
region less than a micrometer across. This light source exhibits a range of features potentially attractive for applications such as probe-based
optical microscopy, nanoscale light sensing, and chemical detection.

Nanoscale light sources have enjoyed intense interest in the
past decade due to their potential applications in quantum
communications, near-field scanning optical microscopy
(NSOM),1 nanoscale photolithography, and detection. Among
those applications, NSOM is the most well-developed one,
and it has been applied in the study of microelectronic,2-3

photonic,4-5 surface plasmon-polariton,6 biological,7 and
molecular systems.8 A traditional NSOM probe tip is an
optically pumped device that couples a far-field source to a
sample through a hollow pyramid or through a pulled optical
fiber with a partially etched metal cladding. Some of the
limitations in this optically pumped technique include low
optical transmission efficiency,9 heating of the tip,10-11 and
poor reproducibility of probe fabrication.12 The combination
of these and other factors impedes achieving a higher
resolution or integration with other on-chip applications.

Figure 1 conceptually illustrates a different approach in
which an electrically pumped nanoscale light source is
realized on the tip of a conventional atomic force microscopy
(AFM) probe, potentially overcoming some of the limitations
of conventional probe microscopy. This article has two aims.
First, it describes in detail the enabling probe structure, its
operating principles, and a fabrication approach. Second, it
it shows a method for spatially controlling electrical carrier

injection or removal from an organic optoelectron device,
using built-in fields caused by nanoscale surface features on
nonplanar substrates.

Several efforts toward integrating an electrically pumped
light source with an AFM probe have been reported,
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Figure 1. (a) An illustration of the concept of an electrically
pumped nanoscale light source, fabricated using a conventional
AFM probe as a substrate.(b) The device structure used in this
experiment: Al (100 nm)/LiF/Al/Alq3 mixed layer (2 nm)/Alq3 (120
nm)/R-NPD (60 nm)/CuPc (40 nm)/Au (30 nm). All the layer
thickness are measured based on those layers on the base of AFM
probe.
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concentrating mainly on group III-V semiconductors.13,14

Sasaki et al.13 have demonstrated a multifunctional probe
that integrates a light-emitting diode (LED), waveguide, and
aperture. Because this device couples the LED light to the
aperture via a waveguide, the source is still in the far field.
This results in waveguiding losses and low signal-to-noise
ratio. Heisig et al.14 have integrated a gallium arsenide
(GaAs) cantilever with an electrically pumped GaAs LED.
However, use of GaAs as the cantilever material complicates
device fabrication, while light emission in the infrared limits
the scope of application. Generally, high-efficiency, crystal-
line light-emitting materials are typically direct-gap III-V
or II-VI compound semiconductors and have poor lattice-
matching to common scanning probe substrates, the vast
majority of which are fabricated using silicon-based micro
electrochemical system (MEMS) technology.15-16 It is this
inherent difficulty in integrating the two inorganic material
systems that prompted an investigation into combining
organic light-emitting devices (OLEDs) with micromachined
silicon cantilevers.

Previously, we reported on the fabrication of a circular
OLED on a flat silicon cantilever, using a combination of
vacuum thermal evaporation (VTE), vapor-phase deposition,
and ion beam lithography.17 The ring-shaped light emission
region formed on the cantilever was several micrometers in
diameter and approximately one micrometer in thickness.
However, both the planar geometry of the working part of
the probe and the distance (∼1 µm) from the recessed light-
emitting region to the probe surface limit the ability to
position the light source within nanometers of a sample.
Furthermore, the fabrication sequence included a chemical
vapor deposition step and a time-consuming ion beam-
milling procedure, requiring additional tooling and sample
transfers. Here, we demonstrate a new device geometry
(Figure 1a) that is much simpler to fabricate and whose
operating mechanism allows a considerably smaller emissive
region.

Consider an OLED structure consisting of molecular
organic thin films sandwiched between two metallic elec-
trodes, as depicted in Figure 2a. Under forward bias, electrons
and holes are injected from the metallic electrodes and
recombine inside the organic film, emitting photons through
a semitransparent electrode. At low bias, charge conduction
occurs in the space charge-limited regime. The onset of light
emission in this structure occurs at higher bias in the trapped
charge-limited regime, the transition to which typically has
a strong threshold behavior with voltage.18 The threshold
voltage, in turn, increases with the thickness of the organic
layers,18 an effect that can be utilized here to control the
location of light emission in the proposed device.

Consider now the OLED structure deposited onto a typical
AFM probe tip by VTE and the effect of the pyramidal probe
tip geometry, as illustrated in Figure 2b. The organic material
is evaporated from a resistively heated cell onto a substrate
mounted in the center of a rotating stage, positioned at a
vertical distanceH and horizontal distanceR from the
evaporation source. Because of the rectilinear molecular
trajectories during VTE,19 the deposited layer thickness varies

with the angle of incidence of molecules on the surface,
resulting in thinner layers on the sloping sides of the
pyramidal tip of the AFM probe compared to those on the
base (Figure 2c). Under constant bias, the current density in
the pyramidal region will be considerably higher than that
on the flat portion of the probe (“base”).

To predict the ratio of the layer thickness on the inclined
sides of the pyramidal tip (Dside) relative to the base region
(Dbase) we plot the ratioDside/Dbasein Figure 2c as a function
of the angleθ between the sides of the pyramidal tip and
the plane of the substrate holder. (We also account for the
horizontal offset of the source cell and the AFM probe during
the deposition.)19 For θ ) 60° for example, to obtain a 100
nm thick organic layer on the sides of the pyramid, a
nominally 200 nm thick film is deposited. Note that the plot
also predicts that the side-walls of the AFM probe are coated
with a film that is much thinner than elsewhere on the probe.
To avoid the shunting of electrical current through the thin
organic film on the side-walls, an insulating compound can
be separately deposited to coat the cathode with the back of
the probe facing the evaporation source. The entire resulting
heterostructure device deposited on the probe can be thought

Figure 2. (a) A plot of the current density (J) vs applied voltage
(V) for an archetypal OLED structure, showing the higher current
density at constant bias in the trapped charge-limited transport
regime for the thinner organic layers.(b) A diagram illustrating
the geometry of a typical laboratory VTE deposition system.(c)
(Top right inset) SEM image of an AFM pyramidal probe, where
θ is defined as the angle between the sides of a pyramidal tip (side)
and the flat portion of the probe “base”. (Main image) A plot of
the relative layer thickness (Dside/Dbase) as a function of the angle
θ in our VTE system. (Bottom left inset) An illustration of the
cross-section of the organic heterojunction device fabricated on
AFM probes in VTE and the equivalent circuit model developed
on the device architecture and layer thickness.
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of as a combination of several devices sharing a common
anode and cathode, namely, three diodes electrically con-
nected in parallel (see the inset of Figure 2c). The three
diodes correspond to the organic heterostructure on the base,
the side, and the vertex, while the insulator-coated sidewall
region of the probe can be treated as a large resistor. By
carefully choosing the layer thickness, the difference between
the threshold voltages of two diodes can be made as large
as 5-7 V, and the corresponding difference in current density
can be 3-5 orders of magnitude, allowing for localized
current injection at the pyramid, in turn resulting in localized
light emission.

Importantly, further localization of current and light
emission is possible due to the presence of nanoscale
curvature of the substrate, namely, the sharp vertex of the
pyramid. A typical tip curvature for silicon- and silicon
nitride-based AFM tips is 50 nm (data from Veeco Inc.),
resulting in a concentrated built-in electric field at the vertex
relative to a planar surface. The resulting electric field
distribution inside the device deposited on the AFM probe
can be calculated by solving Maxwell’s equations using finite
element analysis. Because of the similar dielectric constants
of all the organic layers used here, the organic stack can be
treated as a single dielectric layer; the electric field is
assumed to vanish inside both metal electrodes. Charge
accumulation at the metal-organic and organic-organic
interfaces can be neglected for the purpose of this analysis.

The results of this analysis are shown in Figure 3a, which
maps the electric field distribution across the probe as a color
map. The probe is shown in cross-sectional view; the field
intensity is normalized to the intensity inside the organic
layers on the base of the pyramid. Figure 3b compares the
magnitude of the electric field strength inside the device at

the vertex, the sides of the pyramid, and the base of the AFM
probe. The concentration of the field at the vertex is clearly
evident and amounts to 2.1 times that on the sides of the
pyramid and 4.3 times that on the base. This effect is strong
(hence its extensive use in nanoscale electron emission
devices)20 and must be considered in designing the layer
sequence of the electrically pumped heterostructure device.
The concentrated electric field can be used here to further
localize charge injection in an organic-based optoelectronic
device.

The direction of the electric field favors electron ejection
from the tip region and thus requires the conventional OLED
layer sequence to be reversed. The cathode and electron
transport layers must be deposited first, followed by hole
injection and anode layers. This is in contrast to the majority
of planar OLED devices, in which holes are injected from
the substrate side and electrons are injected from the top-
deposited cathode. Nevertheless, the reversed layer sequence
is feasible21-22 (also shown earlier in Figure 1b) and in
conjunction with the high curvature of the tip is expected to
help localize light emission.

To experimentally demonstrate the device concept de-
scribed above, a silicon nitride pyramidal AFM probe (NP-
UC, Vecco Probes) was chosen as the substrate (see inset
of Figure 2c). The square base of the pyramidal tip measured
5 µm, while the interior angle between the side of the
pyramid and the substrate,θ, was approximately 60 degrees.
The OLED layers were vacuum-deposited onto the probe
and consisted of 100 nm thick aluminum cathode, 2 nm thick
mixed layer of Al, LiF, and Alq3, 120 nm thick layer of Alq3,
60 nm thick layer ofR-NPD, 40 nm thick layer of CuPc,
and 30 nm thick layer of gold. An electrically insulating layer
consisting of 300 nm thick layer of LiF was vacuum-
deposited from the back of the probe following the cathode.
(All layer thicknesses correspond to the base portion of the
probe and are approximately a factor of 2 thinner on the
inclined sides of the pyramidal tip, as indicated earlier in
Figure 2c. The current-voltage (I-V) characteristic of the
device was measured using an Agilent 4156B semiconductor
parameter analyzer, while the electroluminescence (EL) and
optical images of the device were captured using an optical
microscope having a long working distance (20.5 mm)
objective (50×, numerical aperture of 0.42), and a charge-
coupled device (CCD) camera.

Figure 4 shows a plot of current divided by cathode area
vs voltage (I/A-V) of two devices having identical layer
structures deposited onto commercial AFM probe structures.
In one device, the layers were deposited onto a probe
substrate with the cantilever intact (device A); in another
device, the layers were deposited onto a probe substrate with
the cantilever removed (device B) (see insets of Figure 4).
The plot of I/A vs V, which accounts for the incidental
difference in cathode coverage area between the two de-
vices, indicates that the current density in the structure
with the cantilever intact (device A) is higher due to the
presence of the tip. In fact, the average current in the structure
with the tipped cantilever is 2 to 3 orders of magnitude
greater than that in the control, suggesting that the majority

Figure 3. (a) The cross-section of the electric field contour across
the whole device on the AFM probe. The electric field strength is
normalized to that inside of the material on the base of the pyramid.
The electric field vanishes inside of both metal electrodes.(b) A
plot of the electric field intensity across the thickness of the layers
at the vertex, the side, and the base.
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of the current in the cantilever extension is carried by the
pyramidal region and not by the flat portion or by possible
leakage paths.

We now experimentally examine the effect of electric field
concentration on charge injection in the pyramidal region
of the probe. First, we account for the effect of deposition
sequence on charge injection. To do so, we use a layer
structure that permits unipolar charge injection, deposited
onto a planar substrate and on the pyramidal tip. The layer
structure is shown in the inset of Figure 5, along with the
corresponding current density vs voltage (J-V) character-
istics in forward and reverse bias. The layer sequence
consisted of planar Si substrate, bottom electrode Al (100
nm), LiQ (8-hydroxy-quinolinato lithium 2 nm), Alq3 (120

nm), LiQ (2 nm), and Al top electrode (100 nm); actual layer
thickness values are given, as calibrated. Electrons are
injected from the top (bottom) electrode when a forward
(reverse) bias is applied; holes are not injected to any
appreciable extent. On the planar substrate, electron injection
from the top-deposited electrode is favored (“forward bias”
condition), most likely due to the injection sites created by
the deposition of metal onto organic and which are absent
at the bottom interface.23 On the other hand, theJ-V curves
under forward and reverse bias are nearly identical for the
structure deposited on an AFM probe. This strongly suggests
that the high electric field near the vertex assists electron
injection from the bottom electrode. The fact that the current
density through the layer structure on the probe is a factor
of 103 higher than that on the planar substrate further
indicates selective carrier injection on the nonplanar substrate.
(This localization of injection can also be seen in Figure A
in Supporting Information.) In other words, we conclude that
this change in the current injection behavior of metal-

Figure 4. A plot of the average current vs driving voltage (I/A-
V) for two organic heterojunction devices having identical structures,
deposited on AFM probes, one with the pyramidal tip intact and
one without (as shown in SEM images as the inset). The current
density is estimated by dividing the total probe current by the
cathode area (light gray in the inset image).

Figure 5. A plot of the average current density vs voltage of a
unipolar injection device on a planar silicon substrate and an AFM
probe. (Inset) Device structure used to evaluate the effect of electric
field on electron injection, the structure is substrate/bottom electrode
Al (100 nm)/LiQ (8-hydroxy-quinolinato lithium 2 nm)/Alq3 (120
nm)/LiQ (2 nm)/top electrode Al (100 nm).

Figure 6. (a) (Upper inset) An optical micrograph of an organic
light-emitting heterostructure device deposited on an AFM probe
tip, shown under external illumination. (Lower inset) An optical
micrograph of the same device under forward bias, shown with
the external light source turned off. The EL signal was captured
by a CCD camera through a 50× objective lens with an exposure
time of 1 s. The emission area can be determined from the upper
optical photograph by tracing the outline of the AFM cantilever.
Main plot: the corresponding current-voltage (I-V) characteristic
of the device obtained during the EL measurement. The current
drop from the first scan to the second (labeled “Run 1” and “Run
2,” respectively) is indicative of device degradation on some
portions of the AFM probe. This degradation is revealed by electron
microscopy to be most commonly at the vertex. (b) SEMs of the
organic heterostructure device on the AFM probe tip, before and
after test, as indicated. The melted area at the vertex is ap-
proximately 500 nm in diameter and is indicative of intense Joule
heating caused by current funneling through the vertex. These
images are representative of multiple experiments having similar
outcomes.
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organic-metal multilayers is caused primarily by the nanos-
cale variation in substrate curvature and has important
implications for the design of nanostructured organic devices.
Here, it is utilized to achieve nanoscale localization of current
injection and light emission.

Indeed, as shown in Figure 6, highly localized light
emission is observed from this device in forward bias, as
shown in the far-field optical images of the tip under external
illumination (upper inset of Figure 6a) and in the dark (lower
inset of Figure 6b), along with the corresponding current-
voltage characteristics (Figure 6a). The location of the light
emission area in lower inset of Figure 6b was determined
by tracing the outline of the AFM cantilever and the shape
of pyramid from the illuminated image (upper inset of Figure
6a). Note that the increased current density through the probe
tip can also be visualized via the localized degradation of
the OLED structure due to Joule heating, as seen in the
scanning electron microscopy (SEM) images of Figure 6b.
The melted region, that is, the darkened region on the vertex,
measures less than 500 nm across, suggesting a comparably
sized region of high-current injection and light emission. The
size of the melted region is also consistent with the size of
the charge recombination zone as would be predicted by the
field distribution, roughly equal to the sum of the vertex
diameter (100 nm) and the added thickness of the OLED
device on either side of the vertex (2× 175 nm). (Additional
micrographs are available as Supporting Information.) In the
far-field, however, the imaged size of the emissive region is
diffraction limited. Further verification can be obtained via
near-field optical techniques, which is the subject of our
ongoing efforts.

In summary, in this article we describe a lithography-free
process developed to fabricate an electrically pumped OLED
on a pyramidal AFM tip, where the localization of charge
injection, charge recombination, and light emission are
achieved via the nonplanar substrate geometry. The current-
voltage characteristics of tipless control devices and devices
on tipped probes, along with the optical images of the probe
tip emission, show that the device can be turned on just at
the tip by selective current injection into the pyramid region.
An inverted device structure was developed to further
enhance the selective current injection, taking advantage of
the highly concentrated electric field due to nanoscale
curvature of the probe’s vertex. Electron micrographs of the
devices before and after electrical biasing show extensive
Joule heating at the vertex of the tip, indicative of current
funneling through a submicrometer-sized region. The ability
to reliably fabricate nanoscale organic-based light sources
on commercial AFM cantilever substrates without extensive

postprocessing suggests applications in high-resolution scan-
ning optical microscopy, as well as nanoscale optical and
chemical sensing.
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