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interface of hole and electron transport layers. An energy flux diagram is superimposed
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Abstract

Near-field scanning optical microscopy (NSOM) has been applied in the study of
nanomaterials, microelectronics, photonics, plasmonics, cells, and molecules. However,
conventional NSOM relies on optically pumped probes, suffering low optical transmis-
sion, heating of the tip, and poor reproducibility of probe fabrication, increasing the cost,
impeding usability, reducing practical imaging resolution, and limiting NSOM’s utility.

In this thesis, I demonstrate a novel probe based on a nanoscale, electrically
pumped organic light-emitting device (OLED) formed on the tip of a low-cost, commer-
cially available atomic force microscopy (AFM) probe. I describe the structure, fabrica-
tion, and principles of this novel probe’s operation, and discuss its potential to overcome
the limitations of conventional NSOM probes. The broader significance of this work in
the field of organic optoelectronics is also discussed.

Briefly, OLEDs consist of organic thin films sandwiched between two electrodes.
Under bias, electrons and holes are injected into the organic layers, leading to radiative
recombination. Depositing a small molecular OLED in vacuum onto a pyramid-tipped
AFM probe results in a laminar structure that is highly curved at the tip. Simple electrical
modeling predicts concentration of electric field and localized electron injection into the
organic layers at the tip, improving the local charge balance in an otherwise electron-
starved OLED. Utilizing an “inverted” OLED structure (i.e. cathode on the “bottom™),

light emission is localized to sub-200 nm sized, green light emitting regions on probe ver-
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tices; light output power in the range of 0.1-0.5 nanowatts was observed, comparable to
that of typical fiber based NSOM probes but with greater power efficiency. Massive ar-
rays of similar sub-micron OLEDs were also fabricated by depositing onto textured sili-
con substrates, demonstrating the superior scalability of the probe fabrication process
(e.g. relative to pulled glass fibers).

The investigation of the effect of non-planar substrate geometry on charge injec-
tion, transport and recombination provides broader insights into OLEDs made on rough
substrates, general understanding of OLED operation (e.g. filamentary charge conduc-
tion) and degradation, and potentially helps to improve technologically important “in-

verted” OLED structures.
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Chapter 1

Introduction: NSOM technology

Near-field Scanning Optical Microscopy [1](NSOM) is a rapidly evolving area
of research and technology, with multiple applications, including optical characteriza-
tion with nanoscale spatial resolution of materials for microelectronic [2-3], photonic [4-
5], biological [6], and single molecule systems [7]. However, while the many variations
of NSOM instruments have shown great potential as powerful diagnostic tools, several
shortcomings prevent the techniques widespread adoption. This chapter focuses on the
principles of NSOM, and describes some of the technique’s shortcomings that motivate

the development of novel probe configurations described in subsequent chapters.

1.1 History of NSOM

Three critical breakthroughs leading to the invention of NSOM are the near-field
theory of optics, the realization of precise probe scanning and height control, and nano-
fabrication techniques enabling the realization of nano-scale light emitters or light scat-
ters on probes.

The first optical microscope was invented in the 17th century and became a cru-
cial technology at the basis of many areas of scientific inquiry (e.g. helping to discover
the cellular structure of plants and animals, Brownian motion and molecular diffusion,

and many others). Many new discoveries were enabled by steady improvements in opti-



cal resolution. In the 19th century, however, Ernst K. Abbe and Lord Rayleigh demon-
strated the existence of a fundamental limit of imaging resolution — the well-known opti-

cal diffraction limit:

A
d= O.GIE

Where A is the wavelength; NA is the numerical aperture for the optical component
(1.3-1.4 for modern objectives). The nature of this limit is that the far-field imaging sys-
tem cannot collect the higher order of diffraction waves that contains higher spatial in-
formation.

A breakthrough of this well accepted diffraction limit was achieved by E. Synge
in 1928. [8] The main concept was to collect the higher diffraction orders by exciting or
collecting diffraction in the near field (this term is explained further in Section 1.2).

His proposed experimental setup was to use a differential screw system moving
the nano-scale detector in the vicinity of the sample surface to detect the evanescent
wave. Later, Synge suggested another way to collect the evanescent wave, using a
nanoscale hole instead the detector. [9] The information was to be collected by point-by-
point scanning. He foresaw the illumination and the detector movement being the biggest
technical difficulties. In 1956, O’Keefe also developed similar theories, without knowl-
edge of Synge’s earlier work based on experimental data. [10] He thought the moving of
the pinhole or the detector when it is so close to the sample would be the most likely is-
sue that could prevent the realization of such an instrument.

Due to the technical difficulties in the visible wavelength region (300-800 nm), the
first experimental demonstration of breaking the diffraction limit was done in the micro-

wave regime, in 1972 — E. Ash and G. Nicholls demonstrated this first near-field micro-



scope. [11] A line grating was resolved with a resolution of A,/60. Their setup is to scan a
small pinhole across the object surface, which was similar to the suggestion of Synge.
The modern-day realization of a near-field microscope working in the visible
wavelength regime depended on the emergence of the scanning technique in 1980s. In
1982 G. Binnig and H. Rohrer demonstrated the first scanning microscope. [12] The most
significant improvement in this instrument is the introduction of a feedback loop main-
taining the tunneling current constant, allowing the tip to move a few angstroms from the
sample surface, needed to precisely control the motion of NSOM tip to ensure consistent
light-matter interaction in the near-field. The direct result of this technique is the inven-

tion of the near field scanning optical microscope in 1984.

Figure 1-1 Compact near-field optical microscope
(http://physics.nist.gov/Divisions/Div844/facilities/nsom/nsom.html)

The first near-field optical microscope working in the visible regime was dem-
onstrated in 1984 by D. Pohl [13] and G. Massey [14], working independently in Switzer-
land and in the United States, respectively. Both demonstrations involved the use of a

sub-wavelength, metal coated optical aperture at the tip of a sharply pointed probe, and a



feedback mechanism to maintain a constant distance of a few nanometers between the
sample and the probe. Resolution as low as 25 nm (about A,/20) was achieved. In 1989
Courjon [15] and Reddick [16] independently demonstrated the scanning tunneling opti-
cal microscope in France and the United States, respectively. Both of them are based on
the detection of non-radiating near field and thus break the diffraction limit. The working

end of a commercial NSOM is shown in Figure 1-1.
1.2 Configuration of near-field imaging system

Light waves can be comprised of propagating and non-propagating components,
according to the wave vector. If the wave vector is a real number, it can propagate in the
medium and be detected by photodetector. If the wave vector is an imaginary number, the
wave can’t propagate in the medium and will exponentially decay within several hun-
dreds of nanometers (it is named as bounded waves due to this property). The non-
propagating component is also referred as non-radiative modes because such waves carry
no energy. The non-propagating components can be modified by an object in their path
and converted into propagating components. This is called the near-field interaction.

In a far field imaging system, the objective collects all of the propagating waves
and focuses them onto a detector; the ultimate resolution depends primarily on the optics
of the objective and the illumination wavelength. In a near-field imaging system, the
signal originates from non-propagating components (non-radiative modes or evanes-
cence waves to be more specific in near-field optics), which possess energy, but are
typically bound at the surface of the object. The key concept of near field detection is to

convert the non-propagating components into propagating components, which can be



subsequently detected. This is accomplished by either scattering the evanescence waves
in the near field of the object surface into the surrounding medium (to be detected in the
far-field), or by placing the evanescence waves source or the detector directly into the
near field of object to convert it into propagating waves (by object for the emitter, and

by the detector for the collector).

(a) optical fiber metal tip
\&14/ /
Sample; - Sample: *
y v T ]
P |Incident light
----- $ Signal light
Figure 1-2 lllustrations of the configurations of NSOM with nano-emitter (a) and nano-

scatterer probe (b)

Two basic NSOM probe configuration are shown in Figure 1-2: i) one using a
nano-scale emitter (e.g. a nano-scale aperture, a fluorescent molecule or a quantum dot)
placed in the near-field of the sample, and ii) one using a scattering element with a col-
lector in the far field. To scatter the evanescence waves, a metal particle, a metal tip, or a
dielectric tip can be used. The illustrations of two basic NSOM configurations shown in
Figure 1-2 can also be called aperture-based and aperture-less according to the probe
structure. In either case, the signal-to-noise ratio is improved by, typically, phase-locking
the detection with frequency-modulated excitation.

In NSOM probes working as emitters (or excitation sources), light is delivered in
a local fashion from a far-field source to the sample through a hollow pyramid or through

a pulled optical fiber with a partially etched metal cladding. The evanescence waves gen-



erated by the probe will be converted into the propagating waves by the sample placed in
the vicinity of the probe. This configuration is widely used in commercial NSOM sys-
tems. Most of the discussions will be based on this configuration. In NSOM probes work-
ing as scatterers, far-field light typically floods onto a sample to generate a confined opti-
cal field, which is strongly scattered by the apex of the metal-coated probe tip in the vi-

cinity of the sample, coupling the evanescent field to the far field.

1.3  Components of NSOM systems

Since all the commercialized NSOM adapt the nano-emitter configuration, the fol-
lowing discussion will be focused in this field. Figure 1-3 shows a schematic of a standard
NSOM experimental set-up, [35] consisting of 3 major sections: (a) localized light deliv-
ery (illumination component), (b) far-field light collection optics, and (c) signal detection
(position-correlated and phase-locked with light delivery). In the illumination component,
laser light is coupled into an optical fiber that has an aperture-based probe at the working
end. The shear force between the probe and the sample is detected (for example, using a
tuning fork-type piezo mount for the fiber) and used for feed-back control of sample mo-
tion. Figure 1-3 b) and c) shows the light collection and redistribution unit and the signal
detection unit, which are similar to those used in traditional optical microscopy.

To achieve a high spatial resolution, the movement of the probe has to be very
precisely controlled. For example, the translation stage in NSOM system is the most
widely used screw-based translation combined with the piezo-electric tube, which can
provide a nanometer precision scanning in any near-field microscopy. The distance be-

tween the probe tip and the sample is also very critical to the spatial resolution. The dis-



tance between the collector/emitter and the sample is a few nanometers or smaller, and
the field varies rapidly versus this gap. Very small mechanical or acoustical perturbations
will induce significant variations of the detected signal, requiring the near-field optical

microscope to be mounted on vibration-isolation tables, much like a typical atomic force

microscope (AFM).
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Figure1-3 Standard set-up of NSOM, a) illumination unit, b) light collection and redistribu-

tion unit, and c¢) a detection unit. (From Ref. [35])

One of the greatest practical difficulties to contend with in this implementation
of NSOM is maintaining a consistent separation between the tip and the sample. This dis-
tance can be controlled via an optical signal, electron tunneling control (e. g. STM), force
control (AFM), or the shear-force control. The latter mode of control is the more widely

used approach in commercial NSOM systems.



1.4 Conventional fiber-based probe geometry and fabrication

for aperture-based NSOM

The resolution of NSOM system is controlled by the probe-sample distance and
the size of the probe tip (or aperture at the tip). The final resolution is greater than that
one sixth of the distance between the probe tip and the object. [17] In a typical NSOM
system, the distance is on the order of several nanometers, and the final resolution is
mostly determined by the size of the probe tip. To maximize the signal-to-noise ratio, the
polarization of light should be maintained throughout the process, while light attenuation
along the fiber must be minimized, background illumination should be minimized, and

the detector should be cooled.

1.4.1 Fiber-based probe fabrication

There are several types of probe has been proposed or fabricated in last decades, in-
cluding pinhole [10, 14, 18], bare taper [16], coated taper [13-19], bare silicon nitride tip
[20], coated silicon nitride tip [21], metallic tip [22-24], silicon tip [25-26], mono-crystal
GaAs tip [27], tetrahedral glass tip [28], fluorescent tip [29]. Focusing for now on the
commercialized aperture-based NSOM, I briefly discuss the geometry, fabrication, and

limitations of fiber-based probes.



Figure 1-4 The taper is realized by heating and simultaneously pulling the extremity
of a fiber fragment (a). The second step consists in coating the fiber with 50 nanometers of a
suitable metal, leaving the very tip free (b). [39]



Figure 1-5 Aluminum-coated aperture probes prepared by pulling (a), (b) and etching in (c)
(d); (a) (c) macroscopic shape, SEM and Optical images. (b) (d) SEM close-up of the aperture
region, scale bar corresponds to 300 nm.[36]

The conical shape is the most popular probe used in the commercial NSOM sys-
tem, originating in telecommunications fiber technology. The probe fabrication process is
illustrated in Figure 1-4, while the resulting probe tips are shown at high magnification in
Figure 1-5. A single-mode fiber is heated and stretched in such a way that the fiber breaks
at the waist, leading to a cleanly separated, flat surface at the end of the tip. The tip is
then coated with aluminum in vacuum. In order to prevent from covering the extremity,
the fiber is tilted in the vacuum chamber, as indicated in Figure 1-4 (b). Different tip
shapes can be generated by controlling the initial conditions (temperature, velocity of

pulling, the strength exerted on the fiber, etc.).
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1.4.2 Transmission efficiency of NSOM probe tips

To calculate the overall transmission efficiency of the probe, the propagation mode
in the probe has to be calculated first. The propagation modes inside of a typical aperture-
based fiber probe are illustrated in Figure 1-6. When decreasing the diameter of the glass
fiber, the propagation modes will tend to leak more out of the core; for sufficiently nar-
row diameters, the waveguide is comprised of the metallic cladding. When the diameter
is smaller than the cutoff diameter, the propagation mode will become the evanescence
wave, which decays in exponential with the distance between the cutoff diameter and the
aperture position. Therefore, the taper and aperture size of the tip are the dominant factors
in determining the propagating field intensity. Typically, the diameter of glass fiber cor-
responding to the starting and ending of this region is from 250 nm and 160 nm, respec-

tively. [30-32]

Aluminum

d=250nm
HE,,

—-d=160nm
Evanescent
decay

Figure 1-6 Mode propagation in a tapered metal-coated optical fiber at a wavelength of
488nm. Cutoff diameters taken from L. Novotny [31].

The transmission rate of NSOM tips is defined as the light power emitted from

the aperture over the input light power. According to the Bethe/Bouwkamp model, [32-
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34] the transmission rate of a sub-wavelength hole is expected to scale as a* where a is the
diameter of the aperture. It means that the transmission rate will drop from 10° to 107"
when the diameter of the tip is decreased from 100 nm to 10 nm. The transmission rate is
plotted in Figure 1-7 as a function of the full taper angle & for apertures in a diameter of
10 nm and 20 nm, according to the calculation of Novotny. [35] From the figure it can be
deduced that the transmission rate of a 100 nm aperture is increased from 10° and 10~
with a taper angle increased from 30° to 42°. Therefore, it can be concluded that increas-
ing the full cone angle is a very effective method to improve the transmission efficiency.
However, the taper angle cannot be increased further due to the limitation of the fabrica-

tion process.

107
" °
107 ==
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Figure 1-7 Transmission coefficient of an aperture probe as a function of the full taper cone
angle a. Squares and rhombs: calculated values from Ref. [35] for a 20 and 10 nm diameter
aperture, respectively. Circles and triangles: interpolated values determined by scaling the
numerical data according to the Bethe/Bouwkamp a4 law by a factor of 10* and 5%, respec-
tively. This provides a simple approximation for the transmission coefficient of a 100 nm ap-
erture. [36]
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This low transmission rate and weak confinement of the light field in the vicinity
of the tip are the source of the trade-off between signal-to-noise ratio and resolution. [36]
As the optical fiber is made thinner, power is lost in the waveguided mode due to strong
back-reflection and absorption in the metal coating. The energy dissipated in the metal is
converted to heat instantaneously, raising the temperature of the tip. When the aperture
size shrinks below 50 nm, the rate of loss accelerates, and tip heating is exacerbated; in-
creasing the input laser power is of little help, because that the damage threshold of the
metal coating is around 10 mW. These factors significantly limit the capabilities of fiber-

based NSOM, as discussed in the sections below.

1.5 Limitations of NSOM techniques

1.5.1 Low transmission efficiency of NSOM probe

Figure 1-8 (a) Electron micrograph of a SNOM tip after coupling in ca. 100 pJ of laser en-
ergy in a 6 ns pulse at A ~ 450 nm. (b) Giant hole created in a rhodamine B film by aluminum
sputtering off from the coating. A different laser wavelength (A ~302 nm) was used in (b). The to-
tal topographic contrast in the z direction is 390 nm. [38]

As discussed above, conventional aperture-based NSOM techniques often suffer

from low optical transmission through the aperture. Aperture-less NSOM suffers from
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strong background noise in the case of an aperture-less probe, limiting the signal-to-noise
ratio. [36] Meanwhile, due to the strong absorption of light in the metal cladding, the
temperature of aperture NSOM tips can be high [37-38], limiting their ability in some
field such as of soft tissues and temperature-dependent materials properties and the small
signal detection when further increasing the resolution. [36-38] An SEM image of a
NSOM tip burned during test is shown in Figure 1-8 (a). Considering the very low work-
ing distances, the high temperature of probe tip can very easily modify the material prop-

erties, or even cause some thermal damage as shown in Figure 1-8 (b).

1.5.2 Artifacts n NSOM

NSOM is particularly vulnerable to artifacts that originate from sources other
than the intended contrast mode. Strictly speaking an artifact is not noise, but a structured
image feature without a direct connection with the expected signal. In scanning probe mi-
croscopy, artifacts originate from the variation of the tip height (due to a variation of the
working end of the probe) or fluctuations in the tip-sample contact point during the scan.
The imaging resolution is directly connected to the variation of the distance between the
tip and the sample, regardless of the size of the tip. A working understanding of artifacts
in NSOM is therefore helpful in designing novel probe architectures.

“Straightforward” artifacts: The artifacts can be generated when the feedback control

is insufficient to follow the reference signal precisely. The force strength exerted by the
tip on the sample is often responsible for artifacts due to friction relaxation, tip gliding,

viscosity, vibrations, etc. Thermal, acoustical, mechanical or electrical low frequency
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perturbations can also create spurious structure-like effects. Those effects are sometimes
sufficiently subtle to mislead the observation.

Indirect artifacts: One inherent drawback of conventional optical microscopy is that

the final image shows both the topography variations and materials optical properties
variations of the sample. It is nearly impossible to separate those two factors apart. In
near-field scanning optical microscopy, the light emitted by the sample varies strongly
with collection distance. The z-motion of the tip while scanning the sample will then in-
troduce dependence between the detected intensity and the curve followed by the tip.
Since the relationship between topography and material properties with respect to their
optical manifestation is non-trivial, and even faithful topographic tracking can introduce a
topographic component in the optical detected signal that is not a simple superposition of
the signals.

For aperture-based and aperture-less probe, the sources of artifacts are different. For
aperture-based probes, especially the glass fiber probe, the source of the artifact origi-
nates in sub-optimal position control of the probe. If the optical signal is stronger, the ar-
tifacts do not diminish. For aperture-less probe, the artifacts primarily originate from un-
controlled scattering off the probe. Since the results are directly related to the probe ge-
ometry, understanding the convolution of probe geometry and the resulting signal is very

important.

1.5.3 Noise and low-level signals

Similar to conventional optical microscopy, the noise from the source fluctuation

maybe caused by field fluctuations, thermal noise, and the external causes such as me-
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chanical vibrations, electrical perturbations. The small distance separating the tip and the
sample can vary over a few angstroms due to mechanical vibrations, which can influence
the signal significantly due to the strong dependence of the detected field on the distance
(generally varying exponentially).

In the particular case of near-field optics, most detectors are photo-multipliers
and avalanche diodes because of the very low level of detected intensity. If the total light
intensity is very low, the number of photons emitted at unit time can vary considerably.
Therefore, the Poisson character of photon emission and shot noise can play a significant
role in reducing the signal-to-noise ratio.

The limitations in operating temperature, signal-to-noise ratio, and challenges in
the practical use of conventional NSOM techniques motivate the development of novel
probe geometries, light delivery and detection schemes. The following section describes
some of the recent developments in passive NSOM probe technology, prior to discussing
the development of active (i.e. electrically pumped) probes, and my contribution in the

form of an electrically pumped organic LED-based cantilever probes.

1.6 Development of Novel NSOM probes

1.6.1 Passive probes

Improvement in imaging resolution that can be attained in routine practice be-
yond ~100 nm is limited by the low transmission fraction of the taper probe. [36] From
Figure 1-7 it can be concluded that increasing the full cone angle is effective method to

improve the transmission rate. Therefore it is very natural to try to improve the full cone

16



angle by fabrication silicon based probe. NSOM systems using silicon nitride probes have
been demonstrated using the mature microelectronic fabrication process illustrated in Fig-
ure 1-9.

The fabrication of this new type of probe is similar to the AFM probe. After AFM
probe is fabricated, a thin metal layer is deposited on the front side of probe. Then a bias
is applied between AFM probe and a substrate. The high field at the vertex of the probe
will melt the metal film and then a nano-scale aperture is formed. The aperture can also
be formed by rubbing the metal-coated tip on a flat silicon substrate, as demonstrated in
Figure 1-9.

The NSOM configuration with this type of probe is similar to that of the glass ta-
per probe. The laser light is focused on the back of pyramid and then pass through the
aperture to form a nano-scale light source. Therefore, it suffers the similar issues as the

fiber-pulled probe.

Figure 1-9 Fabrication procedure of silicon nitride probe [39]
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1.6.2 Active (electrically pumped) probes — light emitters and light

detectors

A novel approach is to fabricate an electrically pumped NSOM probe instead of
optically pumped one. An electrically pumped NSOM probe may help improve upon the
conventional probe configurations by generating the photons locally, in the near field of
the imaging region. In an electrically pumped NSOM probe, the light output power is
proportional to a* (device area), where a is the diameter of the aperture, where the light
power is expected to scale as a* in traditional optically pumped probe. [33-34] Therefore,
an electrically pumped probe of a small size will exhibit a less rapid decrease in the sig-
nal strength for higher resolutions, and thus has great potential to overcome some of the
limitations in traditional NSOM technique, such as low optical transmission efficiency
[36], heating of the tip [37-38], and poor reproducibility of probe fabrication [39].

Several efforts toward integrating an electrically pumped light source with an
NSOM probe have been reported, concentrating mainly on III-V based semiconductor
materials. [40-41] Lewis and co-workers successfully fabricated a sub-micron electrically
pumped light source inside a hollow NSOM tip using electroluminescent (EL) powders
ZnS:MnCu. [40] However, due to the intrinsic low efficiency in EL powders the driving
voltage was as high as hundreds of volts. Sasaki et al. [41] have demonstrated a multi-
functional probe, which integrates a light emitting diode (LED), waveguide, and aperture
(shown in Figure 1-10). Since it couples the LED light via the waveguide to the aperture,

the source is still in the far field, lowering the signal-to-noise ratio. Heisig et al. [42] have

18



integrated a GaAs cantilever with an electrically pumped GaAs light emitting diode.
However, use of GaAs as the cantilever material complicates device fabrication, while

light emission in the infrared limits the scope of application.

signal

Figure 1-10 Brightness of NSOM probe when the LED is switched off (a) and (b). Structure of
highly integrated NSOM probe in (c). [41]

However, use of GaAs as the cantilever material complicates device fabrication,
while light emission in the infrared limits the scope of application. High-efficiency, crys-
talline light emitting materials are typically group III-V compound semiconductors that
have poor lattice-matching to common scanning probe substrates, the vast majority of
which are fabricated using silicon-based MEMS technology. [41-43] This inherent diffi-
culty in integrating the two inorganic material systems prompted an investigation into
combining organic light emitting devices (OLEDs) with micromachined silicon cantile-

vers, where an OLED was fabricated on a flat silicon cantilever, using a combination of
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vacuum thermal evaporation (VTE), vapor phase deposition, and ion beam lithography.
[45] The light emission region formed on the cantilever was ring-shaped, several mi-
crometers in diameter and approximately one micrometer in thickness. However, both the
planar geometry of the working part of the probe and the distance (~1 mm) from the re-
cessed light-emitting region to the probe surface limit the ability to position the light
source within nanometers of a sample.

In Chapter 2, I will introduce the concept of a novel NSOM probe based on an or-
ganic LED, deposited onto a conventional silicon or silicon-nitride probe tip, and discuss

its principles of operation.
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Chapter 2

Introduction to basic principles of OLEDs

2.1 Introduction and motivation

Chapter 1 discussed the principles and limitations (e.g. low optical transmission
efficiency, [36] heating of the tip, [37-38] and poor reproducibility of probe fabrication
[39]) of conventional NSOM, stemming largely from the nature of conventional, passive
(optically pumped) probes. It was briefly noted that active (electrically pumped) NSOM
probes hold great promise to overcome the limitations in traditional NSOM technique.
However, integration of inorganic LEDs (and to a lesser extent, spectrally selective
photo-detectors) with the more useful AFM probes is challenging, due to the lattice mis-
match between the material systems comprising the probe and the emissive device. Small
molecular conjugated organic compounds provide a perfect platform for realizing such
active, electrically pumped probes.

In contrast to conventional, covalently bonded, direct band-gap semiconductors,
electroluminescent organic molecules are bonded with weak Van Der Waals forces. This
allows the fabrication of organic light emitting devices (OLEDs) on a wide variety of

substrates, at low temperature and without regard for lattice matching. Combining
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OLEDs with micro-machined silicon cantilevers can provide considerable benefits to
NSOM technology.

Because there is relatively little prior work on the combination of OLEDs with
MEMS structures, and because the understanding of OLEDs’ properties and processing is
critical for the development of OLED-based NSOM probes, Chapter 2 is devoted to de-

scribing the essential features of OLEDs in relation to the proposed probe geometry.
2.2 OLEDs - structure and principles of operation

OLED-based display technology is a relative new-comer to the commercial mar-
ketplace, offering a number of performance advantages over Liquid Crystal Displays
(LCD) — wide viewing angles, fast display response times in the microsecond regime,
broad color ranges, high dark contrasts, potentially inexpensive manufacturing, and very
thin display modules. In the last decade, OLED-based display technology has achieved
great progress due to the overall high image quality and high power efficiency. Figure 2-
1 demonstrates the newly released 155-inch OLED display by Mitsubishi Electric (Janu-

ary of 2010).
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Figure 2-1 Demonstration of one 155-inch OLED panel from Mitsubishi Electric released in
Jan. 2010. (http://www.onlyoled.co.uk/)

2.2.1 Fabrication of OLEDs

For polymer based OLEDs, the most common fabrication method is the spin-
coating process. Small molecular multilayer structures have been traditionally deposited
by vacuum thermal evaporation shown in Figure 2-2. In this method the source materials
are evaporated from heated boats onto substrate, and the deposition rate is monitored by
quartz crystal. In this process, the organic molecules travel in straight lines due to the
high vacuum level inside the chamber, and thus a very high uniform layer thickness can
be achieved across a big substrate. The main drawback of this process for large-area de-
vice fabrication is the low material usage efficiency.

For deposition on non-planar substrates such as AFM probes, the layer thickness
will not be uniform due to the line-of-sight molecular transport in the VTE process. Fig-

ure 2-2 plotted the ratio of a deposition rate on a tilted side to that of on a planar base as a
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function of tilting angle. The main parameters that determine the shape of this plot are
illustrated in the lower corner of this figure. The effect of layer thickness on the device

performance will be discussed in detail in section 2.4.
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Figure 2-2 Lower corner: schematic of the main parameters of VTE chamber. Upper corner:

take AFM probe as an example, the illustration of the base part and the tilt side part of the non-
planar substrate. Main figure: the ratio of layer thickness on the side of substrate to the base of
substrate as a function of the substrate-tilting angle. [46]

2.2.2 Working principles of OLEDs

The basic processes occurring in organic electroluminescent devices are briefly
reviewed in this section. The structure of a typical bilayer hetero-junction OLED is illus-
trated in Figure 2-3. Archetypal OLEDs consist of a hole transport layer (HTL) and an
electron transport layer (ETL), sandwiched between metal cathode and anode; in the de-
vice structure considered here, the ETL is also the emissive layer, although additional

emissive layers and dopants can be inserted between the ETL and HTL. The electronic
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processes are also illustrated in Figure 2-3. Under applied electric field, holes/electrons
are injected from anode/cathode, and then drift to the organic interface, where they form
the excitons and then radiatively decay and emit light. Carriers are confined at the or-
ganic interface by the applied electric field, due to the poor transport of the opposite car-
rier in the electron and hole transport layers. Two archetypal organic molecules used for

HTL and ETL in OLEDs are shown in Figure 2-4.

HTL ETL
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Figure 2-3 lllustration of electrical processes inside OLED. A typical heterostructure OLED:
Under applied electric field, holes/electrons are injected from anode/cathode, and then drift to the
organic interface, where they form the excitons and then radiatively decay and emit light.
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Figure 2-4 Most commonly used small molecular organic semiconductor for organic light
emitting devices. a-NPD (N,N'-diphenyl-N,N"-bis(1-naphthyl)-1,1'-biphenyl-4,4"- diamine) is a hole
transporting material and Alq3 (tris(8-hydroxyquinolinato) aluminum) is the electron transporting
material.

State-of-the-art OLEDs can have six or more layers, including efficient emissive
dyes doped into separate layers, charge- and exciton blocking layers that are essential for
excellent device performance. Additionally, doping of the transport layers can lower se-

ries resistance and thereby increase the power efficiency of the OLED.
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2.2.3 Efficiency of OLEDs

The power efficiency of OLEDs is defined as the ratio of the detected light power
(L) and the input electrical power (VJ). Power efficiency Npower Can also be written in

terms of quantum efficiency Nqyan :

n = L = h_v *n

power =y Ty Hquan @D

where V is the applied bias, J is the current density, hv is the photon energy, ¢ is the elec-
tron charge, and N, is the quantum efficiency. Therefore, power efficiency is governed
by: 1) the energy loss in converting electrons and holes injected at a particular bias volt-
age into photons, and 2) the quantum (number) efficiency with which injected carrier
pairs are converted into photons. The first term is affected, for example, by the carrier

injection barrier at the electrodes, the interface energy level alignment, and the binding

energy of the exciton. The quantum efficiency Nguan 0f an OLED can be written as:
nCIuan = y g nr g ¢ g 7706 (2.2)

where Y is charge balance factor, N, is the singlet formation ratio in fluorescence OLEDs
(triplet ratio in phosphorescence OLEDs),  is the exciton radiative decay efficiency, and
Noc 18 light out-coupling efficiency. Figure 2-5 illustrates in a flow diagram the origin of
the preceding equation. Among those factors, singlet (triplet) formation rate n, and the
exciton radiative decay ratio ¢ are usually ascribed to the emissive material’s intrinsic

properties. The charge balance factor Y is dominated by the electrical characteristics of
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the device structure and layer stoichiometry; the light out-coupling efficiency N, is de-
termined by the optical design of the device.

Although OLEDs already meet the requirements for some practical applications
(e.g. displays), the intrinsic limits of organic light-emitting devices have not been reached
yet. Therefore, further scientific research is still being devoted to the design, engineering
and fabrication of OLEDs, considering issues of charge carrier injection, spin polariza-

tion effects, interfaces, quenching processes, morphology changes, and improved light

extraction.
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Figure 2-5 Quantum efficiency of fluorescence OLEDs (Courtesy of Max Shtein, University
of Michigan)

2.3 Excitons of organic materials

Further improvements of OLED efficiency are outside of the scope of this discus-
sion. Here the focus is on how to improve the radiative decay efficiency of excitons for a
given emissive material, particularly in the context of so-called “bottom-cathode” or “in-
verted” OLED architectures deposited on AFM probes.

Electronic process in an excited organic molecule can be summarized phenome-

nologically by the Jablonski diagram shown in Figure 2-6. A molecule can be excited to a
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higher energy state, forming an exciton. Excitons first relax to the lowest vibrational
level, and can then radiatively decay to the ground state. The first process is called inter-
nal convention, with a lifetime on the order of picoseconds. The second process is quan-
tum-allowed for singlet excited states; radiative decay of a singlet exciton is termed fluo-
rescence, with a typical lifetime on the order of nanoseconds. The singlet exciton can be
converted to a triplet state by intersystem crossing, and then radiatively decay to the
ground state by a process termed phosphorescence, with a lifetime on the order of micro-
seconds to seconds. Intersystem crossing is a transition between different spin quantum

numbers, enabled by spin-orbit coupling in the molecule.
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Figure 2-6 The relative positions of the first excited singlet and ftriplet levels in a typical

molecule, showing the origins of fluorescence and phosphorescence. (Courtesy of Viadimir Bu-
lovic, Massachusetts Institute of Technology)

In OLEDs, excitons are typically formed as consequence of electrical injection,
with spins of electron and hole uncorrelated. The statistical ratio of singlet to triplet exci-
tons is therefore 1:3 (or 25% singlets). [47] Clearly, using efficiently phosphorescent

materials can significantly improve the quantum efficiency of OLEDs. [48-49]
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2.4 Electrical properties of OLEDs

In this section, the discussion focuses on the understanding of charge injection
and transport in OLEDs, with the objective of improving exciton formation rate (i.e. im-
proving the recombination quantum efficiency) and lowering the barrier for charge injec-
tion (i.e. improving the power efficiency). The discussion will address use of multilayer
structures to lower the injection barrier, improve the carrier mobility, or block carrier dif-

fusion to further improve the exciton formation rate.
2.4.1 Typical current-voltage-luminescence characteristics of OLEDs

A widely accepted model for current-voltage (I-V) characteristics of OLEDs is

the semi-empirical model developed by Burrows et al., [50] though there is lack of a
physical explanation of “charge traps.” A typical I-V curve follows a power law: [ < V"
or J < F" where m is the fitting parameter, and F is the electric field intensity. There are
two regimes in OLED I-V curve; one is the space-charge-limited regime where m = 2 and
the trapped charge-limited regime, where m > 8. These two regimes can be seen very
clearly in Figure 2-7. The transition voltage of those two regions is defined as device

turn-on voltage, where the OLEDs are believed to start to emit light.
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Figure 2-7 Top: Detailed forward-biased current — voltage characteristics of devices with a

200-A-thick layer of TPD and 100- and 600-A-thick layers of Alqs, showing regions of ohmic, shal-
low-trap space charge and trap-limited conduction. Lines show the fit to the trapped charge-
limited model. Inset: Dependence of voltage on the square of the Alq; layer thickness at 1=20 pA.
Open symbols and fit to the trapped-charge-limited model solid line. Bottom: Dependence on
drive current of the optical output power of a typical OLED with a 200-A-thick TPD layer and a
400-A-thick Algs layer, demonstrating linearity over several orders of magnitude. (Figures are

from Ref. [50])
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The I-V characteristic is also very sensitive to the layer thickness, which affects the
electric field inside the device. The effect of layer thickness on the I-V characteristic was
also shown in the top image of Figure 2-7. For device operated in the space-charge-
limited regime (the inset of the top image of Figure 2-7), the voltage is linearly with the
square of layer thickness to obtain the same current density level, which follows the
semi-empirical model. The turn-on voltage also increases with the increasing layer thick-
ness. For device operated in the trapped-charge regime, the current density of OLEDs
with different layer thickness can be as big as four orders of magnitude under the same
bias. [50] This effect is experimentally demonstrated in Chapter 4.

For spontaneous light emission, the light emission power is linearly with current. As
shown in Figure 2-7, the light power in OLED scales linearly with current, indicating that
the emission is spontaneous, and that the microcavity in OLED structure doesn’t have
obvious effect on emitters. [62] (There is a threshold voltage for the stimulated emission,

for example, the threshold voltage for laser.)
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2.4.2 Charge balance factor in OLEDs

10’3 —
107+ 3 4
3 107k
4 Mg-Ag Electrodes £ ;
o In Electrodes 5
51
< 1 0'5'; E 10}
- <
oy — 6
107 F
o [
5 10°; { E
(@) ] O 10—7 -
| AA 3
-7 AAA < ) ] : 1
10 . AAA 0000&0 ] 10~BH_uAD i
1 a o° ]
b o ol__
108 +—= . 10 ' ‘
Voltage (V) Voltage (V)

Figure 2-8 Left: Forward-biased |-V characteristics of two OLEDs made with identically
evaporated, 200-A-thick layers of TPD and 400-A- thick layers of Gags. One device (open trian-
gles) is made with Mg/Ag electrodes and shows a good fit to the TCL model solid line. The cur-
rent difference at the same bias also demonstrated the effect of cathode work function, e.g. the
injection barrier for electrons. Right: Forward-biased current — voltage characteristics open sym-
bols of OLEDs made with a 200-A-thick layer of TPD and a 400-A-thick layer of Mqs, where MAI,
Ga, and In. Solid lines show fits to the TCL model with m=8 +/-1. (Figures are from Ref. [50])

The charge balance factor is critical to the quantum efficiency of OLEDs. It can
be affected by the injection barrier, carrier mobility, interface barrier, and layer thickness.
However, it is very difficult to demonstrate these effects experimentally, since the hole
and the electron currents cannot be separated experimentally in a single OLED structure
without modification. Several examples are given here to demonstrate how the injection /

transport of electrons is affected by the cathode material selection (left of Figure 2-8) / the

carrier mobility (right of Figure 2-8). For most OLEDs, the total efficiency is limited by
the electrons injection and conduction. The left panel of Figure 2-8 demonstrates that a

lower work function cathode (Mg-Ag cathode) can increase the total current by improv-
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ing the injection of electrons; the right panel in Figure 2-8 indicates that the different mo-
bility can also affect the total current; both effects are consistent with the energy level

diagram in Figure 2-3.

2.4.3 Effect of deposition sequence on electrical behavior of OLEDs

As mentioned above, electron injection and transport determine the charge bal-
ance factor. Therefore, the process by which the cathode-ETL interface is formed is criti-
cal to the final performance of an OLED.

Consider first a common cathode/ETL configuration for OLEDs, which consists
of a very thin film of LiF, followed by Al, evaporated onto Alq,; [51] electron injection
deteriorates significantly when increasing the thickness of LiF beyond 2 nm, or changing
the deposition sequence of LiF and Al. Additionally, it is possible to fabricate nearly
“electron only” devices, e.g. with a structure Al/LiF 0.2 nm/ Alg; 200 nm / LiF 0.2nm /
Al shown in Figure 2-9. In such a device, the effects of layer and deposition sequence can
be illustrated. The symmetric device shows asymmetric I-V characteristic, especially at
low bias region as highlighted in the figure. However, the function of LiF layer is not
quite clear yet. Several mechanisms have been proposed in the literature: band bending
within the organic layer, potential drop through a thin tunnel layer, [52] work function
lowering, [53-54] and Li as a dopant in Alq, layer after the reaction with Al [55] In the
latter hypothesis, it is speculated that the cathode is “activated” according to the chemical
reaction:

Al + LiF — AIF, + Li
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in which the Li can oxidize readily by the ETL, having the effect of electron-doping at
the ETL/Li interface. [54] Clearly, this mechanism implies that a triple interface, between
Al, LiF, and the ETL is required for optimal activation, which should deteriorate with for
thicker LiF interlayers. It is also clear that reversing the deposition sequence (i.e. first de-
posit Al, then LiF, then ETL) might not yield the same effect, because of insufficient
thermal energy to activate the reaction between LiF and Al

Even for materials such as LiQ that are known to transport electrons well, without
an interfacial reaction, geometrically symmetric “electron only” devices will exhibit
asymmetric I-V behavior as shown in Figure 2-10. This asymmetric behavior is mainly
caused by the intermediate energy levels at the interface, which are likely introduced by

thermal (or thermally activated) damage during the top electrode deposition.
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Figure 2-9 | — V characteristics of Alqs 200 nm “electron only” devices with LiF 0.2 nm in-
terlayers at different positions. BE means bottom electrode, i.e., the electrode next to the glass
substrate and TE means top electrode, i.e., the electrode deposited last. (Figures from Ref. [55])

34



(a) (b) '—-— S.I. Forw'ard bie;s ' '
. 0.06 - = Si, Reverse bias J. )
3.3eV Al/LiQ J
— —
Bottom Top
electrode electrode

4 5

2 3
Voltage(V)

Figure 2-10 (a) Band diagram of “electron only” devices. The energy level introduced in the
organic layer by the thermal damage is indicated. (b) J — V characteristics of Algqs; 400 nm “elec-
tron only” devices with LiQ 1 nm interlayers at different positions. BE means bottom electrode,
i.e., the electrode next to the silicon substrate and TE means top electrode, i.e., the electrode
deposited last. Forward bias means that the TE is applied positive bias. Reverse bias means that
the BE is applied positive bias. (Zhao et al., [56])

2.5 Optical processes in OLEDs

The radiative decay rate of excitons was mentioned in Section 2.3 as an important
parameter, and the exciton formation rate was mentioned Section 2.4 as means of improv-
ing the efficiency of photon generation within an OLED. It is equally important to im-
prove the light extraction efficiency, which is also known as the light out-coupling effi-
ciency.

In a typical OLED, the organic active layer is sandwiched between a very reflec-
tive metal cathode and a Transparent Conductive Oxide (TCO) anode such as indium tin
oxide (ITO). The organic layers have a refractive index n ~ 1.7, slightly lower than n =
1.9 of ITO anode, while the typical thickness of organic active layer is 100 — 200 nm, on
the order of the emission wavelength. Therefore, the OLED structure can be treated as an
optical microcavity. Furthermore, the distance between the organic exciton dipoles and

the metal electrode in a typical OLED is quite small, suggesting that the dipole energy

35



can couple very strongly to surface plasmon modes in the metal electrode. As Figure 2-11
illustrates, the exciton energy can be dissipated into several different modes: the leaky
mode (the emission in the air from both surface and edge); the waveguided modes in all
the layers including organic materials, the ITO electrode, and the glass substrate; surface
plasmon (SP) mode in the metal electrode. The SP mode and the waveguided modes re-
sult in a great loss of efficiency of forward-emitted light (i.e. perpendicular to the viewer

on the substrate side of the device).
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Figure 2-11 Schematic diagram of a conventional OLED (Left) along with the various radia-
tive modes generated within the structure (right). (Figure is from Ref. [62])

2.5.1 Microcavity effect on power dissipation in OLEDs

Hobson et al. [57-58] developed a method to calculate the power dispersion inside
a typical Alg;-based OLED, treating the excitons as oscillating dipoles, and other layers

as a multilayer stack with different refractive indices. The power dissipation into all the

36



modes is calculated by evaluating the field produced by a radiating dipole. Figure 2-12
provides the power lost in all the modes inside an Alg;-based OLED as a function of the
emitter-cathode distance. It is clear from the power dissipation plot that out-coupled light
makes up a minority fraction of the total power in a conventional OLED structure, and
that for cathode-emissive zone separation below 20 nm, much of the energy is coupled
into the surface plasmon polariton (SPP) modes. Several studies have been done to ex-
tract light from the SPP mode in the metal cathode by fabricating OLEDs on nano-
structured substrates [59] or corrugating the cathode. [60-61] (More recently, Andrew
and Barnes, and our group have shown that energy can be extracted from the SPP modes

by exciton-plasmon-exciton cascade, as will be discussed in Section 2.6.1.)
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Figure 2-12 The power coupled to the different optical modes of the Alq3 -based OLED as a
function of distance between the emitter and the Aluminum cathode surface. Account has been
taken here of the spread in emission wavelengths of the Alg3 system, as given by the intrinsic
emission spectra. To model a real device data for each mode will need to be integrated over the
recombination zone to find the net power going to the different modes from emitters distributed
through the emissive layer. (Figure is taken from Ref. [57])
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2.5.2 Microcavity effect on the spectra of OLEDs

Optical cavities redistribute the optical-mode density along the optical axis of the
cavity, and thereby modify the spontaneous emissive characteristic of the emitters. Usu-
ally, intensity enhancement, spectral narrowing, light polarization, and modified emission
color were observed. Bulovic et al. [62] were first to comprehensively investigate the mi-
crocavity effect in OLEDs using an integrated classical and quantum-mechanical theory.
The microcavity effect was demonstrated both experimentally and theoretically in terms
of the dependence of electroluminescence spectral intensity and polarization on emission
angle, organic layer thickness, and applied voltage. Most importantly, the peak emission
wavelength red-shifts and TM polarization slowly begins to dominate the total emission,
as shown in Figure 2-13, with increasing observation angle (that is, going from normal to
parallel to the surface). The peak emission wavelength can also be tuned over several

hundreds of nanometers by changing the size of the microcavity. [62-63]
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Figure 2-13 Measured peak TE and TM emission wavelength and TE to TM integrated inten-
sity ratio vs © of the OLED (symbols), compared to calculations (solid and dashed lines). (Figure
is taken from Ref. [62])

The microcavity effect on the emission spectra potentially can be used to enable
full color devices based on a single emission material. Figure 2-14 gives an example of a
color tunable metal-cavity device, which can emit three primary colors by changing the
layer thickness. [63] The emissive spectra for the cavity OLEDs are well predicted by the

Fabry-Petrot cavity theory.
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Figure 2-14 (a) Parameters for various layer structures. The cathode structure: LiF 0.5 nm /

Al'5 nm / Ag 30 nm for Device No. 1, 2, 3; LiF 0.5 nm / Al 3 nm / Al: SiO 30 nm for Device No. 4
and 5; LiF 0.5 nm / Al 100 nm conventional OLED. (b) Schematic structure of a top emitting
metal-cavity OLED (TMOLED). (c) Optical mode density for Device No. 1-5 solid line. The lumi-
nescence of Alg3 film is also shown in the graph as a dashed line. (d) Experimental EL spectra of
various TMOLEDs with device number as labeled in dotted line and simulated EL spectra of
these device shown in solid line. The spectral intensities were normalized at the maximum. (Fig-
ures are from Ref. [63])
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2.6 Progress of OLEDs related to Nano-OLED probe

2.6.1 Surface plasmon mediated energy transfer

Andrew et al. [64] demonstrated that excitation energy of organic molecules
could be transferred to acceptor molecules through a relatively thick (optically opaque)
metal film via coupling into surface plasmon polaritons (SPPs). The device structure
used in the experiment is substrate /Alq;-doped PMMA / silver film / R6G-doped
PMMA. A laser was used to excite Alqs, while monitoring for the emission of R6G for
several thicknesses of the silver film. Since there is no overlap between the absorption
spectra of Alqgs and R6G, the R6G emission spectra shown in Figure 2-15 is the evidence
of this type of energy transfer. This variant of radiative transfer should allow directional
control over the flow of excitation energy with the use of suitably designed metallic
nanostructures, with SPPs mediating transfer over length scales of 10~ to 10~ meters.

From this demonstration, one can generalize that exciton energy can be coupled
into and from SPP modes if organic dye molecules are in the vicinity of metal film. In
NSOM, evanescent waves are detected, and SPPs are one kind of evanescent wave.
Therefore, the evanescent components of an object’s oscillator may be detected by trans-
ferring the energy resonantly to the excitons on molecules on the opposite side of a metal
film. This phenomenon, owing to its very high sensitivity to the distance between the
metal surface and the exciton, has some potential to be a new detection mechanism for
near-field optics. (Our group recently demonstrated the ability to resonantly transfer elec-
trically pumped excitons via SPPs in a planar OLED, [65] suggesting that such a process

can be adapted to a non-planar device described in greater detail in Chapter 3.)
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Figure 2-15 (A to D) PL spectra from planar samples with silver films of thickness 30, 60, 90,
and 120 nm (arbitrary intensity units). In each case, data are shown for donor-only samples
(Algz:PMMA|Ag|PMMA) (blue spectra), acceptor-only samples (PMMA|Ag|R6G:PMMA) (red
spectra), and samples containing both donor and acceptor layers (Algz:PMMA|Ag|R6G:PMMA)
(black spectra) (Figures from Ref. [64])

2.6.2 Integration of OLEDs and nano-fabrication

The discussion above of SPP-mediated energy transfer suggests a novel detection
scheme, where the near-field of an object can be detected (or excited) using an electroded
device. But note that the sensitivity demonstrated thus far is one-dimensional in nature:
only the depth can be a factor. For useful nanoscale imaging resolution needed for
NSOM, a 3-dimensional, non-planar OLED structure must be considered.

Several groups have demonstrated that it is possible to integrate the organic de-
vice fabrication with non-planar substrates, using a combination of microelectronics
processes, though organic materials can be sensitive to the chemicals commonly used in
semiconductor processing. For example, OLEDs have been deposited on nano-gratings to

improve the out-coupling efficiency (Figure 2-16), [66, 71]and nano-OLEDs have also
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been successfully fabricated on the pre-patterned substrate via confining the size of the
active region. [67-68] In Chapter 3 we describe how a non-planar, nanoscale OLED can
be fabricated on the tip of an AFM cantilever, potentially enabling high-resolution optical

microscopy.

d,=2(h,+h,)tan @ = 2h, tan 6

Figure 2-16 (a) Optical image of electroluminescence from 2-D grating device. Red arrows
indicate three directions along which the substrate-guided mode is extracted. (b) Schematic illus-
tration of process of light extraction from substrate-guided light in 2-D grating device. (Figure is
from Ref. [71])

2.7 Summary

In this chapter we reviewed the basic principles of OLEDs and outlined the poten-
tial offered by OLEDs in the integration of light emission with a non-standard substrate.
The details of the nano-OLED probe design will be covered in the Chapters 3 and 4, the

fabrication will be covered in the Chapters 5 and 6.
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Chapter 3
Nano-OLED probe concept

3.1 Introduction and motivation

(a) Optical fiber Silicon tip

\W/ \//
"N T\

== Incident light
swessd> Signal light

Figure 3-1 lllustration of proposed NSOM probe configurations. (a) Aperture-based NSOM:
light propagates from the sharpened end of a metal-coated optical fiber; (b) Nano-OLED NSOM:
electrically pumped OLED integrated in the tip illuminates the sample.

Previously, I have discussed the limitations of traditional fiber-pulled glass NSOM
probe and the potential of an electrically pumped NSOM probe to overcome those limita-
tions in Chapter 1. In Chapter 2, the electrically pumped probe is further zoomed in the
scope of a nano-OLED probe from the practical issues lying in the fabrication of nano-
light source on AFM cantilevers. The configuration of nano-OLED probe is illustrated in

Figure 3-1. In this chapter I first outline the advantages of nano-OLED probe, and then
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discuss the major challenges to fabricate OLEDs on non-planar substrate. The main fo-
cus is on the device structure design and the working principles of this nano-OLED probe

fabricated on AFM cantilever.
3.2 Advantages of Nano-OLED probes

Compared with the traditional fiber NSOM probe, the output power of Nano-OLED
probes won’t drop that quickly when decreasing the size of emitter. Therefore, the singal-
noise ratio could be high, and the heating problem could be solved.

According to the Bethe/Bouwkamp model, [32-34] the transmission rate of a fiber-
pulled glass NSOM probe is expected to scale as a*, where a is the diameter of the aper-
ture. It means that the transmission rate will drop dramatically when the aperture size is
smaller than 100nm, resulting that the signal is flooded over by noise. Meanwhile, due to
the strong absorption of light in the metal cladding, the temperature of aperture NSOM
tips can be very high [37], limiting their ability in some field such as of soft tissues and
temperature-dependent materials properties and the small signal detection when further
increasing the resolution. [38]

While the light output power of a nano-OLED probe is proportional to the device
area (that is a%), where a is the diameter of the device diameter, the light emission power
won’t drop as fast as that of the fiber-pulled glass probe with the decreasing of probe size
and thus have great potential to achieve a higher resolution without suffering the low sig-
nal to noise ratio. Meanwhile, the temperature of OLEDs is proportional to the current
density that is linearly with the light output power, so the temperature will scale a’ with

the diameter of the device for the same light output. Therefore, there is no heating issue
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of the electrically pumped device, which could extend the scope of NSOM application.
The comparison of all parameters between two types of probe is listed in Table 3-1.
Moreover, in the new design, a nano-scale OLED is integrated with a conventional
AFM cantilever. Therefore, this system can take the advantage of mature AFM system,
such as simultaneously collecting the topography and optical information, achieving a

higher mechanical stability, and potentially lowering the cost via the batch fabrication.

Table 3-1 Comparison of traditional NSOM probes and proposed nano-OLED probes

Traditional NSOM probe  Proposed OLED probe

Aperture size 100 nm 100 nm
Light wavelength 514 nm 520 nm
Light output power 100 pW 100 pW
Probe efficiency 107 1%
Required input power 3 mW 30 nW
Tip temperature 300°C [36] 50°C

3.3 Challenges of fabrication of OLEDs on Non-planar sub-

strates
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Figure 3-2 Schematic of a nanoscale LED array. Here, the silicon dioxide layer is patterned

using e-beam lithography to create an array of hole-injecting contacts, each having a diameter of
100 nm. On top of this are coated a thin film of the conducting polymer PEDOT/PSS and a pro-
prietary green-emitting conjugated polymer. A Ca/Al film is used as a device cathode. [67]
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Figure 3-3 (a) Micrograph of an unbiased OLED on a scanning probe cantilever under ex-
ternal illumination. b A micrograph image of an OLED on the cantilever under forward bias, show-
ing electroluminescence EL in the shape of a 5 m diameter ring. A CCD camera was used to cap-
ture light emission through a 50 objective lens with an exposure time of 200 ms. The inset shows
the EL intensity along the dashed line which spans the ring-shaped emission. (c) Scanning elec-
tron micrograph of the scanning probe cantilevers, along with an illustration of the cross section of
the organic light-emitting devices OLEDs fabricated on the cantilevers. The layer structure is Al
100 nm / Ni 13 nm / -NPD 50 nm / Alq3 60 nm / LiF 0.5 nm / Al 1 nm / Ag 18 nm. The organic
layers and cathode were deposited on the front side of the cantilever after milling the parylene
insulator and anode by a Ga+ ion beam. [45]

To date, several groups have reported nano-scale OLEDs fabricated on planar
substrate; [67-68] Figure 3-2 shows typical device architecture. In these works, nano-

scale holes are pre-patterned in an insulate layer on a conductive substrate. Then the or-
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ganic active layer is spin-coated onto a pre-patterned substrate with a following metal
deposition and thus the light emission area can be confined in a small hole by the sur-
rounding insulation layer. The final device size is co-determined by the feature of the pat-
tern technique and the hole-filling ability of the organic materials. However, it is very
difficult to create a pattern on the vertex of a pyramidal tip of AFM probe, and even more
difficult to spin-coat device-quality films onto such non-planar substrates as the AFM
cantilever, due to the strong surface tension (sufficient to snap the cantilever). Therefore
it is very difficult to apply this existing technique onto the fabrication of nano-OLED
probes.

Previously, An et al. reported on the fabrication of a circular OLED on a flat sili-
con cantilever, using a combination of vacuum thermal evaporation (VTE), vapor-phase
deposition, and ion beam lithography. [45] The device architecture and electrolumines-
cence images are shown in Figure 3-3. In this work, the hole is formed by milling a hole
through the parylene layer using a focus-ion beam. The ring-shaped light emission region
formed on the cantilever was several micrometers in diameter and approximately one mi-
crometer in thickness. However, the fabrication sequence included a chemical vapor
deposition step and a time-consuming ion beam milling procedure, requiring additional
tooling and sample transfers. A potentially simpler approach can be used with pyramid-

tipped cantilevers.

3.4 Principles of Nano-OLED on AFM cantilever

In field emission devices, diamond nano-tips are used, because the high curvature

of the tip can greatly reduce the threshold voltage for thermionic emission. Most AFM
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probe tips also have high curvature, suggesting that tip curvature could be used to en-
hance election injection not just into vacuum or gas, but also into a semiconductor film.
Consider then a typical OLED structure coating an AFM cantilever, as shown in Figure 3-
4. Normally, as shown in Chapter 2, such a structure would exhibit poor electron injec-
tion from the electrode adjacent to the substrate. However, on the vertex of the pyramid
tip, we expect that there will be electric field concentration in the organic layers due to
the high curvature. Therefore, we can take advantage of this geometric effect. We can
deposit an OLED over the entire AFM cantilever at once, but expect to see highly local-
ized electron injection at the tip, and consequently, a strongly localized light emission at
the vertex. Furthermore, this type of probe structure is expected to be much easier to fab-
ricate, and may yield a considerably smaller emissive region by virtue of its operating

principle.

*5% | Sample
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(b) Si: substrate
Al: Cathode 1000A ZH
Mixed layer: EIL 20A Biu
AlQ;: ETL 1200A

CuPc: HIL 400A

Figure 3-4 (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/Alg3 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. [46]
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3.5 Effect of substrate geometry on layer thickness & VTE

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 left of Figure 3-
5. 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 distance H and horizon-
tal distance R from the evaporation source. Because of the rectilinear molecular trajecto-
ries during VTE, [69] 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 (right panel of Figure 3-5).
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Figure 3-5 Left: A diagram illustrating the geometry of a typical laboratory VTE deposition

system. Right: (Top right inset) SEM image of an AFM pyramidal probe, where 8 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 (Dsijge/Dpase) @s a function of the angle 6 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 archi-
tecture and layer thickness. [46]

Under constant bias, the current density in the pyramidal region will be consid-

erably higher than that on the flat portion of the probe (“base”). To predict the ratio of the
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layer thickness on the inclined sides of the pyramidal tip (Dsi4c) relative to the base region
(Dpase) we plot the ratio Dgige/Duase 1n right of Figure 3-5 (c) as a function of the angle 6
between the sides of the pyramidal tip and the plane of the substrate holder. (We also ac-
count for the horizontal offset of the source cell and the AFM probe during the deposi-
tion.) For 0 ~ 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 else-
where 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 of as a combination of sev-
eral devices sharing a common anode and cathode, namely, three diodes electrically con-
nected in parallel (see the inset of right of Figure 3-5). 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.
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Figure 3-6 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 trans-
port regime for the thinner organic layers. [46]

In Chapter 2 we have discussed the effect of layer thickness on I-V characteristics
of OLEDs. The threshold voltage for the onset of light emission, in turn, increases with
the thickness of the organic layers, [46] as shown in Figure 3-6. 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 (the side and
the vertex), in turn resulting in localized light emission.

Meanwhile, as discussed in session 2.6, the high electric field will improve the
electron injection and transport, resulting in a higher current density. Due to the electric
field concentration at the vertex region caused by the high substrate curvature, further
localization of current injection is expected. Since the diameter of the vertex of AFM
probe tip is around 100 nm, a nano-scale OLED probe can be achieved by localized cur-

rent injection. The details of the geometry effect on the electrical properties of OLEDs
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will be investigated in detail in Chapters 4 and 5, but can be previewed here by consider-
ing the geometry, the equivalent circuit diagram, and a simplified energy level diagram in
Figure 3-7 (reproduced in Chapter 5).

In Figure 3-7 (b), the energy level diagrams of three parts were plotted under the
same bias. Due to the relative thicker layer in base part, the electric field is smaller than
that in side part and vertex part, and thus caused the localized current injection in py-
ramidal region of the OLED deposited on the entire AFM probe. For the pyramidal re-
gion, the non-uniform electric field distribution inside OLEDs resulting from the high
substrate curvature will further enhance the current localization. That is the working

principle of proposed Nano-OLED probe.
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Figure 3-7 (a) An illustration of the device structure of OLED on AFM cantilever and the
equivalent circuit. (b) Energy level diagram of three parts (Paper in preparation [56] and [70])
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3.6 Summary

This chapter provides an overview of nano-OLED probe, including the advan-
tages of such a system compared with the traditional NSOM probe, the practical chal-
lenges in the existing fabrication process on such non-planar substrate, and the principles
of nano-probe design, which takes advantage of the non-planar substrate geometry.

The proposed nano-OLED probe structure can be obtained in principle by depos-
iting an OLED onto an entire AFM cantilever. This device can be treated as three diodes
connected in parallel, due to the layer thickness variation resulting from the VTE deposi-
tion and device structure difference caused by the substrate geometry. A strongly local-
ized light emission can be obtained by taking advantage of both the layer thickness and
the field concentration effect at the vertex. The effect of the substrate geometry on the
electrical properties will be discussed in detail in Chapter 4. The experimental demon-
stration of this nano-OLED probe will be covered in Chapter 5. The characterization of

OLEDs on massive pyramid arrays will be covered in Chapter 6.
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Chapter 4

Geometric effects on electrical properties of OLEDs

4.1 Introduction

It 1s well known that the substrate geometry can increase the out-coupling effi-
ciency of OLEDs, [71] enhance the light absorption of solar cells, [72-74] improve the
optical characteristics independent of the azimuth of incident or emitted light. [75-76]
Non-planar substrate geometry and topography can also influence in a useful way the de-
vices’ electrical properties. For example, the lowering of the work function at the vertex
of sharp silicon tips has been used in realizing field-emission devices. [77-78] The lower-
ing of Schottky barrier at the vertex of diamond nano-crystals can improve the perform-
ance as a thermionic energy converter. [79] Figure 4-1 give an example how the sharp tip
of the diamond reduce the Schottky barrier at the tip due to both the geometry effect and
the modification of surface work function.

It is very natural to make an analogy between the AFM probe tip and the field
emission diamond tips, because both tips have high curvature. The high curvature at the
vertex leads to a non-uniform electric field distribution in the organic layers. Since the
electric field will concentrate at the vertex of the pyramidal tip, we can take this advan-

tage to deposit an OLED across the entire AFM cantilever but with a strongly localized
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light emission at the vertex. Meanwhile, due to the non-uniform electric field distribution,
the carrier injection and carrier mobility are expected to exhibit considerable and non-
trivial asymmetry with respect to the two types of carriers. It would be also interesting to
investigate the geometry effect on the electrical properties of OLEDs from the point of

view of device physics.

A B
We e
4
= W WC
£ E
¢ o ® oc
= uc uc
eV eV
et v el oy
- - . 5 - s
°y
h2
_>
r2
h1

r1

Side view of UNCD tip structure

Figure 4-1 A. Diagram of thermionic energy converter in normal operating conditions where
v is the vacuum level, Wis the work function, i is the Fermi level, and V is the output voltage. The
subscripts ‘E’ and ‘C’ denote emitter and collector, respectively. B. Diagram of thermionic energy
converter showing the effect of Schottky barrier lowering on emission barrier. C. Schematic of tip
structures including dimension lines with geometric parameter labels. The sharp tip is shown to
scale in bold, the blunt tip is shown in the thin line. D. SEM of the ultra-nanocrystalline diamond

coated Si tip. [80]
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4.2 OLEDs on a nano-scale curved structure

(c) Cathode

Anode

Electrode

| Substrate | iso = Curved Substrate

= Planar Substrate

Figure 4-2 (a) SEM image of pyramid arays and the illustration of the shell structure of the
OLED on vertex, (b) the scheme of the device structure and potential contour inside device on
curved and planar substrate used in OLED modeling. (c) Scheme of the energy band diagram
and the parameters used in simulation of devices on both curved and planar substrate. @ is the
injection barrier for holes. (Zhao et. al. paper in preparation [56])

A typical AFM cantilever tip has a radius of curvature <50 nm (from the Veeco
cop.); for the purposes of this analysis, the vertex can be treated as a hemisphere. A typi-
cal OLED consists of thin (~100 nm) organic semiconductor films sandwiched between
two thin electrodes. Depositing such a hetero-structure onto a substrate having a hemi-
spherical asperity whose radius of curvature is comparable to the active layer thickness
will lead to highly non-planar active device layers. Schematically, the device cross-
section is shown in Figure 4-2 (a), contrasted with a conventional planar OLED cross-
section. For the non-planar device in Figure 4-2 (a), the electric field established in the
organic layers is spatially non-uniform concentrated at the bottom electrode (BE), and
diverging toward the top electrode (TE). [81]

The effect of non-uniform electric field on the device performance can be
qualitively explained by the energy band diagram in Figure 4-2 (c), where BE was set as

cathode and TE was set as anode. A higher electric field near BE (here is cathode), indi-
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cated as the rapid drop of energy level in the band diagram, will significantly increase the
corresponding carrier injection and the carrier mobility, and thus contribute a higher cur-
rent, resulting from the strong dependence of the carrier injection and carrier mobility on
the electric field. On the other hand, the relative low electric field near the TE (here is
anode), indicated as a slow change of energy level in the band diagram, will decrease the
corresponding carrier injection and the mobility, and reduce the contribution to the total
current. In summary, the non-uniform electric field will increase the carrier current from
the bottom side and decrease the other carrier current from the top electrode, and change

the charge balance and the quantum efficiency in the OLEDs.

4.3 Electrical modeling of simplified OLED structures on pla-

nar substrates

In experiments only the total current can be measured; it is impossible to separate
the current carried by holes and electrons. Therefore, we have to turn to numerical meth-
ods to calculate the charge balance factor, which can be obtained by calculating the hole
current and the electron current separately. Here a numerical method developed by
Maliaras was used to study the bipolar current in a single emitting layer OLED. [82] This
model includes charge injection, transport, and space charge effects in the organic de-

vices.
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4.3.1 Govermning Equation
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Figure 4-3 Discretization used for the organic layers. Beginning at the top, the direction of

the electric field for a positively biased anode can be seen. Further, starting from the anode, the
molecule monolayers, shown as dots, are numbered from 1 to N. The numbering of the interfaces
between two neighboring monolayers is also shown, whereby 0 denotes the anode-organic and N
the organic-cathode interface. At the bottom, the thickness dy of a molecule monolayer and the
total thickness L of the organic layers are shown. [83]

The transport of electrons and holes in the organic device is described by time de-
pendent continuity equations, with a drift-diffusion form for current density, coupled to
Possion’s equation

an_10J,

+G-R
Jat e ox (4.1)
aJ
P 1%, G-R
ot e dx (4.2)
JIF _e(p-n)
ar € (4.3)
where
J, =ew, (nF + Ea—n)
e ox (4.4)
kT 9
J, =ew,(pF ==
e dx (4.5)

Here, n (p) is the electron (hole) density, J, (J,,) is the electron (hole) current density, G
(R) 1s the carrier generation (recombination) rate, W, (H,) is the electron (hole) mobility, e

is the magnitude of the electron charge, F is the electric field, € is the organic dielectric
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constant, k is Boltzmann’s constant, T is the temperature, and the diffusivities have been
written in terms of the motilities using the Einstein relation. Both generation and recom-
bination is Langevin bimolecular recombination. The recombination rate R=ynp, where
the recombination coefficient is given by [84]

v = e(u, +u,)
€ (4.6)

Where W,(H,) are field-dependant mobility, which can be written as:

W, =W, exp(/F/Fy) (4.7)
w, =W, exp(~/F/F,) (3.8)

Where Uy (Mpo) are electron (hole) mobility at zero electric field, and F is the average
electric field,

Fy=Vid (4.9)
where the V is the applied bias, and d the thickness of organic active layers. G = yn.p. is
the carrier generation rate, which is also follows the bi-molecular assumptions; where n,
(pe) 1s equilibrium electron (hole) density
n, =ny,exp(—(E, —ep(x)—p)/kT) (4.10)

Pe = ngexp((E, —ed(x) =W)/KT)  (4.11)
where P is the Fermi energy, E. (E,) is the energy of the electrons (holes), and ¢(x) is
electrostatic potential at position x. These equations are spatially discretized using the
Scharfetter-Gummel approach (shown in Figure 4-3) and the resulting first order differen-
tial equations integrated forward in time. The position independence of the total current

density J=J,+J, is used as criteria to evaluate the steady state at applied bias.
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4.3.2 Boundary Conditions
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Figure 4-4 Schematic of the boundary conditions used at the metal-organic interface [85]

At the metal / organic interfaces, thermionic injection (metal to organic) and
metal electrode surface recombination (organic to metal) are the physical processes
dominating charge transport (Figure 4-4 shows what happens to hole; the same principles
hold for electrons.) Considering the thermionic emission and recombination (back-
flowing current), the current density has the well-known form [86]:

J = AT’ exp(~q/kT) - enS (4.12)
where A* is the effective Richardson constant, ¢ the barrier height, n the charge density

at the contact, and S the surface recombination velocity. The first term on right hand side
gives the thermionic injection current, and the second term is the charge-image recombi-
nation at the metal interface (backflow current). From the general principles of image po-

tential, hopping conduction, and detailed balance, the Richardson constant is given by
A% =16mee k’Nou/e’ (4.13)

and the recombination velocity at zero field by
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S(0) =16me(kT)* ule’ (4.14)

When an electric field is applied, the barrier is lowered by the Schottky effect and the

first term on the right-hand side in equation (4.12) is multiplied by exp(\/?)‘ The recom-

bination velocity becomes
S(E) =SSO’ =14 (415)
where the reduced field is
f=€E/4me(kT)’ (4.16)
and
W)= a2 @.17)
The injection current at the metal/organic interface was calculated from the above equa-

tions with the charge density, the electric field, and the mobility of the first cell inside the

organic.
4.4 Simulation for simplified devices on curved substrates

Qualitative results of the substrate geometry effect on the bipolar current of
OLEDs can be obtained using the similar numerical method. Since the device on the ver-
tices has shell architecture, all the equations should be modified to take into count the ge-
ometry effect. According to the previous assumption, the OLED on a curved structure has
perfect spherical symmetry. Therefore, it can demonstrate this physics better if all the
equations are rewritten in terms of spherical coordinates. Moreover, from the point of
view of mathematics, it is easier to keep all the equations in similar forms as that of 1D

simulation for the planar substrate.
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For OLEDs on hemispherical substrate, all the physical variables are calculated
basing on a cross-section area with a unit solid angle. Therefore, the hole current I, and
electron current I, are defined as the hole and electron current through the surface within
a unit solid angle dgdB. Other parameters remain the same definitions as those in planar
control devices. For example, P (n) is defined as the hole (electron) density at certain sur-
face. F, is the electric field normal to the surface. The detail of the calculation unit is

shown in Figure 4-5.

Surface n+1
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Figure 4-5 Discretization used for the organic devices on curved substrates. In spherical

coordinates, the solid angle used for the calculation is dgd6. The I, (L) is defined as the hole
(electron) current normal to the surface covering the unit solid angle. P (n) is defined as the hole
(electron) density at certain surface. F,is the electric field normal to the surface.

Therefore, the governing equation for OLEDs on curved substrate can be written

as the following:

al
a_p=_%i+G_R
at er” dr (4.18)
n_ 1l o g
at  er” or (4.19)
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Ipr = eup(rzp ; _Ea(p”'—))
ar (4.20)
2
I, =ew (r’nF. + KT 5(nr”)
e or (4.21)
JaF, dger’(p —n)
ar € (4.22)

The position independence of the total current I=I,+1,, is used as criterion to evaluate

whether the steady state is achieved at certain applied bias.

4.5 Simulation results

Table 4-1 Parameters used in simulations
Planar substrate Curved substrate

Radius of substrate N/A 50 nm
Thickness of BE 50 nm 50 nm
Thickness of Organic active layer 110 nm 110 nm
Cathode area 1 (100/165)*
Anode area 1 (210/165)°
Bias 5V 5V
Hole mobility 10° cm*/V s 10° cm?/V s
Electron mobility 10° cm*/V s 10° ecm®/V s

To avoid the unnecessary mathematical complexity, the device structure was re-
duced to one with a single emitting layer between electrodes with explicit injection char-
acteristic as shown in Figure 4-2 (c). Although here only single-layer device is consid-
ered, the results still provide valued prediction for the device structure on the non-planar
substrate. All the parameters used in simulations are summarized in Table 4-1. The de-

vice area on two substrates is normalized by the average area of two electrodes. The mo-
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bility of holes and electrons are set as the same to separate the effect of substrate geome-

try alone.

4.5.1 Carrier injection

Firstly the substrate geometry effect on the injected electron-hole current ratio
(Figure 4-6 (a) and (b)) and the total current (Figure 4-6 (c) and (d)) at different injection
conditions was studied. For Figure 4-6 (a)-(d), OLED geometry on vertices is identical:
the substrate curvature is 50 nm and the active layer thickness is 110 nm (same thickness
as our later experiments). For comparison, the area of the planar device was set as the av-
erage area of two electrodes on curved substrates. Figures 4-6 (a) and (b)) show the con-
tour of current ratio injected from bottom electrode and top electrode inside OLED on
curved and on planar substrate as a function of the injection barrier of both electrodes. It
is observed that the current of devices on curved substrate is dominated by the carrier in-
jected from the bottom electrode under most of injection conditions. Meanwhile, for pla-
nar substrate the major contribution of current is always from the electrode with a smaller
injection barrier. Figure 4-6 (c) and (d) show the contour of the total current of OLEDs on
curved and planar substrate. The total current of two kinds of device is similar under most
of the injection condition. Device on curved substrate have a relative large total current at
the corner of a much larger injection barrier of bottom electrode, and a relative small total

current at the corner of a smaller injection barrier of top electrode.

64



1.
0.010
4 0.0328
013
0.47
1.7
6.1
B
80

0.04 008 0.12 016 0.20
,(eV)

I(mA/cm®)

0
20.0
€0.0
20.0
120
150
180

210
240
270

004 008 012 016 020 004 008 012 016 020
o, (eV) o,(eV)

Figure 4-6 (a) and (b) show the current ratio injected from bottom electrode and top elec-
trode inside device on top of curved and planar substrate as a function of injection barrier, corre-
spondingly. (c) and (d) show the total current inside device on top of curved and planar substrate
as a function of injection barrier, correspondingly. For all the calculation, the radius of the sub-
strate curvature is 50 nm, and active layer thickness is 110 nm. [70]

4.5.2 Recombination current
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Figure 4-7 Left: the band diagram and all the parameters used in the simulation. Right: The

contour of recombination current ratio of device on curved substrate and planar substrate is plot-
ted as a function of carrier injection barrier. [56]

To intuitively understand how charge balance relates to light output, we consider
the recombination current, defined as the single carrier current difference at two elec-
trodes (Iec-lea or Ina-Inc). The contour of recombination current ratio of OLEDs on
curved substrate and planar substrate at different injection conditions is plotted in Figure
4-7. We observe that in the lower-right region, where the injection barrier of the bottom
electrode is relative higher than that of the top electrode, the total recombination current
(i.e. the potential light emission) on the curved substrate is larger than that on the planar
substrate. In summary, OLED structures that are normally electron injection-limited are
expected to have improved charge balance and quantum efficiency if deposited on curved
substrates. This effect can be used to localize the current injection at the vertex of AFM

probe tip, and thus form a small light source.
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4.5.3 Effect of geometry parameters

The effect of geometry parameters of the spherical shell structure on the device
performance was also investigated. The electric field profile inside the OLED on non-
planar substrate is jointly determined by the substrate curvature and the active layer
thickness. Therefore, these two factors can be used to optimize the device performance
for given carrier injection condition or given materials set. Here Figure 4-8 shows that the
effect of substrate curvature on the recombination current of devices on curved and pla-
nar substrate at different injection conditions. From the figure, it can be seen that a bigger
substrate curvature will lead a more uniform electric field, and thus a smaller difference
on the recombination current between the device on curved and planar substrates. A
thicker active layer will have the same effect as a larger substrate curvature, since both

lead to a more uniform electric field and a smaller effect on the device performance.

— 6 T T T T T T
e = —— §,.=0.1eV,¢,.=0.1eV
Cathode 8 °f 6,.=0.2eV,¢,_=0.1eV]
leg | Lo g.fr n —— ¢,.=0.1eV,¢. _=0.2eV ]
| | =3l ]
S | PA 8

Anode € 2 :
¥ Pre O 1 i

—— Curved Substrate _0:0 e

--------- Planar Substrate 50 100 150 200 250 300
Radius of Substrate (nm)

Figure 4-8 Left: The band diagram and all the parameters used in the simulation. Right: The
recombination current ratio of OLED on curved substrate vs on planar substrate is plotted as a
function of the radius of the substrate curvature R. In this calculation, different combinations of
bottom electrode and top electrode injection barrier were used. (Zhao et al., unpublished data)
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4.6 Summary

The effect of the substrate geometry on the electrical characteristic of OLEDs was
investigated theoretically. Due to the non-uniform electric field profile inside the device
caused by the curvature of non-planar substrate, carrier injection from bottom electrode is
enhanced and thus the charge balance is changed. A better charge balance and corre-
spondingly a higher light output can be achieved when there is a relatively high injection
barrier for the bottom electrode. This effect is limited primarily by the substrate curvature
and deposited layer thickness.

From the point of view of nano-scale OLED probe design, since the electric field
will concentrate at the vertex of the pyramidal tip, we can take this advantage to deposit
an OLED across the whole AFM cantilever but with a strongly localized light emission at
the vertex. According to the simulation results, the inverted OLEDs structure will be per-
fect for the localized light emission at the vertex of AFM probe, since the electron injec-
tion is always an issue for inverted OLEDs. Meanwhile, these findings are significant in
the light of the typically problematic electron injection from bottom electrodes in
OLEDs, [87] filamentary charge conduction in disordered semiconductors, [88] and as an

important and quantifiable design parameter.
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Chapter 5

Sub-micron light emitters

integrated on individual AFM probes

5.1 Introduction

This chapter conceptually demonstrates a different approach in which an electri-
cally pumped nanoscale light source is realized on the tip of a conventional AFM probe,
resulting from the electric field concentration effect demonstrated in Chapter 4. This
chapter has two aims. First, it describes in detail its operating principles, and a fabrication
approach. Second, it shows a method for spatially controlling electrical carrier injection
or removal from an organic opto-electronic device, using built-in fields caused by
nanoscale surface features on non-planar substrates.

This chapter is organized as the following. Section 5.2 experimentally validates
the hypothesis of electric field concentration due to substrate curvature in enhancing elec-
tron injection from the AFM probe vertex into the organic layers. The probe fabrication is
demonstrated in section 5.3. Section 5.4 provides an overview of the operation principles.
Sections 5.5-7 are devoted to probe structure optimization and device characterization,

including specifying preferred layer sequences and thicknesses.
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5.2 Device structure optimization

The effect of substrate geometry on bipolar current injection in OLEDs was ex-
plained phenomenologically in Chapter 4. Briefly summarizing the results ahead of time,
from the point view of probe design aiming for maximum localization of light emission at
the vertex, the electron injection barrier at the bottom electrode must be greater than that

for holes at the top electrode.

As discussed in Chapter 2, the barrier for injection of electrons into an organic
layer is much larger than that for holes. In inverted OLED structures, where the cathode
(electron-injecting electrode) is on the bottom (i.e. formed on the substrate first, followed
by the deposition of the active organic layers), the electron injection is even worse, due to
the potential for oxidation and the lack of damage that is otherwise incurred when depos-
iting metal onto an organic film. This can be verified by examining hole-only and
electron-only devices on flat substrates, as shown in Figure 5-1 (b) to estimate the
injection barrier for both carriers in the case of a realistic electrode-organic interface.

The hole-only device structure consisted of an injecting anode Au(50 nm) / CuPc (30
nm), a hole transporting layer of 20 nm thick ®-NPD, and a 30 nm thick Au cathode to
block electron injection. The electron-only device structure consisted of an injecting
cathode AI(30 nm)/LiF 1 nm, an electron transporting layer of 60 nm thick Alg; layer,
and a 30 nm thick Al anode to block hole injection. The thicknesses of active layers were
similar to what would be used in a typical OLED. From the current density-electric field

(J-E) characteric shown in Figure 5-1 (c), it can be seen that the electron-only current
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density (J.) is approximately three orders of maganitude smaller than that of holes (J).
Since the electron mobility in Algs; is only two orders of maganitude smaller than the hole
in a-NPD, the current density difference clearly indicates that the electron injection
barrier (at the bottom electrode) exceeds that for holes (top electrode). Thus, in the case
of OLEDs on nonplanar substrates, any appreciable electron injection from the bottom
electrode could be assigned to the effect of curvature. Enhanced injection of electrons
from the bottom electrode can lead to improved charge balance in the active layers of an
OLED, which in turn will enhance the radiative recombination efficiency, manifested as a
brighter emission region at the tip for a given forward bias (i.e. negative electrode at the

bottom, positive electrode at the top).
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Figure 5-1 (a) Inverted OLED device structure, all the thickness here is measured base on

planar substrate. (b) The device structrue for electron-only device: si subsrate/ Al 50nm / mixed
layer 2nm (Alqgs:LiF = 1:1) /Algs 60nm / Al 30nm. The device structure of hole-only device: si sub-
strate/ Au 50nm / ot-NPD 20nm/ CuPc 30nm/Au 30nm. (c) Current density of unipolar devices as
a function of the applied electric field. [56]
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5.3 Device fabrication

To experimentally demonstrate the device concept described in Chapter 3, a sili-
con nitride pyramidal AFM probe (NP-UC, Vecco Probes) was chosen as the substrate.
The square base of the pyramidal tip measured 5 um, while the interior angle between the
side of the pyramid and the substrate, 0, 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 Alqs;, 120 nm thick layer of Alqgs;, 60 nm thick
layer of ®-NPD, 40 nm thick layer of CuPc, and 30 nm thick layer of gold. An electri-
cally 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 5-1(a). The current-voltage (I-V) char-
acteristic of the device was measured using an Agilent 4156B semiconductor parameter
analyzer, while the electroluminescence (EL) and optical images of the device were cap-
tured using an optical microscope having a long working distance (20.5 mm) objective

(50 x, numerical aperture of 0.42), and a charge- coupled device (CCD) camera.

5.4 Operation principles of nano-OLED on Atomic Force Mi-

croscopy cantilever

As shown in Figure 5-2 (a), the heterostructure on the sloping sides of each pyra-
mid is thinner than that on the “base” region of the substrate, and the device geometry at

the vertices of pyramids is modified by the substrate curvature. Therefore, the het-
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erostructure deposited on pyramid arrays can be treated as a collection of three OLEDs
connected in parallel, whose equivalent circuit model is shown in Figure 5-2 (a). The de-
vice on vertex region is defined as “vertex” and the sloping sides of pyramids as “sides”,
and the flat portion as “base”.

To explain the working principle of this complicated device, we have to look at
the energy level diagram of these three OLEDs shown in Figure 5-2 (b). In the figure, the
applied bias is the same for all three parts. Since the layer thickness on the side and the
vertex is only the half of that on the base, the electric field inside the organic layer on the
side and the vertex will be the twice as high as that in the base part. Recall the J-E charac-
teristic of OLEDs discussed in section 2.6, J ~ E™ (m >8 in the trapped-charge limited
regime). Therefore, the current density in the OLEDs on the side and the vertex will be
much higher than that on the base. If the applied bias was carefully chosen to ensure that
the base part works at the space charge limited transport regime, and the side and the
vertex part work in the trapped-charge limited transport regime, then there is no light
emission from the base part and the current level is several order of maganititude lower
than the sides part. Meanwhile, the electric field inside the organic layer on the vertex
part is non-uniform, as we have discussed in detail in Chapter 4. The electric field con-
centration at the vertex will further localize the current injection. Combining the effect of
layer thickness and the electric field concentration, the current density is highest at the
vertex, next in the side, and the smallest in the base. Therefore, if the device structure is
optimized to maximum the light emission at the vertex region, the three OLEDs will con-

sequently emit light when increasing the applied bias.
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Figure 5-2 (a) An illustration of the device structure of OLED on AFM cantilever and the

equivalent circuit. (b) Energy level diagram of three parts.

5.5 Effect of layer thickness on electrical performance of

OLEDs on AFM cantilever

The effect of layer thickness on the current is investigated by depositing identical
layer structures onto commercial AFM probe cantilevers. 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 5-3). Figure 5-3 shows a plot of current divided by cathode area vs
voltage (I/A-V) of two devices. The plot of I/A vs V, which accounts for the incidental
difference in cathode coverage area between the two devices, 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
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orders of magnitude greater than that in the control, suggesting that the majority of the
current in the cantilever extension is carried by the pyramidal region and not by the flat
portion or by possible leakage paths. This result agrees very well with the prediction in
Section 5.4.

Moreover, the area of the pyramid region of a commercial AFM cantielver is only
around 100 wm?, which is 10 times of the area of the whole AFM cantilever. The aver-
age current in device A is 100 times of that in device B. Therefore, the current density in
pyramid region (the side and the vertex device) is around 10° times of that in the base
part. This result strongly demonstrates the strong current localization in the pyramid re-
gion caused by the layer thickness. It also indicates that the layer thickness has a magnifi-

cent effect on the I-V behavior of OLEDs.
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Figure 5-3 A plot of the average current vs driving voltage (I/A-V) for two organic heterojunc-
tion devices having identical structures, deposited on AFM probes, one with the pyramidal tip in-
tact 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). [46]
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5.6 Electric field concentration at the vertex of AFM cantilever
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Figure 5-4 (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. [46]

In Chapter 4, I have discussed that 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. Therefore, it is very important to investigate the electric field dis-
tribution inside the entire device to obtain a quantitive difference of the electric field in
the whole device. 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 de-
vice deposited on the AFM probe can be calculated by solving Maxwell’s equations us-

ing finite element analysis. Because of the similar dielectric constants of all the organic
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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. (It is a reasonable assumption.
Metal is very conductive and the potential drop across the metal layer is very small so
that it can be neglected.) 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 5-4 (a), which maps the electric field distribution across the probe as a
color map. (Metal electrodes and the AFM cantilever are not shown in this figure.) 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 5-4 (b) compares the magni-
tude 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 evi-
dent 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 de-
vices) [89] 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.

5.7 Effect of electric field concentration on the carrier injec-

tion of OLEDs deposited on AFM cantilever

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
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unipolar charge injection, deposited onto a planar substrate and on the pyramidal tip. The
layer structure is shown in the inset of Figure 5-5, along with the corresponding current
density vs voltage (J-V) characteristics 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), Alg; (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 cre-
ated by the deposition of metal onto organic and which are absent at the bottom interface.
[90] On the other hand, the J-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 10* higher than that
on the planar substrate can be attributed to both the layer thickness effect and the high
electric field concentration effect. From the data shown in Figure 5-3, the “current den-
sity” of the device on the intact AFM cantilever is a factor of 10° higher than that on pla-
nar silicon substrate (that is device on the AFM probe without cantilever). Therefore, the
left 10 times difference in current density is caused by the high electric field concentra-
tion. This result is consistent with our simulation results in Chapter 4. Here, it is utilized

to achieve nanoscale localization of current injection and light emission.
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Figure 5-5 (a) the energy level diagram of the electron only device. The bars at the top elec-

trode/ Algs interface stand for the intermediate energy level introduced by the thermal damage
during the metal deposition. (b) A plot of the average current density vs voltage of a unipolar in-
jection 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 elec-
trode Al (100 nm)/LiQ (8-hydroxy-quinolinato lithium 2 nm)/Alqgs; (120 nm)/LiQ (2 nm)/top electrode
Al (100 nm). [46]

The hole-only device was also fabricated on the planar silicon substrate and the
AFM cantilever to study the effect of electric field concentration effect on hole injection.
Due to the small hole injection barrier, the hole injection and transport is not obviously
affect by the high electric field at the vertex of the AFM cantilever.

The regular and inverted OLED device are also deposited on planar silicon sub-
strate and the AFM cantilevers to demonstrate the electric field effect on the I-V behavior
of OLEDs as shown in Figure 5-6. The device structure is identical except that the depo-
sition sequence is reversed. At the same bias, the current density of regular OLEDs on
planar silicon substrate is larger than that of inverted OLEDs (Figure 5-6 (a)), while the
current density of regular OLEDs on AFM cantilever probe is smaller than that of in-
verted OLEDs (Figure 5-6 (b)). The different trend indicates the electric field concentra-
tion at the vertex can improve the electron injection and transport, and result in the im-

provement of current density of OLEDs at the same bias.
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Figure 5-6 J-V curves of inverted OLEDs and regular OLEDs deposited on planar silicon

substrate (a) and AFM cantilever probes (b). At the same bias, the current density of regular
OLEDs on planar silicon substrate is larger than that of inverted OLEDs, while the current density
of regular OLEDs on AFM cantilever probe is smaller than that of inverted OLEDs. The different
trend indicates the electric field effect on the |-V behavior of OLEDs. (Zhao et al., 2007 MRS
spring meeting)

5.8 Localized light emission at the apex of Atomic Force Mi-

croscopy cantilever

Until now, the operation principles of nano-OLED probe have been outlined; the
device structure has been optimized for the localized current injection; and the working
mechanisms are also experimentally demonstrated. However, the most direct proof to this
concept is to observe the highly localized light emission at the vertex of AFM cantilever.
Indeed, as shown in Figure 5-7, highly localized light emission is observed from this de-
vice in forward bias, as shown in the far-field optical images of the tip under external il-
lumination (upper inset of Figure 5-7 (a)) and in the dark (lower inset of Figure 5-7 (b)),

along with the corresponding current- voltage characteristics (Figure 5-7 (a)). The loca-

tion of the light emission area in lower inset of Figure 5-7 (b) was determined by tracing
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the outline of the AFM cantilever and the shape of pyramid from the illuminated image

(upper inset of Figure 5-7 (a)).
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Figure 5-7 (a) (Upper inset) An optical micrograph of an organic light-emitting heterostruc-
ture 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 x 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) char-
acteristic 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 approximately 500 nm in di-
ameter and is indicative of intense Joule heating caused by current funneling through the vertex.
These images are representative of multiple experiments having similar outcomes. [46]

Note that the increased current density through the probe tip can also be visual-
ized via the localized degradation of the OLED structure due to Joule heating, as seen in
the scanning electron microscopy (SEM) images of Figure 5-7 (b). The melted region,

that is, the darkened region on the vertex, measures less than 500 nm across, suggesting a
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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 x
175 nm). 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.

The nano-OLED probe can work very consistently if only a moderate bias is applied.
As shown in Figure 5-8, the I-V curves obtained during EL. measurement are very consis-
tent. SEM images of nano-OLED probe were taken both before and after test. The intact
device structure in the SEM image labeled as “after test” demonstrates the ability for

multiple-usage of nano-OLED probes.
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Figure 5-8 Left: I-V curves of OLEDs on AFM cantilever obtained during the EL measure-
ment. If a moderate bias is applied, the device shows very consistent both |-V curves and light
emission. Right: SEM images of AFM cantilever before and after test. The intact device structure
in the SEM image labeled as “after test” demonstrates the ability for multiple-usage of nano-
OLED probes. (Zhao et al., 2007 MRS spring meeting)
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5.9 Summary

In summary, we describe a lithography-free process developed to fabricate an
electrically pumped OLED on a pyramidal AFM tip, where the localization of charge in-
jection, charge recombination, and light emission are achieved via the non-planar sub-
strate 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 re-
gion. An inverted device structure was developed to further enhance the selective current
injection, taking advantage of the highly concentrated electric field due to nanoscale cur-
vature of the probe’s vertex. Electron micrographs of the devices before and after electri-
cal biasing show extensive Joule heating at the vertex of the tip, indicative of current fun-
neling through a submicrometer-sized region. The ability to reliably fabricate nanoscale
organic-based light sources on commercial AFM cantilever substrates without extensive
post-processing suggests applications in high-resolution scanning optical microscopy, as

well as nanoscale optical and chemical sensing.
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Chapter 6

OLEDs on pyramid arrays

6.1 Introduction and motivation

The chapter 4 and chapter 5 have discussed the design and demonstration of a
sub-micrometer OLED integrated onto an AFM probe by a lithography-free vacuum
thermal evaporation (VTE) process. Highly localized emission was observed as predicted
by the simulation, likely due to the improvement of charge balance factor at the vertex of
the AFM probe. However, considering the extremely small device area ratio of the vertex
to the sides region, it is very difficult to isolate the voltage-current behavior of the device
on the vertex to experimentally study the effect of substrate geometry on the OLED.
Meanwhile, only individual probes have been fabricated, and there was insufficient light
output for accurate determination of their emission spectra using rudimentary optics. It
was also unclear how the non-planar micro-cavity structure of the OLEDs emitting from
the vertex regions modifies the emission spectrum relative to the planar configuration.
Therefore, it is from both physical and experimental interest to study the effect of a non-
planar substrate on the emission spectra of OLEDs. Finally, it is important to consider the
scalability of the probe fabrication approach, and to demonstrate the ability to fabricate a

large number of probes cheaply, and reproducibly.
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In this chapter, I discuss the fabrication and optical and electrical characterization
of large arrays of electrically pumped, sub-micrometer sized light emitters that were vac-
uum-deposited directly onto arrays of microscopic pyramids pre-formed on the substrate.
The effect of optical microcavity and the geometry of substrate on the emission spectrum
of OLEDs are also discussed. Finally, this chapter demonstrates the ability to easily fab-
ricate vast arrays of nanoscale emitters on micropatterned silicon, suggesting superior
scalability of the fabrication process for scanning probe optical microscopy applications

(e.g. relative to pulled glass fibers).
6.2 Fabrication of pyramid arrays

The device fabrication flow is shown in Figure 6-1.The substrate consisted of n-
type, (100) orientation silicon wafers having a resistivity of 0.01-0.001 Q-cm. The
pyramid arrays were formed by means of KOH wet etching for 15 minutes at 70°C
through a chemical vapor deposited silicon n