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Abstract
Pulsed Electroluminescent Devices for Emission Across Energy and Length Scales
by
Vivian Wang
Doctor of Philosophy in Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Ali Javey, Chair

Unusual device architectures may open up unexpected opportunities for optoelectronic de-
vices. For example, the range of luminescent materials that can be easily integrated in
light-emitting devices is often limited by material processing and band alignment issues.
This hinders the development of electroluminescent devices at extreme wavelengths and the
use of electroluminescence spectroscopy as an analytical technique. In this thesis, I explore
an unconventional scheme of electrically-driven light emission based on pulsed metal-oxide-
semiconductor capacitor devices. This concept can be used to produce electroluminescence
from a wide range of materials including bulk semiconductors, two-dimensional semicon-
ductors, colloidal quantum dots, organic molecules, and more. The performance of this
light-emitting device is studied through simulation and experiment, and practical charac-
terization is undertaken with different alternating-current driving schemes. By scaling the
device, low voltage operation of these devices is further demonstrated. The device not only
achieves emission spanning the near-ultraviolet to near-infrared energy spectrum, but also
offers a straightforward avenue towards achieving electroluminescence from materials with
different physical compositions and length scales spanning single particles to thick films. As
a result of the scalable fabrication approach, miniaturized arrays of many different color
light-emitting devices can be easily created on a monolithic substrate. The potential of
this device platform for spectroscopic applications is illustrated by spectral imaging demon-
strations which combine compressive sensing-based algorithms with highly multicolored and
multiplexed light-emitting arrays.
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Chapter 1

Introduction

1.1 Electroluminescence

It is difficult to envision a modern world without manmade lighting. From the street lights
illuminating our nighttime walks to the handheld displays tucked away in our pockets, the
ability to generate light by artificially engineered means has changed the way we live, en-
abling us to be productive for longer hours of the day beyond those naturally defined by
the rise and fall of the sun [1]. At the same time, the ubiquitous presence of artificial light-
ing has contributed to potentially detrimental rising energy consumption. Light-emitting
diodes (LEDs), the contemporary solid-state form of lighting, rely on the phenomenon of
electroluminescence, a process by which electrical charges are injected and recombine in
a semiconductor to produce light. Although discovered in the early 1900s, it took many
decades of development to turn the physical discovery into a technology practical enough
to occupy our everyday lives. Along this technological journey, many key developments
transformed the applications of LEDs as compact light sources (e.g. research on efficient
blue LEDs which allowed us to complete the colors of the visible spectrum [2]) and we now
possess exceptional control over their emission characteristics.

The concept of electroluminescence is far from new: electroluminescence in inorganic
materials was reported in 1907 and 1927 by Henry Round and Oleg Losev, respectively,
who found that SiC crystals exhibited light emission upon application of electric current
[3, 4]. Subsequent work on light emission from semiconductor p-n junctions led to the
creation of the first inorganic red LED in 1962 by Nick Holonyak [5], soon followed by LEDs
of other colors from green to orange. In recent years, a variety of emerging materials for
solid-state lighting have been explored, from organic semiconductors and colloidal quantum
dots to nascent materials like two-dimensional semiconductors and perovskites. While these
materials offer advantages such as ease of growth and large-area processing, there is still
much room for improvement in the performance and lifetime of devices made from these
materials. If achievable, lighting could achieve new form factors and purer colors among
other characteristics.
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1.2 Light-emitting device structures

The generation of light by electricity is a simultaneously simple but complex operation, and
there are many ways to achieve it via a solid-state device. Perhaps the first structure that
comes to mind is that of a light-emitting diode, of which there exists many variants tailored
to a wide array of inorganic and organic materials. In these devices, a junction is formed
between a p-type (possessing an excess of holes) and n-type (possessing an excess of electrons)
doped semiconducting material. Upon application of forward bias, the number of p-side
electrons and n-side holes increase, thereby increasing the chance of radiative recombination
of electron-hole pairs leading to light emission.

The organic analog, or organic LED (OLED), operates based on a similar principle.
Organic materials are a uniquely tunable material system due to the nearly infinite synthetic
space accessible to molecular materials. An early bilayer prototype developed by Tang
and Van Slyke in 1987 comprised a heterojunction between an electron transport and hole
transport layer, which was sandwiched between low and high work function electrodes used
to inject electrons and holes, respectively [6]. Notably, the organic layers were only tens
of nanometers thick, enabling efficient light emission in contrast to earlier attempts which
required hundreds of volts or more due to the use of millimeter-scale organic crystals [7].
In these so-called excitonic materials, injected charges localize on emissive molecules and
form a bound electron-hole pair or exciton, which radiatively recombines to produce light
emission. OLED architectures have been thoroughly developed over the years, oftentimes
with numerous additional layers to optimize the transport and recombination of charges.
An important development was the use of doped emissive layers in which a small percent
of luminescent molecules are introduced into a conducting host material with larger band
gap [8]. Electrical injection leads to exciton formation in the host material with subsequent
transfer to the luminescent molecule, thus avoiding concentration quenching which otherwise
reduces the luminescence efficiency. This class of devices has been pursued for their potential
for low-cost, low-temperature integration on large-area or flexible substrates. In a similar
spirit, electrically-driven colloidal quantum dot light-emitting diodes have seen substantial
recent development but have yet to be effectively commercialized. These solution-processed
materials are naturally monochromatic, with a band gap energy determined by the size and
composition of the nanocrystal, and present an avenue towards highly saturated colors.

In light of the work in the forthcoming chapters, it would be remiss not to mention a
lesser known but equally historical device: the light-emitting capacitor [9]. Experiments on
electroluminescence were performed as early as 1936 by applying extremely high alternating
electric fields to zinc sulfide phosphor powder [10]. These devices, referred to as alternating
current thin-film electroluminescent (AC-TFEL) devices when applied to thin film phosphors,
were later commercialized into strikingly simple, robust and long-lasting display panels with
acceptable power efficiency due to their inherently capacitive, energy recovering nature. In
these devices, a light-emitting phosphor is sandwiched between two dielectric layers with a
conducting electrode on each side (where is one transparent in order for light to escape), and
electroluminescence occurs by hot-electron impact ionization of luminescent centers [11].
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1.3 Dissertation overview

This dissertation explores a surprisingly easy means of generating light by electrical excita-
tion which combines many elements of the aforementioned light-emitting device structures.
The approach is based on a light-emitting capacitor device whose structure resembles that
of a metal-oxide-semiconductor (MOS) capacitor. Unlike most other conventional light-
emitting devices, the device operates only by pulsed or alternating current bias and relies
on only a single charge injecting contact. The initial concept originates from photophysical
studies on monolayer semiconductors and the unforeseen finding of electroluminescence from
transition-metal dichalcogenide monolayers incorporated in a capacitor structure [12]. With
a few slight geometric modifications, the structure can be easily adapted to new material
situations, which is the subject of this dissertation.

This thesis starts with an introduction to the device concept, followed by a traversal
through more detailed device analysis and optimization, before ending with an assortment
of brief experimental applications. In Chapter 2, we establish the basic behavior of this
device when operated with a variety of nanomaterials and look at possibilities in spectro-
scopic chemical analysis. In Chapter 3, we delve into the performance of the device in
more detail through a combination of simulation and experiment. By scaling the device
in a manner familiar to MOS transistors, we demonstrate operation of the device at low
voltages approaching the band gap of the emissive material. In Chapter 4, we characterize
the efficiency of these devices with high photoluminescence quantum yield emitters from the
perspective of a resonant driving scheme. In Chapter 5, we demonstrate scalability of the
device by creating large, multiplexed arrays of light-emitting capacitors in which a diverse
palette of emitters are painted on a substrate of pre-patterned electrodes in a pointillist style.
Several proof-of-concept examples of spectral measurement and imaging are demonstrated
using these miniaturized, highly multicolored light-emitting arrays. In Chapter 6, we show
that the device can be used to generate and probe emission from individual luminescent
entities. As an example, we present electrically driven light emission from single quantum
dots with narrow linewidth at low temperature. Through these vignettes, we hope to ex-
plore opportunities — whether passing or not — that might arise from an unconventional form
of light emission and establish the state of its performance relative to peer light-emitting
devices along the way.



Chapter 2

A “generic” electroluminescent device

This chapter is adapted from:

Y. Zhao*, V. Wang™*, D.-H. Lien*, A. Javey, “A generic electroluminescent device for emission
from infrared to ultraviolet wavelengths”, Nature Electronics, 3, 612621, 2020. (*equal
contribution)

The range of luminescent materials that can be used in electroluminescent devices is
limited due to material processing challenges and band alignment issues. This impedes
the development of electroluminescent devices at extreme wavelengths and hinders the use
of electroluminescence spectroscopy as an analytical technique. In this chapter, we show
that a two-terminal device that uses an array of carbon nanotubes as the source contact can
excite electroluminescence from various materials independent of their chemical composition.
Transient band bending, created by applying an alternating current gate voltage, is used to
achieve charge injection across different band alignments. As a result, the device can produce
electroluminescence from infrared (0.9¢V) to ultraviolet (3.3eV) wavelengths depending on
the emitting material drop cast on top of the nanotube array, and with onset voltages
approaching the optical energy gap of the emitting material. Such a device can be used to
probe a chemical reaction in a liquid droplet via electroluminescence spectroscopy or be used
as an electroluminescence sensor for detecting organic vapors.

2.1 Introduction

Electroluminescence (EL) is fundamental to the operation of light-emitting devices and en-
codes compositional information of the emitting material that can be analysed by EL spec-
troscopy. To achieve EL emission, devices adopt different structures, operate with different
mechanisms and have emitters of different compositions [13-18]. However, they typically
require particular features to accommodate different emitting materials, as the generation
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of EL requires the injection and radiative recombination of oppositely charged carriers into
the emitting layer.

Common direct-current (DC) driven inorganic and organic light-emitting diodes (OLEDs)
rely on either p- and n-doped regions or multiple charge transport layers designed to have
proper band alignment with the emitter layer [14, 16]. Light-emitting electrochemical and
electrochemiluminescence cells depend on electrochemical processes to generate EL, which
require the presence of an ionic component or electrolyte in the emitting layer [19, 20].
Alternating-current (AC) driven EL devices do not necessarily require emitter-specific charge
injection layers [21-23]. However, early examples (such as sulfide-based light-emitting capac-
itors) require high operation voltages of over 100V to achieve impact excitation or bipolar
field emission [23, 24]. Organic AC-driven light-emitting devices have recently been shown
to operate at lower voltages while maintaining high brightness, but still apply voltages well
beyond the optical bandgap of the emitting material [18, 21, 25, 26].

A device that can excite EL directly from a wide variety of emitters of different morpholo-
gies, compositions and emission wavelengths has not yet been achieved. However, such a
device could enable the broader use of EL spectroscopy as a material analysis technique and
accelerate the development of light-emitting devices at extreme wavelengths. To fabricate a
generic EL device, two key challenges need to be addressed. First, deposition of the emissive
material should be the last step of the fabrication process. For many molecular systems, an
emitter layer would be damaged by additional processing, or the emitter layer cannot be de-
posited as a uniform thin film for the deposition of subsequent layers (for example, a droplet
of solution). There is also a minimum thickness of the emitter layer required in conventional
OLEDs, with nanometer thick films being incompatible due to pinhole formation. Secondly,
the device structure must allow for carrier injection into a broad range of materials, includ-
ing those with large energy barrier heights or mobilities approaching zero. Current OLEDs
require optimization of multiple injection layers for each corresponding emitter material,
which limits the range of wavelengths that can be excited by any single device.

This chapter describes an AC-driven metal-oxide-semiconductor (MOS) capacitor struc-
ture with a carbon nanotube (CNT) network source contact that allows carrier injection in
arbitrary emissive materials deposited on top of the device (Figure 2.1). Instead of relying
on specific charge injection layers, band bending induced at the interface between the CNT's
and emitting layer by the AC voltage allows efficient bipolar charge injection to be attained
regardless of the barrier heights between the contact and emissive material [12]. Critically,
the dense CNT network allows charge injection into emissive materials with low carrier mo-
bility. The bottom gate contact, gate oxide layer, and source contact of this structure can
be fabricated prior to the deposition of the emitter layer. The emissive material can be de-
posited on top of the prepared substrate without any subsequent processing (Figure 2.2). By
removing limits on the emitter material’s processability and band alignment between layers,
our generic device can generate EL from a wide range of materials with peak emission from
ultraviolet (UV; 3.3eV) to infrared (IR; 0.9 eV) wavelengths. The potential of the approach
for EL spectroscopy is illustrated by probing the dynamics of an imine condensation reac-
tion occurring in a droplet of liquid on the device and demonstrating use of the device as a
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Figure 2.1: Device structure and EL image. The device structure with an assembled
CNT network on SiO,/Si and patterned source contact. The device operates by applying AC
voltage between the metal grid on the CNT network (S) and Si backgate (G) (a). Uniform
EL can be excited with all type of emitters (b), where Ru(bpy)s(PFg),, CdSSe/ZnS alloyed
quantum dots (520nm) and poly(9,9-dioctyl-9H-fluorene-2,7-diyl) (PFO) are used as red,
green and blue emitters in the EL image. Devices are measured with a 15V, 100 kHz square
wave. Scale bar is 0.1 mm.

chemical sensing platform for organic vapors.

2.2 Device structure

To fabricate the EL device, semiconducting CNTs are assembled on a 50 nm SiO,/p™t Si
substrate through a solution-processing method [27]. The CNTs deposited in this way form a
continuous network that is conductive (sheet resistance ~ 80k(2/sq) but also highly porous.
Varying the CNT assembly time gives different CNT densities (Figure 2.3). Although the
CNT network is the source contact, a metal grid electrode is patterned by photolithography
for wire-bonding and to reduce the parasitic resistance (Figure 2.2a). The CNT network
outside the metal grid area is etched with O, plasma (Figure 2.2b). A field-effect transistor
is fabricated next to each EL device to check the electrical properties of the CNT network
(Figure 2.4). We chose semiconducting CNTs instead of metallic CNTs because the former
can be uniformly assembled over large areas with poly-L-lysine, but metallic CNTs can also
be used as contacts to produce EL (Figure 2.5). It is worth noting that CNTs have previously
been used as additives in light emitting layers of AC organic light-emitting devices to enhance
device brightness [21, 28, 29], and CNT networks have also been used as source contacts in
a light emitting transistor to allow for gate control in a vertically-structured, multi-layer
device [30].

The light-emitting materials are deposited on the CNT network contact by drop-casting,



CHAPTER 2. A “GENERIC” ELECTROLUMINESCENT DEVICE 7

Figure 2.2: (a) Device fabrication involves CNT assembly, metal grid patterning, CNT
etching, and emitter layer deposition. The unetched area of CNTs is the slightly darker
region in the image and is highlighted by the dashed line (b). CNTs outside the dashed lines
are removed in the O, plasma etching. Two FETSs are fabricated for each EL device to check
the electrical properties of CNT contacts (two smaller areas enclosed by the dashed lines).

spin-coating or evaporation, and AC voltage is applied to the gate while grounding the metal
contact grid which contacts the CNT network. Uniform EL can be obtained with different
types of materials at different wavelengths, as shown by the EL images of poly(9,9-dioctyl-
9H-fluorene-2,7-diyl) (PFO, conjugated polymer), CdSSe/ZnS alloy quantum dots (520 nm;
inorganic semiconductor), and Ru(bpy)s;(PFg), (fluorescent molecule) in Figure 2.1b. As the
device does not impose any requirements on the processability of the emitters, a wide variety
of materials can be used, from small molecules that form scattered crystals to polymers that
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Figure 2.3: AFM of semiconducting CNT networks assembled on Si/SiO, substrate for
different durations. The resulting planar CN'T density is estimated by counting from the
AFM image (9, 11, 14, 17 CNTS/um? for 5, 10, 30, 60 min samples, respectively). For the
60 min sample, CNTs appeared thicker due to bundling. This effect is also reflected in the
FET measurement, where the device with CNT network assembled for 60 min give a much
higher current at positive gate voltage (i.e. low on-off ratio).

form glassy films. Moreover, the device does not rely on emitter specific charge injection
layers and therefore does not limit the choice of emitters with regard to the achievable band
alignment between layers. These advantages allow for the production of EL from the IR to
UV range (Figure 2.8a). Specifically, 2,7-di-tert-butylpyrene (BPYE) gives EL up to the UV
region; PFO and CdSSe/ZnS alloy quantum dots (520 nm) give blue and green emission; and
Ru(bpy)s(PFg)s, and PbS quantum dots give red and short-wave IR emission, respectively.
Notably, small aromatic molecules such as pyrene and anthracene, which possess HOMO-
LOMO gaps corresponding to the UV region, have not been reported in organic light emitting
diodes due to difficulties in band alignment with selective charge injection layers and their
strong tendency to crystallize into nonuniform films. EL can in other cases be absorbed by
intermediate organic layers and only be observed when the emitting layer is the top layer of
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Figure 2.4: Electrical properties of CNT networks assembled for different amounts of time
measured with a FET device where the channel length and width are 20 pm and 100 pm,
respectively (a). Gate capacitance of the CNT network also shows increased CNT density
with longer assembly time (b).

Figure 2.5: AFM of a metallic CNT network deposited on Si/SiO, substrate (a). The
substrate is treated with poly-L-lysine in the same way and the solution of 99.9% purity
metallic CNT was dropcasted on to the substrate kept at 100°C. The solution was left on
the hotplate until water is evaporated, and the substrate was subsequently washed with DI

water. Scale bar is 1 pm. The EL device with metallic CNT gives same EL as semiconducting
CNTs and the EL of Ru(bpy)s(PFg), is shown in (b).

the device, likewise preventing incorporation of certain materials in conventional OLEDs.
With the device reported herein, we produce EL from materials of all types, from colloidal

nanomaterials such as quantum dots (Figure 2.8b), to aromatic molecules (Figure 2.8c), con-

jugated polymers (Figure 2.8d) and metal complexes (Figure 2.8¢). For simplicity, we only
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show three to four emitters per material type and more examples can be found in the compre-
hensive table of emitters used on the device (Tables 2.1-2.4). With such a generic EL device,
multiplexed EL from different materials can be achieved with an array of the EL devices
where each emitting material is deposited on one pixel of the array. We demonstrate this mul-
tiplexed EL with four different emitters (BPYE (3), poly[(9,9-di-(2-ethylhexyl)-9H-fluorene-
2,7-vinylene)-co-(1-methoxy-4-(2-ethylhexyloxy)-2,5-phenylenevinylene)| (PFV), Ru(bpy)s(PFg),
(2) and CdSeTe/ZnS quantum dots (850 nm; IRQD)) with each emitter belonging to a differ-
ent class of materials (aromatic molecules, conjugated polymers, molecular metal complexes
and inorganic semiconductors) and emitting at a different wavelength in the UV to IR re-
gion (Figures 2.8f and 2.6). EL of the four different emitters can be simultaneously measured
(Figure 2.8g) within a 2.25 mm? area, demonstrating the potential to use this EL device for
multiplexed EL generation. The device area can be scaled up without fundamental limita-
tions as demonstrated by a 25 mm? device (Figure 2.7).

Figure 2.6: Optical image of a typical four-pixel device. (a) The pixel before emitter drop
casting. Scale bar: 0.1mm. (b) Typical four-pixel device after drop casting. The EL
measurement for this device was carried out at 20V, 100 kHz.

Figure 2.7: Image of EL from a large area (25 mm?) device with Ru(bpy)s(PFg), biased at
12.5V, 100kHz. The CNT network covers the entire metal electrode area.
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Figure 2.8: EL from IR to UV wavelengths with different types of materials. EL
spectra of the device with different emitting materials (a). The device can excite EL from
a wide variety of materials, including inorganic quantum dots (b), aromatic molecules (c),
conjugated polymers (d) and coordination complexes (e). Different emitting materials can
be drop casted on an array of EL devices (f), which produces EL from the IR to UV range
within a 2.25mm? device area (g). The emitting materials are BPYE (UV to blue), PFV
(yellow), Ru(bpy)s(PFg), (red), and IRQD (IR), respectively. The IR EL image is shown
with false color. Scale bar is 0.5 mm.
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2.3 Device mechanism

To better understand the role of the CNT network in enabling light emission from a variety
of materials, we performed device simulations based on the structure shown in Figure 2.9a,
which consists of two parallel grounded CNT source contacts spanned by a light-emitting
semiconducting material. The simulated emissive material was placed on top of a 50 nm
SiO, layer with a gate contact on the bottom to which a £15V pulsed gate voltage (V;) with
finite slew rate was applied (Figure 2.9b). As shown in Figure 2.9a, this structure represents
the region of emissive material between two individual CNTs separated by a distance L on
the same plane. Energy band diagrams calculated at steady-state and transition points of
the pulsed waveform demonstrate the ability to inject electrons and holes into the emissive
material from the CNT contacts at upward and downward transitions, respectively (Figure
2.9¢). At a gate voltage of —15V, the electron and hole quasi-Fermi levels (Ep, and Ep,)
are situated near the valence band (Ey ), indicating that a high density of holes is present
in the semiconductor at steady-state. As the gate voltage sharply increases to 15V, the
hole density rapidly diminishes while the electron density increases, resulting in transient
electroluminescence as entering electrons recombine radiatively with exiting holes (Figures
2.9d-f). Electroluminescence at the downward transition can be explained similarly and is
consistent with previous explanations of AC electroluminescence [12].

Tunneling of carriers into the emissive material at voltage transitions is achieved by steep
band bending at the resistive Schottky contacts as the electric field across the capacitive
structure attempts to switch. Notably, the steep band bending at voltage transitions obviates
the need for work function alignment of the contacts and enables carrier injection and EL
even in materials with large injection barriers, as long as a pulse with sufficiently high
voltage and slew rate is applied. At the gate voltages considered in this study, carriers can
also occupy higher sub-band states of the low-dimensional carbon nanotubes, which may
promote carrier injection into materials with large band (HOMO-LUMO) gaps.

2.4 Device characterization

We first characterized device performance using Ru(bpy)s;(PFg), as an example emitting
material. The EL intensity increases with both voltage and frequency (Figures 2.10a and
b), which is consistent with the AC charge injection mechanism. When applying a square
wave gate voltage with sufficiently low frequency, charge carrier populations in the emitting
material reach steady state before each gate voltage transition and the average EL intensity
increases linearly with frequency, or the number of gate voltage transitions per unit time
(Figure 2.10b). The linear relationship between EL intensity and frequency is found to be
general to different emitters. EL continues to increase with frequency until the time interval
between gate voltage transitions is not long enough for the device to reach steady state. The
pulsed nature of EL is further confirmed by time-resolved electroluminescence measurement
(Figure 2.10c), where EL is only observed at gate voltage transients. The difference in EL
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Figure 2.9: Device simulation. A schematic of the simulated device structure is shown
in (a). The top surface area view (left) shows a random CNT network amongst a layer of
emissive material. The cross-sectional view (right) shows the region of emission between two
grounded CNT contacts. A square wave pulsed voltage is applied to the bottom gate contact
with V, = 15V and a slew rate of 0.75Vns™! (b). Energy band diagrams at one of the source
contacts are shown in (c) for the time points indicated in (b) using a simulated device with
50nm SiOy, p = 0.001ecm?V~'s™! and L = 1ym. E¢ and Ey are the conduction and
valence bands. Ep, and Ep, are the electron and hole quasi-Fermi levels. The contact is
located at < 0 and the emissive material is located at > Onm. Electron density (d), hole
density (e), and radiative recombination (f) as a function of distance in the channel after an
upward transition (i.e. from time point 1 to 2), with color indicating the time elapsed since
the start of the transition.

intensity between the upward and downward transitions reflects the different barrier heights
for injection of electrons and holes. The device performance characteristics agree well with
our understanding of its operation mechanism and is different from that of light-emitting
electrochemical cells or electrochemiluminescence cells. Light-emitting electrochemical cells
rely on electrochemical processes at the electrode interface to inject carriers into the emitter,
can operate in both AC and DC mode, and have a much longer (milliseconds to hours)
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turn-on time [19]. Electrochemiluminescent cells operate through electrochemiluminescence,
which is a charge transfer reaction between reduced and oxidized forms of luminophores
that produces excited states of the molecule and leads to light emission. The EL of elec-
trochemiluminescent cells displays a unique frequency dependence that typically peaks at
1kHz, which corresponds to the time required to establish electrochemical double layers at
the electrode (Figure 2.11) [31]. Although electrochemiluminescence could take place in the
device on the molecular level, as reduced and oxidized species can co-exist during the gate
voltage transients, the device characteristic is different from that of electrochemiluminescent
cells since the EL linearly increases with frequency to at least 100 kHz.
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Figure 2.10: Device characterization. The voltage (a) and frequency (b) dependence of
device electroluminescence show characteristics consistent with simulation. The device pro-
duces an approximately constant EL per cycle until the frequency is too high for the device to
reach steady-state (b, inset). The operating mechanism is further confirmed by time-resolved
EL measurement showing the pulsed nature of EL (¢). The EL intensity, turn-on voltage
and external quantum efficiency of different emitters are compared in (d), (e) and (f), re-
spectively. The turn-on voltage is defined as the voltage where the EL power density reaches
5x 1078 W em ™2 (where EL can be accurately measured by the power meter). The names of
different emitters are abbreviated in the legend: BPYE for 2,7-di-tert-butylpyrene, DPA for
9,10-diphenylanthracene, PFO for poly(9,9-dioctylfluorene), Ru(bpy) for Ru(bpy)s(PFg),,
R-QD for CdSSe/ZnS alloy quantum dots (630nm), and IRQD for CdSeTe/ZnS quantum
dots (850nm). Devices measured at 12.5V for (b) and 100 kHz for (a), (d), and (e).
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Figure 2.11: The CNT device operated based on an electrochemiluminescence (ECL) mech-
anism. To make ECL the dominant mechanism, a solution of an ionic emitter is used
[Ru(bpy)s(PFg)s, 50mgmL " in dimethylacetamide]. When a negative gate voltage is ap-
plied, Ru(bpy)s*" on the electrode interface is oxidized to form Ru(bpy)s3™ through an
electrochemical process (equivalent of hole injection in solid state), which then diffuses into
the solution. In the solution, the gate electric field is screened by excess Ru(bpy);2* ions
and does not hinder such diffusion. When the gate voltage is reversed, the opposite electro-
chemical process takes place to produce a reduced molecular species Ru(bpy)3™ (equivalent
to electron injection) that also diffuses from the electrode. Thus, the reduced and oxidized
species are both present in the solution at the proximity of the electrode and can react to
form excited state emitter molecule Ru(bpy)2** that would then decay to ground state and
emit light. The frequency dependence of EL shows the typical behavior of ECL which gives
a peak around 1 to 10 kHz, and above this frequency the electrochemical process cannot pro-
ceed efficiently as the electrochemical double layer cannot be established at such frequencies.

To better characterize the device performance across a wide variety of emitters, we mea-
sured the voltage dependence of EL for six different emitters (BPYE, 9,10-diphenylanthracene
(DPA), PFO, Ru(bpy)s(PFg)s (Rubpy), CdSSe/ZnS alloyed quantum dots (630nm; R-
QD), and IRQDs) from different material categories (inorganic semiconductors, aromatic
molecules, conjugated polymers and metal complexes) and with EL wavelengths ranging
from UV to IR (Figure 2.10d). The EL spectrum of each emitter is presented in Figure 2.8
and their names are abbreviated in the legend for clarity. It is clear that device operation
is not limited to any specific material category. The device turn-on voltage increases with
the peak EL photon energy (Figure 2.10e). It is worth noting that this trend does not take
into account differences in photoluminescence quantum efficiency for different emitters. The
external quantum efficiency (EQE) can be estimated by operating the device with a sine
wave AC voltage and measuring the EL intensity and current. The estimated lower limit
of device EQE for various emitter materials is summarized in Figure 2.10f, and the EQE
for Ru(bpy)s(PFg)s, DPA, and PFO is on the same order as their DC OLED counterparts
[32-34].

We further studied the effect of emitter layer thickness to investigate how much emissive
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material is required for reasonably bright EL. For this purpose, we used PFO as the model
emitter as it can be readily spincoated into uniform films. With PFO thickness increasing
from 1.5 to 8 nm, the device EL increases linearly with thickness and does not further increase
with higher PFO thickness (Figures 2.12 and 2.13). Remarkably, the device can function
with an emitter layer only 1.5nm thick. This result indicates that the device can be used to
obtain EL spectra from small amounts of analyte.

CNT network contacts provide the unique ability to tune the density of contacts to the
emissive material. By controlling the assembly time, the average distance L between individ-
ual nanotubes can be optimized to maximize the time-averaged electroluminescence from the
emissive material. As L increases, the resistance between source contacts increases and the
delay in switching the voltage across the capacitive structure becomes longer, lengthening
the time during which emission is observed after the transition. At the same time, more area
is available for carriers to travel and radiative recombination to occur, increasing the total
amount of radiative recombination. When the CNT-CNT distance is too short, gate control
of the emissive material channel is weakened and the degree of band bending in the channel
is limited, akin to the short-channel effect in transistors. As shown in Figure 2.14a, the peak
amount of radiative recombination increases with increasing L up to a certain length, after
which the benefit of increasing L becomes less significant.

Although simulations indicate that large L (or sparse CNT networks) are beneficial for
improving emission between two single nanotube contacts, the amount of radiative recom-
bination per unit area of the device surface is proportional to both the amount of radiative
recombination between two individual contacts and the density of contacts. By approxi-
mating the contact density p as 1/L? CNTs cm~2 where L is the average distance between
nanotubes [35], we find that there is an optimal distance between CNT contacts that maxi-
mizes the amount of radiative recombination, or electroluminescence. Note that the average
distance between nanotubes must still be lower than the percolation threshold in order for
an electrically conducting network to form across large areas. Experimental measurements
show that devices with very low or very high density CN'T networks tend to exhibit degraded
emission intensity (Figure 2.14c¢), thus corroborating our simulation results and demonstrat-
ing that device performance can be enhanced by controlling contact density. Importantly,
the optimal distance between source contacts depends on the mobility of the semiconducting
material (Figures 2.15b and 2.14b); in materials with low mobility, carriers are less able to
travel far into the emissive material bulk, meaning that it is desirable to increase the contact
density, i.e. reduce the distance between nanotubes, to improve the brightness of emission.

We experimentally studied the dependence of EL on CNT density for six different emit-
ters encompassing inorganic semiconductors, aromatic molecules, conjugated polymers and
metal complexes with emission wavelengths from IR to UV (Figures 2.15a and 2.14c), where
different CNT assembly times were used to fabricate devices with different CN'T densities.
CNT assembly times of 5, 10, 30 and 60 min gave average CNT densities around 9, 11, 14,
and 17 CNTs pm~2 respectively, as characterized by atomic force microscopy (AFM) (Figure
2.3). The increase in CNT density also results in increased gate capacitance and on-current
of CNT FET devices consistent with literature values (Figure 2.4). For Ru(bpy)s;(PFg)s,



CHAPTER 2. A “GENERIC” ELECTROLUMINESCENT DEVICE 17

Figure 2.12: Thickness control of spincoated PFO thin films. The optical image, AFM image
and cross-section of PFO films are shown in each column. PFO/toluene solutions of different
concentrations (10, 2.5, 1.25, 0.625 mg mL_l) were spin-coated at 6000 rpm for 30 sec to give
PFO films with thicknesses of 35, 8, 3.5, and 1.5 nm, respectively.
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Figure 2.13: Effect of PFO thickness on device EL. The thickness of PFO films spincoated
from PFO solutions of different concentration. The integrated EL of devices with different
PFO emitting layer thicknesses measured at 15V, 100 kHz.

BPYE, PFO, and DPA, the optimal CNT density was found to be 11 or 14 CNT pm~—2,
which can be achieved with assembly times of 10 or 30 min. For the IRQDs, higher CNT
density tends to give higher EL. The general trend of CN'T density dependence is consistent
with device simulation results, further supporting our picture of the operating mechanism.
Simulated calculations of radiative recombination as a function of CNT density show that EL
in lower mobility materials can be enhanced by using higher density CNT contacts (Figure
2.15b). In the lowest mobility case (1 = 0.0005cm V~2s7!), EL appears to increase mono-
tonically with CNT density because the optimum in CNT density lies outside the shown
range of CNT densities. Thus, it is possible for the EL of certain emitters to appear to
strictly increase or remain nearly constant with CNT density depending on properties of
the deposited emissive material and the range of CNT densities tested. From a practical
perspective, all emitter materials exhibit reasonable EL (within two times of the highest EL
value measured) with a 30 min assembled CNT network contact, so it would be possible to
obtain EL from different types of materials without changing the CN'T density on the device.

Finally, we investigated the impact of gate dielectric scaling on EL generation in AC-
driven devices (Figure 2.15¢-g), which are conventionally known to suffer from high operating
voltages. From both simulation and experimental results (Figure 2.16), we find that the onset
voltage for EL decreases as the SiO, dielectric thickness decreases for the device depicted
in Figure 2.1. Above the turn-on voltage, devices with different oxide thicknesses exhibit
similar EL. as a function of the effective injected charge (Figure 2.16¢). Simulated energy
band diagrams elucidate the benefit of reducing the gate oxide thickness at low operating
voltages (Figure 2.15¢). When the gate oxide is thick, the gate capacitance is small and the
AC voltage swing can only induce gradual band bending at the contacts at low voltage. The
reduced quasi-Fermi level splitting and carrier concentrations in the emitter layer lead to
low radiative recombination, and the energy bands and carrier concentrations do not reach
the expected steady state condition either. Based on these results, we fabricated devices in
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Figure 2.14: Dependence of EL on CNT density and emitter material mobility. (a) Sim-
ulated radiative recombination integrated over the emissive material volume between two
CNT-CNT contacts with distance L as a function of time since the start of the upward
transition. Emitter material mobility is g = 0.01cm? V=!s71. (b) Simulated areal radiative
recombination (radiative recombination per unit surface area for a network of CNTs with
average CNT-CNT distance L). When scaled by ,/z, the areal radiative recombination fol-
lows a universal trend as a function of |/i/L. The simulated emission is higher in lower
mobility materials as carriers are retained in the area near the contact for a longer period
of time during the fast voltage transition, allowing for more radiative recombination. The
optimal ratio of \/zi/L is around 0.07; thus, the optimal CNT-CNT distance depends on the
mobility of the emissive material. For lower mobility materials, it is desirable to decrease the
CNT-CNT distance, since the peak emission area is situated closer to the contact and total
areal emission can be improved by increasing the number of individual CNT contacts. The
unit of mobility is cm? V=1 s™! and the unit of length is pm. Simulations were performed for
a 50nm SiO, gate oxide device with a V;, = 20V square wave gate voltage with slew rate
1Vns~t. (c) Experimental measurement of the dependence of EL intensity on CNT network
density for different emitters. EL intensity was measured at 15V for PFO, DPA, BPYE,
Ru(bpy)s(PFg), and 10V for IRQD, R-QD. Horizontal error bars represent the standard
deviation of CNT densities estimated from different 1 pm? areas from AFM.
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Figure 2.15: Device optimization. (a) Experimentally measured dependence of EL on
semiconducting CNT network density for different emitters. Error bars represent standard
deviation. (b) Simulated radiative recombination per unit surface area as a function of CNT
density for 50 nm SiO, gate oxide devices with emitter materials of different mobility (units:
em? V=1s71). (¢) Cross-sectional schematic and (d) optical image of a device with thin gate
dielectric. Scale bar: 100 pm. (e) Simulated band diagrams at the contact-emitter interface
at the same timepoints in Figure 2.9 with V; = 3V (e). The top plot represents a device with
50nm SiO, gate dielectric; the bottom plot represents a device with 8 nm high-x (¢ = 22)
gate dielectric. (f) EL from Ru(bpy)s;(PFg), using metallic CNT devices with a gate oxide
of 50nm SiO,, 8 nm ZrO,, or 8 nm ZrO, on top of a back reflector. Inset: data with linear
scaling. (g) Experimentally measured (circles) and simulated (stars) turn-on voltages for
different emitters. The dotted line marks the gate voltage corresponding to half the photon
energy (V, = E,,/2), which represents a total voltage swing of 2V, = E,;. Measurements
were performed using 8 nm ZrO, gate oxide devices without a back reflector.
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which AC voltage between the CNT network and bottom gate contact is applied across a thin
high-x gate dielectric (Figure 2.15¢-d). To reduce parasitics and improve device robustness,
we maintained top contact pads on relatively thick SiO, (Figure 2.17). We also found that
the use of metallic CNT networks reduces lateral resistive losses at low voltage (Figure 2.18).
The combination of these improvements leads to a reduction in the EL turn-on voltage (V)
across emitters from IR to blue wavelengths (Figures 2.15g and Figure 2.19) compared to
the earlier result (Figure 2.10e). The trend in V7 as a function of EL photon energy closely
follows the values calculated from simulation of materials with different band gap energies,
with vertical offset in the data partly attributable to differences in the threshold of photon
counts required to determine the onset of EL experimentally. In addition, the EL photon
energy is assumed to be the band gap energy in simulation whereas the measured photon
energy is smaller than the band gap depending exciton binding energy of the material. As
the photon energy of the emitting material decreases, the total applied voltage swing (2V})
at the onset of EL approaches the photon energy. To further improve device performance,
a metal back reflector layer can be incorporated below the emission area to improve light
outcoupling, which is degraded as the oxide thickness is reduced. The enhanced EL allows
detection of EL at even lower threshold voltages as well as a steeper turn-on characteristic
(Figure 2.15f). At the voltage at which the 50nm SiO, device starts to turn on (~ 2.5V),
the 8 nm ZrO, device with a back reflector achieves the level of EL that the 50nm SiO,
device does not reach until over 5V. Overall, our results suggest that EL can be produced
with AC voltages as low as the optical energy gap of the emitting material and on par with
the voltages in DC electroluminescent devices.
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Figure 2.16: Measured internal EL power from 10 kHz sine wave excitation in (a) log and
(b) linear scaling for devices with different SiO, thicknesses and metallic CNT networks.
To aid quantitative comparison, the externally measured power is normalized by the light
outcoupling factor as calculated using the transfer matrix approach assuming isotropic me-
dia and an emitter plane at the oxide-emitter layer interface. (c¢) Internal EL power as a
function of the effective injected charge density (/A for device area A) above the turn-
on voltage, which is related to C(V — V) where V' is the applied gate voltage, Vr is the
turn-on voltage, and C' is the gate oxide capacitance. (d) Experimentally measured and sim-
ulated turn-on voltages (V1) as a function of gate oxide capacitance, showing agreement in
trend (experimental V7 is determined from the voltage where the internal EL power crosses
3x 1075 W em ™2 and simulated V7 is determined from the voltage where there are more than
eight radiative recombinations per transition). Simulations were performed with a 10kHz
sine wave excitation and material mobility of 0.0001 cm? V~!'s™! and a CNT-CNT distance
of 300 nm. (e) Comparison of measured external EL power of devices with 50 nm SiO, gate
oxide versus 8 nm ZrO, gate oxide without (downward triangles) or with (upward triangles)
a metal back reflector using the same excitation conditions, showing similar enhancement as
with a 100 kHz square wave gate voltage in Figure 2.15. Experimental measurements were
performed using Ru(bpy)s;(PFg), and simulations were performed using an emitter bandgap
of 2eV.
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Figure 2.17: Cross-sectional schematic of the fabrication process for the EL device with a thin
high-r gate dielectric. p™ Si/SiO, substrates first undergo a patterned etch using 6:1 BOE,
where the exposed Si is the eventual region of emission in the final device. For devices with
a back reflector, a Ti/Ag/Ti stack with thick Ag (150nm) is optionally evaporated in the
ptT Siregion. The gate dielectric (ZrO,) is then deposited by ALD followed by evaporation
of SiO, to promote CNT assembly (no oxygen plasma treatment is applied). The rest of the
fabrication procedure is identical to Figure 2.2. Fabrication of the high-x dielectric device
without a back reflector is shown in the left column (final device in yellow box; starting
substrate was 90nm SiO,/Si) and fabrication of the high-x dielectric device with a back
reflector is shown in the right column (final device in red box; starting substrate was 260 nm
SiO,/Si). The cross-sectional schematic corresponds to one of the emission “stripes” between
the metal grid lines. CNTs outside the regions enclosed by dashed lines are removed by O,
plasma etching.
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Figure 2.18: (a) EL from Ru(bpy)s;(PFg), using single strip devices with an emission area
length (L) of 50 (blue) or 200 pm (red). Solid markers represent devices with metallic CNT
networks and open markers represent devices with semiconducting CNT networks. The turn-
on voltage can be reduced by reducing the emission area length and using metallic networks
with lower resistance. The inset shows an optical image of the two-terminal devices used to
performed measurements in this figure (scale bar: 100 pm). EL was obtained by applying a
100 kHz square wave voltage across the backgate and source (S) terminal. (b) Drain-source
current-voltage (Ips — Vpg) curves of devices with metallic CNT networks with different
channel lengths indicated in the legend, with zero gate voltage (Vgg). Electrical measure-
ments were obtained by applying voltage across the drain (D) and source (S) terminal. (c)
Resistance of metallic CNT devices determined from the drain current at 1V drain voltage.
There is a linear trend with channel length due to the resistive nature of the CNT network
in the channel. All devices were fabricated with a 8 nm ZrO, gate oxide in the channel.
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Figure 2.19: (a) Experimentally measured EL intensity as a function of gate voltage for
high-x dielectric (8 nm ZrO,) devices with various emitters. Measurements were performed
with a 100 kHz square wave gate voltage. Turn-on voltage was determined from the inter-
cept with 10? integrated counts/s of a linear fit performed to the log-scale EL counts near
the onset voltage. (b) Simulated radiative recombination for devices with a 8 nm high-x
(e = 22) gate dielectric and emitter materials of varying band gap energies indicated in the
legend. Simulations were performed with a square wave gate voltage, emitter mobility of
0.0lcm?V~!s~! CNT-CNT distance of 1.5m, and emitter band gap energy specified in
the legend. Inset: data in linear scaling. The turn-on voltage was calculated by performing
a linear fit (colored dotted lines in the inset) to the data at low voltage and calculating the

voltage at which the radiative recombination extrapolates to 0.
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2.5 Spectroscopic opportunities

The presented device also enables EL spectroscopy, which can provide material compositional
information similar to photoluminescence spectroscopy but without the need for an external
light source. This could be especially beneficial for multiplexed material analysis since pho-
toluminescence spectroscopy requires different excitation wavelengths for different analytes,
which involves not only multiple lasers or an intense white light source but also optical path
design and filtering to properly extract photoluminescence. We demonstrate the concept and
potential of EL spectroscopy by probing a dynamic chemical reaction in solution. The reac-
tion presented in Figure 2.20a-b is an imine condensation reaction, which is a type of reaction
essential to dynamic covalent chemistry and the synthesis of secondary amines [36]. This re-
action can proceed at room temperature with relatively high yield and no byproducts. The
reaction between 9-(2-ethylhexyl)carbazole-3,6-dicarboxaldehyde (CDA) and benzylamine
(BA) to form 9-(2-ethylhexyl)-9H-carbazole-3,6-diyl)bis(N-benzylmethanimine) (CDI) is car-
ried out in a droplet of bis(2-ethylhexyl)benzene covering the EL device (Figure 2.20a), which
remains in liquid state throughout the measurement. At the beginning of the reaction, CDA
gives blue EL (peak at 2.8eV). With the addition of BA, EL of the droplet progressively
red-shifts and approaches that of CDI (Figure 2.20b). The EL spectra of the final reaction
mixture indicates that the reaction reaches an equilibrium where the reagent and products
coexist, which is consistent with the reversible nature of the imine condensation reaction.
We believe the technique of EL spectroscopy can be generalized to study other chemical
reactions and analyze mixtures with complex compositions.

With the emitter layer as the top layer, the EL device can also be used as a platform for
sensing and studying structural dynamics of the emitter material. PFO is a blue-emitting
conjugated polymer commonly used in organic optoelectronics and typically shows additional
green EL after some period of device operation. The origin of the green emission is subjected
to debate and has been correlated with the formation of fluorenone defects or excimers in
the polymer chains [37]. Using our EL device, we found that the green emission from a thin
PFO layer (8 nm, spincoated from 2.5 mg/ml PFO in toluene) can be reduced after exposing
the device to organic vapors (Figure 2.20c-e). This effect can be quantified by the ratio of
blue (2.79eV) and green (2.27eV) emission and is more pronounced for good solvents of
PFO (e.g. toluene and chloroform) compared to poor solvents (e.g. isopropanol and water,
Figure 2.20e). These results indicate that configurational changes in the polymer chains
play an important role in the appearance of green emission in PFO, as the vapor of good
solvents could facilitate structural rearrangement of the polymer chains but cannot remove
fluorenone defects, which involves breaking covalent bonds. Furthermore, the ratio of blue
to green emission can be used as a metric for organic vapor sensing. We demonstrate the
feasibility of organic vapor sensing using chloroform as an analyte, where the blue-to-green
ratio of EL increases after 10 sec of vapor exposure and decreases to baseline after operating
the device for 5sec (Figure 2.20f).
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Figure 2.20: EL spectroscopy and sensing. The reaction of CBA and BA to form CDI is
carried out in a droplet on the EL device (a) and the change in EL spectra reflects progress
of the chemical reaction (b). The EL of an 8nm PFO layer changes after the device is
exposed to chloroform vapor for 10sec (c), where the green emission band is substantially
reduced (d). The ratio of blue (2.79¢V) to green (2.27e¢V) EL after exposure of different
solvent vapors is shown in (e), where better solvents of PFO give higher blue-to-green ratios.
Blue-to-green ratio of the PFO device over 5sec after the device is exposed to chloroform
vapor for 10sec is shown in (f), with vapor exposure repeated four times. The error bars
in (e) correspond to the standard deviation of the blue/green ratio of three different devices
after exposure to the vapors.
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2.6 Conclusion

We have reported a light-emitting device that can excite EL from a wide variety of materials
that emit in the IR to UV wavelength range. By using a porous CNT network as the source
contact and applying an AC gate voltage, we generate band bending that can overcome
carrier injection barriers in transient mode operation and eliminate the need for emitter
specific charge injection layers. The design allows the emitter layers to be deposited directly
on top of the source contact, which lifts limitations on the processability of the light-emitting
material. We show that an array of devices can be used to generate multiplexed EL emission,
where each emitting material is deposited on one pixel of the array. We also show that the
device can be used as a platform for EL spectroscopy and sensing. Our approach creates
opportunities for the development of light emitting devices at extreme wavelengths, as well
as the use of EL spectroscopy as a metrology and sensing technique for materials previously
inaccessible to this type of analysis.

2.7 Methods

Fabrication of devices on Si/SiO, wafer

The assembly of semiconducting carbon nanotubes (CNTs) follows procedures reported in
the literature [27]. In brief, 50 nm SiO,/p*™ Si substrates are washed with DI water, acetone
and IPA, and then treated with O, plasma for 1.5min. The substrate is covered by poly-
L-lysine solution for 5min and then washed with water. Semiconducting CNT solution
(99.9% from Nanointegris) is then drop-casted on the substrate for 30 min and the substrate
is washed with DI water and dried. The density of the CNT network can be tuned by
changing the dropcasting time for CNT assembly. The substrate is then annealed under
forming gas (5% H2 in Ar) or nitrogen at 250°C for 1h. Source contacts are patterned by
photolithography with metal electrodes deposited by e-beam evaporation. The CNT area is
then defined by photolithography and the CNT outside the device area is etched by oxygen
plasma.

Fabrication of devices with thin gate dielectric

To improve device robustness and reduce parasitics, we designed the devices such that the
top contact/bond pad are situated on top of a thick oxide layer, while the emitting region
is situated on a thin oxide layer. The flexible CNT mesh contact allows for continuous
electrical connection between the top contact and bottom emitting regions. The fabrication
process for the thin gate dielectric devices is schematically illustrated in Figure 2.17. The
device with a metal back reflector was used to improve light outcoupling and demonstrate
the limits of EL performance at low voltage.

90nm SiO,/p*™ Si substrates are first patterned by photolithography (Heidelberg nPG
101) and the exposed SiO, is etched completely away with 6:1 BOE (buffered oxide etch)
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until the underlying Si is exposed. (For devices with a metal back reflector, 260 nm SiO,/p**
Si substrates are used instead to accommodate a thick metal back layer; in these devices, a
Ti/Ag/Ti (2nm/150 nm/1 nm) stack is immediately evaporated via e-beam (Ti) and thermal
(Ag) evaporation, followed by liftoff.) Around 8nm ZrO, of gate oxide is deposited by
atomic layer deposition (Cambridge Nanotech) at 180°C. Because neither semiconducting
nor metallic CNTs assemble in significant quantity on the ZrO, surface (as determined
from AFM imaging and electrical measurement), 2nm SiO, is evaporated on top of the
ZrO, to promote assembly of CNT networks. To reduce the parasitic resistance at low
voltage, metallic (as opposed to semiconducting) CNTs are used in these devices. The
substrate is treated with poly-L-lysine in the same manner and 99.9% metallic CNT solution
(Nanointegris) is drop-casted on the substrate at 100°C. After evaporation, the substrate
is washed with DI water. The remainder of the fabrication process (annealing, contact
patterning, CNT area patterning) is identical to the general device fabrication procedure
described above, where here we used 25nm Pd contacts. For all devices, AC voltage was
applied between the top contact and p*t* Si substrate which served as a backgate. It is
important to note that EL performance depends on the distance between the contact and
etched trenches, and this distance should be minimized as much as possible to reduce loss.

Materials and deposition method

Toluene and ethanol were purchased from Sigma Aldrich. Emitters that are soluble or
dispersible in solvents were drop-casted or spin-coated, and the ones that are not soluble
were thermally evaporated under high vacuum. The deposition method for each material is
listed below.

CdSSe/ZnS alloy quantum dots were purchased from Sigma Aldrich as 1mg/ml toluene
solution. For a 0.25cm? chip, 5 pL of solution is drop-casted and dried at room temperature.
The substrate is then put in acetone for 1 min, then 1 wt% acetic acid in acetone for 5 min,
and finally 1 min in acetone to remove extra ligands from the quantum dots. Only washing
with the first step (acetone 1min) is enough to get EL, however this leads to lower device
stability and larger device-to-device variation.

CdSeTe/ZnS quantum dots were purchased from NanoOptical Materials Inc. as 5mgmL ™"
toluene solution with excess surfactant. The quantum dots were first washed before depo-
sition: 0.1 mL of the toluene solution was added to 1.5mL ethanol and the quantum dot
precipitates to give a suspension, which is centrifuged at 8800 rpm for 5min and the clear
supernatant was decanted. The quantum dots are then re-dispersed in 0.2 mL toluene. For
a 0.25cm? chip, 5pL of this solution is drop-casted and dried at room temperature. The
substrate is then put in 1 wt% acetic acid in acetone for 5min, and then 1min in acetone
to remove extra ligands from the quantum dots. Without the initial washing step, drop-
casting directly from the initial solution would give a film that cannot be completely dried
and appeared oily due to excess oleic acid surfactant.

PbS quantum dots were purchased from NNCrystals Inc. as 5 mgmL ™" solution in toluene
with excess surfactant. The quantum dots were first washed before deposition: 0.1 mL of
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the toluene solution was added to 1.5 mL ethanol and the quantum dot precipitates to give
a suspension, which is centrifuged at 8800rpm for 5min and the clear supernatant was
decanted. The quantum dots are then re-dispersed in 0.2 mL toluene. For a 0.25cm? chip,
5pL of this solution is drop-casted and dried at room temperature. No subsequent wash
was carried out as the quantum dot film would easily delaminate from the substrate while
submerged in solution, probably due to the comparably small size of the quantum dot.

Perovskite nanowire was prepared according to literature method, washed extensively by
centrifugation with the supernatant decanted, and re-dispersed in hexane. The suspension
was drop-casted to give a similar coverage compared to other inorganic quantum dots however
the emission from this material is unstable compared to other emitters, only allowing the
measurement of its EL spectrum.

All aromatic molecules and conjugated polymers were purchased from Sigma Aldrich. For
soluble emitters (all except PTCDA), the emitters were dissolved in toluene with 10 mg mL ™
concentration. 2 pL of this solution is drop-casted on a 0.25 cm? sized chip and dried at room
temperature. Drop-casting solution with too high volume leads to long evaporation times
and crystallization of the molecules, which could lead to non-uniform EL. PTCDA, due to
its very low solubility, was deposited by evaporation under high vacuum and the thickness
is 20nm.

All metal coordination complexes were purchased from Sigma Aldrich except for tris[2-
(2,4-difluorophenyl)pyridine]iridium(III), which is purchased from Strem Chem. Ru(bpy)s;(PFg),
was drop-casted from 20mgmL~! acetonitrile solution with 2pL solution dispensed on
0.25cm? chip. Alqs, and the two iridium complexes were evaporated to give 20nm film
due to low solubility. The coordination polymer ZnTCPP was prepared similar to a liter-
ature method [38], where TCPP was heated in dimethylformamide with excess amount of
zinc acetate for 5h to give the product as solid precipitate.

All conjugated polymers were purchased from Sigma Aldrich. These polymers were typ-
ically spin-coated at 6000 rpm at 5mgmL~" concentration (toluene solution) or drop-casted
from 2.5 mgmL ™! toluene solution with 2 pL solution dispensed on a 0.25 cm? chip. The film
thickness can be varied by changing the spin speed or concentration (Figure 2.12) and the
thickness dependence of EL for PFO is presented in Figure 2.13.

Electrical and optical characterization

Electroluminescent devices were operated under vacuum at 10 mTorr and EL was collected
through a quartz window. The devices were pumped using a bipolar square wave from an
Agilent 33522A arbitrary waveform generator applied to the gate electrode, while the source
contact was grounded. For voltage above 10V, a voltage amplifier was used with the wave-
form generator. The EL data presented in this work was measured using a custom-built
quantitative micro-PL instrument described in detail in Ref. [39] (Methods). EL was col-
lected using a 10x objective lens. EL was dispersed by a spectrometer with a 340 mm focal
length and 150 groove per mm grating, and detected using a Si charge-coupled device (CCD)
(Andor iDus BEX2-DD). Prior to each measurement, the CCD background was obtained and
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subsequently subtracted from the EL acquisition. Time resolved EL measurements were col-
lected using a photomultiplier tube connected to an oscilloscope. EL imaging was performed
with either a fluorescence microscopy setup with a CCD detector (Andor Luca) to acquire
images or a Olympus optical microscope with CMOS camera. The emission power was mea-
sured by Thorlabs PM100D power meter with S120C sensor and cross calibrated with CCD
counts. Transistor I;—V, characteristics were taken using an Agilent B1500A semiconductor
parameter analyzer. For external quantum yield measurement (details in following section),
sine wave gate voltage was used and current was measured by a current amplifier (Model
SR570, Stanford Research Systems, gain 1 mA V™) connected to an oscilloscope.

Device simulation

2D simulations of the electroluminescent device cross-section were performed using Sentau-
rus TCAD in order to understand trends in device behavior. The simulated device structure
consisted of a layer of emissive semiconducting material between two grounded edge contacts
1.4nm in height, representing two carbon nanotubes, situated on top of a 50 nm SiO, layer
with a gate contact on the bottom. The device width in the third dimension, which corre-
sponds to the length of the CNTs, was 1 pm. The emissive material parameters, intended
to roughly represent those similar to organic emissive materials, were yq (electron affinity)
= 3.3eV, E, (band gap) = 2.6eV, € (relative dielectric constant) = 3.5, p,, (electron mo-
bility) = p, (hole mobility) = 0.001cm? V=!1s™1 m? (electron effective mass) = m} (hole
effective mass) = my. The frequency of the square wave pulse was 50kHz. For simplicity,
the grounded contacts were set to be ambipolar (work function = 4.6 eV) such that emission
is equal for upward and downward transitions. The simulation methodology is otherwise
similar to that in Ref. [12].

Measurement of external quantum efficiency (EQE)

The measurement of external quantum efficiency involves measuring the number of carriers
electrically injected into the emitter layer as well as the number of photons emitted. The
number of photons emitted is determined from the light output as measured by a power
meter. For measurement of carrier injection, a sine wave gate voltage is applied to the
device, and the time-dependent current is measured by a current amplifier connected in series
with the device that converts the current into a voltage measured by an oscilloscope. The
time-averaged charge in each half-cycle is obtained by integrating the current and the total
number of injected carriers is determined from the sum of the magnitudes of the charge from
each half-cycle (Figure 10). For an AC-driven device with an emitter layer on top, the overall
charge is composed of three components: (1) the charge involved in switching the polarity
of the capacitor between the metal pad and CNT network contact; (2) the charge entering
the emitter layer; and (3) the charge exiting the emitter layer. For example, when the gate
voltage changes from negative to positive, electrons enter while holes exit the emitter layer.
The first component can be determined by measuring the device current without any emitter
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layer. To estimate the quantum efficiency associated with injection from the CNT contact to
the emitter layer, the first charge component is subtracted from the overall measured charge,
which yields the sum of electrons injected into the emitter layer and holes exiting the emitter
layer. These two components (components 2 and 3) cannot be distinguished, even though
the number of carriers injected into the emitter only corresponds to component 2. In our
quantum efficiency estimate, we assume holes do not exit the emitting layer when electrons
are injected, and vice versa for electrons during the other half cycle, thus providing a lower
limit for the external quantum efficiency.

EL spectroscopy of reaction mixtures in liquid state

9-(2-ethylhexyl)carbazole-3,6-dicarboxaldehyde (CDA), bis(2-ethylhexyl)benzene and ben-
zylamine (BA) were purchased from Sigma Aldrich. 9-(2-ethylhexyl)-9H-carbazole-3,6-diyl)bis(N-
benzylmethanimine) (CDI) was prepared by refluxing CDA with excess BA in ethanol/toluene
mixture with catalytic amount of acetic acid for 5h. The solvent, catalyst and excess BA
were removed under vacuum to give the product CDI as an oily liquid.

For EL spectroscopy of the reaction mixture, 5 uli of bis(2-ethylhexyl)benzene and 5nL
of toluene solution of CDA (60 mgmL ') were deposited on the chip of the EL device (same
device as Figure 2.1, overall chip size 25 mm?). bis(2-ethylhexyl)benzene is a high boiling
point solvent chemically similar to toluene and does not give EL in the range we measure
and the EL of the droplet corresponds to the EL of CDA. All measurements were carried
out under vacuum at 20V and 200kHz. Under vacuum toluene evaporates, leaving only
bis(2-ethylhexyl)benzene, thus the volume of the droplet is unchanged throughout the mea-
surement. Then 5L of toluene solution of BA (1.9mgmL ™) was added to the droplet,
and the droplet gave EL of CDA+0.05BA. With another 5pulL of toluene solution of BA
(1.9mgmL™") added, the droplet gave EL of CDA+0.1BA, and EL of reaction mixtures
with other compositions can be obtained in a similar manner by adding BA solution of
desired concentration to this droplet.

EL sensing with PFO

8 nm PFO was spin-coated from 2.5 mgmL ™" PFO in toluene and the EL device was operated
at 12.5V, 500 kHz for 5sec before exposing to various solvent vapors for 10sec. The EL of
the device can then be measured to give the EL spectra after exposure.
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2.8 Tables

EL spectra of aromatic molecules
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EL spectra of coordination complexes
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EL spectra of conjugated polymers
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EL spectra of inorganic quantum dots and nanomaterials
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Chapter 3

Performance limits of a pulsed-driven
electroluminescent capacitor

This chapter (a tribute to the pandemic times) is adapted from:

V. Wang, Y. Zhao, A. Javey, “Performance Limits of an Alternating Current Electrolumi-
nescent Device”, Advanced Materials, 33 (2), 2005635, 2021.

The use of alternating-current (AC) voltage is a simple, versatile method of producing
electroluminescence from generic emissive materials without the need for contact engineering.
It has been shown that AC-driven, capacitive electroluminescent devices with carbon nan-
otube network contacts can be used to generate and study electroluminescence from a variety
of molecular materials emitting in the infrared to ultraviolet range. Through comprehensive
device simulations and illustrative experiments, we study performance trade-offs in these
devices, enhancing understanding of the mechanism and capability of electroluminescent
devices based on alternating as opposed to direct current (DC) schemes. AC-driven electro-
luminescent devices can overcome several limitations of conventional DC-driven electrolu-
minescent devices, including the requirement for proper alignment of material energy levels
and processing of emitting materials into uniform thin films. By simultaneously choosing
proper device geometry, driving parameters, and material characteristics, the performance
of these devices can be optimally tuned. Importantly, the turn-on voltage of AC-driven
electroluminescent devices approaches the band gap of the emitting material as the gate
oxide thickness is scaled, and internally efficient electroluminescence can be achieved using
low mobility single-layer emitter films with varying thickness and different energy barrier
heights relative to the contact.
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3.1 Introduction

Common light-emitting devices rely on the phenomenon of electroluminescence (EL), the
emission in light in response to electrical excitation. These devices include the light-emitting
diode (LED), a two-terminal device driven by a DC voltage source. Bright and efficient LEDs
have already been successfully developed to generate light emission from a wide variety of
materials, from inorganic III-V semiconductors [40, 41] to colloidal quantum dots [42, 43|
to organic molecules [16]. Generally, electrons and holes are simultaneously injected into an
emissive material from n- and p-type contacts, migrate across the emitting layer, and recom-
bine to produce light. This process can occur with nearly perfect internal quantum efficiency
[44]. Tt is also possible to generate electroluminescence by employing an AC driving scheme
[18]. Early examples includes ZnS phosphor-based devices [24], which rely on extremely
high operating voltages to achieve impact excitation to excite luminescent centers. Other
examples include double-insulator devices where both electrodes are covered by a dielectric
layer and carriers are solely generated from internal charge generation layers [45].

Conversely, both charge carriers can be injected directly from contacts. In vertically-
structured field-induced polymer electroluminescent devices, charge carriers are injected from
an electrode and/or generated in charge generation layers [26, 28, 46]. EL has also been
demonstrated with a laterally-structured capacitive device structure in which materials are
deposited on top of a gate oxide layer across which AC voltage is applied [12, 47, 48]. A
more complex transistor-based structure which applies an additional drain-source bias can
also be adopted to generate light from various materials [49, 50]. These examples, which
use microscale metal contacts to inject carriers, may be sufficient to produce AC EL from
materials with relatively high mobility; however, denser electrical contacts are preferable
for generating bright AC EL from other kinds of materials, including molecular emitters
with poor mobility [51, 52]. To this end, self-assembled carbon nanotube (CNT) networks
[35] can be used as a porous top contact to increase contact density and emission intensity
[53]. Due to the lateral nature of charge injection, the emitting material does not need
to be suited for further processing and optical properties can be easily probed without
requiring transparent contacts, unlike vertical multilayered devices in which the emitting
layer is sandwiched between multiple films.

In this chapter, we study the performance limits of a generic AC electroluminescent device
in which direct bipolar charge injection is achieved with a single CNT network electrode,
using numerical device simulations to corroborate and understand experimental measure-
ments. We previously demonstrated such a device for applications in electroluminescence
spectroscopy and sensing [53], but more elaborate knowledge is required to understand the
scope of compatible materials as well as the operating parameters that are optimal for differ-
ent material samples. Through studies of device scaling, we show that turn-on characteristics
of the AC electroluminescent device are controlled by vertical scaling of the device’s dimen-
sions. We further elucidate the interplay between charge transport, brightness, and efficiency
by analyzing spatial and temporal variations of charge density and carrier recombination.
Finally, we investigate how device design affects fundamental efficiency losses and transient
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responses, informing directions of future improvement for AC electroluminescent devices and
demonstrating that efficient light emission can be achieved with AC voltages depending on
the material and device parameters.

The structure and operating scheme of the AC light-emitting device under study is
schematically illustrated in Figure 3.1a. The device consists of a layer of emissive semi-
conducting material deposited on top of an oxide layer. AC voltage is applied across a
bottom gate contact and top CNT network source contact. Experimentally, we fabricated
this device structure on a 50 nm SiO,/p™* Si substrate in which the p™ Si substrate serves
as the bottom gate contact and a metal grid is used to contact the CNT network for prob-
ing. When a pulsed gate voltage with finite slew rate is applied across the gate and source
contacts, light emission is observed after voltage transitions as confirmed by earlier time-
resolved EL measurements [12]. The proposed mechanism behind such a driving scheme has
been discussed previously [53]. To briefly recapitulate, electrons accumulate in the emitter
layer when the gate voltage is positive, causing there to be a large electron concentration
but low hole concentration. When the gate voltage switches from positive to negative, the
field across the device cannot change immediately, so the applied gate voltage instead drops
across resistive components such as the emitter material. The large potential drop at the
source contact-emitter interface results in steep band bending that enables carrier tunneling
(Figure 3.1b). Holes are injected into the emitter layer as electrons either exit the semicon-
ductor through the contact or recombine with holes. Eventually, the transient carrier action
subsides and the band diagram resembles that of a metal-oxide-semiconductor capacitor at
steady state until the subsequent negative to positive voltage transition where a similar
tunneling process occurs.

3.2 Device operation and simulation

To further understand the operating characteristics and performance limits of such a device,
we performed numerical simulations of the device using Sentaurus TCAD, which simul-
taneously solves the Poisson and carrier continuity equations with a drift-diffusion model
involving Fermi statistics and radiative carrier recombination [54, 55]. We assume equal and
constant electron and hole mobilities as well as ambipolar contacts for symmetry. In both
simulation and experiment, a certain turn-on voltage is required to observe EL, after which
point the EL intensity increases approximately linearly with the amplitude of the square
wave gate voltage (Figure 3.1b). EL occurs immediately following each voltage transition
and lies dominantly near the source contacts in most cases, so the EL intensity should scale
linearly with the number of voltage transitions or square wave frequency. Experimentally, the
EL intensity does scale linearly with square wave frequency up to a certain cut-off frequency,
after which the EL intensity rolls off due to inability of the device to reach steady-state
conditions during square wave pulses (Figure 3.1¢). Based on this model, we studied trends
between material properties (e.g. carrier mobility, band gap), device structure (e.g. CNT
network density, oxide and emitter layer thickness), and performance characteristics (e.g.
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Figure 3.1: (a) Schematic of an AC electroluminescent device with a metal grid electrode
(yellow) contacting a CNT network (purple lines) on an oxide substrate (grey). Square wave
AC voltage is applied between the p™ Si gate (blue) and the grounded metal electrode. To
capture device behavior, we simulate the region between two individual CNT contacts. (b)
Energy band diagrams at the CNT-emitter interface at the square wave timepoints indicated
in (a). Quasi-Fermi levels for electrons and holes are shown in red and blue, respectively. (c)
EL intensity as a function of gate voltage from simulation (blue) and experiment (orange).
(d) EL intensity as a function of square wave frequency from simulation and experiment.
Experimental data were measured from devices with red CdSSe/ZnS quantum dots on 50 nm
Si0, gate oxide using a 100 kHz, 10V square wave.

turn-on voltage, brightness, quantum and power efficiency).

3.3 Low-voltage operation

While various AC electroluminescent devices have been proposed and demonstrated in the
past, these devices largely rely on high operating voltages (in the tens to hundreds of volts)
to achieve reasonable electroluminescence, rendering them less practically appealing than
their DC counterparts [46, 56, 57]. In our device, the turn-on voltage reflects the presence
of a charge injection barrier at the source-semiconductor contact as well as any external
parasitic components in the experimental measurement. We performed EL simulations at
different peak-to-peak gate voltages for devices with varying oxide thickness (Figure 3.2) in
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order to understand global trends in turn-on voltage scaling. As the band gap of the emissive
material increases, the threshold increases superlinearly compared to the theoretical limit
(Vr =~ £E,/2), meaning that it is harder to achieve low turn-on voltage for materials with
large band gaps due to the increased injection barrier.
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Figure 3.2: Total amount of radiative recombination integrated over the volume of the emitter
layer from a single square wave gate voltage transition. The data show devices with different
band gap emissive layers on a (a) 2nm high-x (¢, = 22) or (b) 50nm SiO, (¢, = 3.9) gate
oxide layer. Dotted lines represent the linear fit used to extract the turn-on voltage, defined
as the voltage intercept where the radiative recombination extrapolates to zero.

Due to the unique ability of our device to generate EL from emissive materials with
nearly any band gap in the infrared to ultraviolet range, we can study fundamental scaling
relationships of turn-on voltage versus emitter band gap using a single device, without need-
ing to design different electron and hole contacts for different materials. Experimental EL
data from devices with different gate oxide thicknesses agree well with the simulated model
(Figure 3.3a). In particular, scaling down the oxide thickness reduces the turn-on voltage.
As in conventional field-effect transistors, gate control of the emissive semiconducting mate-
rial depends on the equivalent oxide thickness (EOT) of the gate oxide, which is defined as
tor (€5i0,/€0x) for a gate oxide of thickness ¢,, and relative dielectric constant €,, [58]. The
EOT can be reduced by decreasing the oxide thickness or increasing the dielectric constant
of the oxide layer. The charge on a capacitor at steady state depends on the gate capacitance
and voltage (Q o< C,,(V, — Vr)); increasing the capacitance decreases the operating voltage
required for equivalent charge input. It is worth noting that high-x dielectrics have been
previously applied to reduce the turn-on voltage in AC electroluminescent devices with dou-
ble dielectric layers, albeit based on a different mechanism which relies on field-dependent
charge regeneration due to the absence of direct carrier injection [25]. For materials with
very low band gap, the EOT has little effect on the turn-on voltage, which remains near the
band gap for all oxide thicknesses shown. The turn-on voltage approaches the theoretical
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Figure 3.3: (a) Turn-on voltage as a function of photon energy from simulation (lines) and
experiment (markers). Simulations were performed in 0.5eV band gap energy increments for
devices with gate oxide thicknesses corresponding to the fabricated devices indicated in the
legend (2nm ZrOy ~ 0.4nm EOT, 8nm ZrOy ~ 1.4nm EOT, 50 nm SiOy = 50 nm EOT). The
black dotted line represents the curve Vr = E,;, /2. Experimental data were measured using a
100 kHz square wave. Abbreviations: PbS-QD (PbS quantum dot), CdTe-QD (CdSeTe/ZnS
quantum dot), R-QD (630 nm red CdSSe/ZnS quantum dot), Ru (Ru(bpy)s(PFg)2), G-QD
(520 nm green CdSSe/ZnS quantum dot), PFO (poly-(9,9-dioctylfluorene)). (b) Energy band
diagrams at a source contact for devices with different gate dielectrics at V, = 2V. (c¢) Energy
band diagrams at a source contact for a device with 2nm ZrO, and different gate voltages.
The simulated emissive layer band gap is B, = 2eV.
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limit across a larger range of emitter band gaps as the EOT is decreased, as exemplified by
simulations of a device with a 2nm high-x (e,, ~ 22) oxide layer with EOT =~ 0.4 nm.

Energy band diagrams at the source-semiconductor interface shed light on the physical
mechanism underlying the reduction in turn-on voltage. As the EOT decreases, the electric
field or steepness of band bending at the source contact during voltage transitions increases
due to higher gate capacitance, thereby thinning the tunneling barrier for carrier injection
at a fixed gate voltage (Figure 3.3b). Increasing the applied gate voltage has a similar effect
(Figure 3.3c). Since the breakdown voltage of the gate oxide scales with oxide thickness,
practical choices for the oxide thickness should consider both the viable operating voltage
regime as well as the achievable turn-on voltage. Altogether, our results show that the turn-
on voltage corresponds to the transition from injection- to transport-limited behavior and
depends on both emitter band gap and gate oxide thickness. Other parameters, such as
carrier mobility in the emitter layer, have less effect on the turn-on voltage (Figure 3.4).

2D plots of the electrostatic potential show the evolution of voltage drops present in the
device. During the gate voltage transient, the charge on the capacitor cannot switch polarity
immediately, thus causing the electric potential to drop at the contact-emitter interface
first. This regime, in which the potential changes mostly along the lateral (x) direction, is
depicted in Figure 3.5a(i). As time elapses, the potential drops increasingly across the oxide
as opposed to across the emitter layer, yielding greater changes in electrostatic potential in
the vertical (y) direction across the oxide (Figure 3.5a(ii)). When the oxide is thick and of
low dielectric constant, less voltage is dropped near the CN'T contact, which reflects the more
gradual band bending and decreased level of carrier injection (Figure 3.5b). In this case, the
gate capacitance is smaller and less charge is accumulated in the emitter layer during the
steady-state periods of the square wave pulse.

In general, the turn-on voltage of AC electroluminescent devices with ambipolar contacts
should approach the optical energy gap of the emitting material as the EOT is decreased.
The simulated turn-on voltages for charge injection and EL consistently underestimate the
experimentally measured threshold voltages, in part due to exclusion of excitonic effects in
the simulation model. In excitonic materials, electrons and holes undergo recombination by
first forming bound pairs (excitons) with energies slightly smaller than the band gap for free
carriers. The difference between the measured photon energy and the band gap for transport
depends on the exciton binding energy. Furthermore, it is unlikely that the CNT contacts
are perfectly ambipolar with respect to the experimentally measured materials. When the
source contacts have p- or n-type work functions, the turn-on voltage increases by an amount
similar to the increase in Schottky barrier height for the harder-to-inject carrier (Figure 3.6).
In this case, DC offsets can be applied to the AC gate voltage to offset detrimental work
function differences and restore low voltage device behavior equivalent to the case of mid-
gap contacts. For example, it is more difficult to inject holes into the emitter material using
n-type contacts due to the increased Schottky barrier height. Applying a negative DC offset
pulls the emitter bands upwards, yielding sharper band bending that thins the barrier and
enables carrier tunneling (Figure 3.6). Importantly, the EL at moderate to high voltage
does not depend greatly on the Schottky barrier height or work function difference between
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Figure 3.4: (a) Total amount of radiative recombination integrated over the volume of the
emitter layer from a single square wave gate voltage transition. The device has an 8 nm-thick
high-x (€, = 22) gate oxide. Different colors represent devices with emitter layers of different
carrier mobilities. Electron and hole mobilities are equal in all cases. (b) Turn-on voltages
corresponding to the curves in (a) where the emitter has a band gap of 2eV.

Figure 3.5: (a) Schematic of the simulated device with a grounded CNT source contact on
the top left at £ = 0 and a gate electrode on the bottom at y = 0. The 2D electric potential
distributions near the source contact during and after a square wave voltage transition are
shown in panels (i) and (ii), respectively. The simulated device has an 8 nm-thick high-x
gate dielectric (EOT &~ 1.4nm). (b) 2D electric potential distribution during a square wave
voltage transition for a device with a 50 nm-thick SiO, gate dielectric. The applied gate
voltage is 4V and the emitter layer mobility is p =1 x 103 ecm? V-1s7L,

the source contact and energy levels of the emissive material. As a result, the conventional
requirement for ohmic contacts [59] or low injection barriers can be overcome.
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Figure 3.6: (a) Schematic of a square wave gate voltage waveform with no DC offset (default),
positive DC offset, and negative DC offset. Adding DC gate voltage bias does not increase
steady-state current loss through the structure due to the capacitive nature of the device.
(b) Total radiative recombination per square wave cycle for a device with mid-gap source
contacts (teal), n-type contacts (purple), n-type contacts with a negative DC bias (purple),
and n-type contacts with a positive DC bias (blue). The emitter layer electron affinity is
4.1eV and the band gap is 6.1eV. Contact work function only makes a difference when the
voltage is low, near the turn-on regime. Energy band diagrams displaying the conduction
(upper set of lines) and valence (lower set of lines) bands relative to the contact energy level
(here at 0eV) are shown for timepoints 3 in (c¢) and 4 in (d). Refer to Fig. 1 in the main

text for the timepoint labels.
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3.4 Compatibility with low mobility materials

Once charge injection into the emissive material has been achieved, charge carriers move
through the emitter layer and a fraction eventually undergo radiative recombination to emit
photons. Although large strides have been made towards improving the mobilities of molec-
ular emissive materials such as those used in organic LEDs (OLEDs), these materials largely
possess limited carrier mobilities (< 1cm? V~1s™1) that are orders below those of common
inorganic semiconductors [52, 60, 61]. It is even more difficult to design molecular sys-
tems with both high carrier mobility and efficient solid state emission for optoelectronic
applications, particularly in the case of solution-processable emitters [62—64]. In light of
these constraints, it is useful to study the necessity of maintaining high carrier mobility in
electroluminescent devices. Unlike traditional vertically-stacked LED architectures, our AC
electroluminescent device relies on lateral transport from single carrier injection contacts
which inject both electrons and holes. As carrier mobility in the emissive layer decreases,
the total amount of radiative recombination between an individual pair of CNT contacts
increases (Figure 3.7c). For very low carrier mobilities, the amount of EL saturates or
slightly diminishes depending on the spacing between the contacts. The recombination ef-
ficiency increases concomitantly with decreasing carrier mobility until a saturation value of
around 90% (Figure 3.7d). The recombination efficiency is calculated as the ratio of radia-
tive recombination events to the number of injected electron-hole pairs; 100% recombination
efficiency occurs when all electron-hole pairs produce a photon. Although we assume that
emissive material has unity quantum yield in the simulation (i.e. there are no nonradiative
recombination pathways), the time-alternating injection of electrons and holes and finite slew
rate do not guarantee that all injected charge carriers undergo recombination with opposite
charge carriers, and some of the carriers will instead return to the electrode during voltage
transients.

The influence of charge transport can be explained by examining the calculated band
diagrams. When carrier mobility is low, charge carriers are unable to transport far into the
emissive material and accumulate near the source contact, causing the electric potential to
vary dramatically near the contact (Figure 3.7a). Quasi-Fermi level splitting only occurs
near the contact, in accordance with the lack of injected charge carriers far from the contact.
When the mobility is high, quasi-Fermi level splitting extends along the entire lateral length
of the emitter layer as carriers populate the entire volume of the emissive material. At the
gate voltage transition, the potential gradient is distributed gradually along the entire length
of the emitter (Figures 3.8a-b). Radiative recombination, which requires the simultaneous
presence of both electrons and holes, is localized entirely near the source contact when
the mobility is low (Figure 3.7b), as confirmed by the fact that changes in steady-state
carrier concentrations are only observed near the contact (Figures 3.8c-d). The length of
the emission region scales roughly with /g, in that 10-fold increases in carrier mobility lead
to approximately 3-fold increases in emission length, consistent with the scaling of diffusion
length in semiconductors. In low mobility materials, emission is limited to near the source
contact in both the lateral and vertical directions, as shown by simulated 2D emission profiles
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Figure 3.7: (a) Energy band diagrams at a source contact for devices with an emitter layer
carrier mobility of 1 x 1073 em? V=157t (left) or 1 x 1075 ecm? V=157t (right). (b) Radiative
recombination profiles over space (in the lateral direction along the length of the emitter
layer) at different timepoints At after the start of a voltage transition. (c) Total radiative
recombination and (d) recombination efficiency per cycle as a function of carrier mobility
in the emitter layer for devices with different average CNT-CNT spacings L. Shorter L
corresponds to denser CN'T networks. Simulations were performed for devices with a 50 nm
Si0, gate dielectric and £12V square wave gate voltage.
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for devices with thick emitter layers (Figure 3.9). These results resemble those of OLEDs, in
which the recombination zone is closer to the contact injecting the lower mobility carrier [59,
65]. As the distance between CNT contacts increases, the EL intensity and recombination
efficiency increase because longer emission lengths can be accommodated. Therefore, carrier
mobility and CNT network density should be simultaneously optimized to yield transport
lengths similar to the spacing of the CNT network. EL tends to increase then saturate as
the thickness of the emitter layer increases, suggesting that precise control of the emitter
layer thickness is not essential for bright EL. At the same time, EL. can be obtained from
arbitrarily thin materials contacting the CNT network, including those with nonuniform
morphologies. This behavior contrasts that of conventional OLEDs, which show increased
turn-on voltages and decreased luminance as the thickness of the emissive layer increases
due to poor charge transport properties of molecular emitting materials [66]. Furthermore,
the emissive materials in OLEDs must be able to form smooth and pinhole-free thin films
on the order of up to tens of nanometers [52].

The effect of emitter material mobility is illustrated in Figure 3.10 for thin gate oxide
devices where +4 V square wave gate voltages are applied with a transient slew time of 20 ns.
For =1 x 107 em? V-1s7! the switch in applied gate voltage from —4V (at At = Ons,
where At denotes the time since the start of the voltage transition) to 4V (at At = 20ns)
occurs nearly instantaneously across the oxide, with the electrostatic potential at the end of
the voltage transition (At = 20 ns) varying linearly across the bulk of the oxide as expected
for a capacitor under steady-state DC voltage. At At = 12ns (the moment at which 60%
of the voltage transition has elapsed), the gate contact voltage is 0.8V and the potential
near the contact is nearly uniformly equilibrated at this value. When the carrier mobility is
reduced to 1 x 1072 ecm? V157!, the steady-state electrostatic potential profile is observed
somewhat later at At = 100ns after the start of the voltage transition. As the carrier
mobility is reduced even further to 1 x 107 cm? V~'s~!, the potential distribution has not
reached the steady-state condition by At = 100 ns as large lateral potential drops have not
yet subsided. Immediately after the voltage transition, dramatic lateral voltage drops are
observed in the vicinity of the contact due to the low conductivity or large resistance of
the emissive material in series with the oxide. Similar results are obtained for devices with
thicker gate oxide (Figure 3.11). To summarize, the temporal dynamics show that higher
peak EL is in fact obtained in materials with lower carrier mobility due to spatial localization
of the charge carriers and inability of the electric potential to drop across the oxide rapidly.

Surprisingly, a square wave gate voltage waveform with fast slew rate is not necessary
for bright EL when the charge carrier mobility is low. Experimentally, applying a sine
wave gate voltage waveform yields similar EL levels as applying a square wave gate voltage
waveform (Figure 3.12), with EL only reduced by around 50% or less. The EL per cycle
typically increases with sine wave frequency, as confirmed in simulation. Through numerical
simulation, we find that the difference in EL when using a sine versus square wave gate
voltage is smaller when the mobility is lower. Calculated energy band diagrams indicate
that sufficiently steep band bending occurs at the contact following a switch in voltage
polarity for either a sine wave or square wave, with quasi-Fermi level splitting about equal
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Figure 3.8: Energy band diagrams from the edge of a source contact (at x = 0) for a
device with an emitter layer possessing a carrier mobility of (a) 1 x 1073 ecm? V=!s™! or
(b) 1 x 107°em?V~1s™! corresponding to the data in Fig. 4a in the main text. The
dashed red and blue lines denote the quasi-Fermi level for electrons and holes, respectively.
Carrier concentration per unit length along the lateral direction of the emitter layer for a
device with an emitter layer possessing a carrier mobility of (¢) 1 x 1073 ecm? V=!s7! or (d)
1 x 1075 em? V1! Carrier action only occurs very close to the contact in the latter case.
The red and blue lines denote the concentration of electrons and holes, respectively. The
total emitter layer length in the lateral direction is 300 nm; by symmetry, the plots at the
opposite source contact are identical. The gate oxide is 50 nm SiOy and the applied gate
voltage is £12V.

to the band gap in both cases. The overall lateral voltage drop across the emitter is greater
when a square wave is applied, but carrier injection is located near the contact in either case
as indicated by the lack of quasi-Fermi level splitting in the middle of the domain. The exact
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Figure 3.9: (a) Schematic of an AC electroluminescent device with a thick emitter layer. (b)
Total radiative recombination (normalized) as a function of emitter thickness for a device
with 50nm SiO, gate oxide. (c) Radiative recombination as a function of time integrated
at different z-positions (i.e. integrated over different vertical slices ranging from near the
contact (purple) to near the center of the emitter layer (green)). As time progresses, emission
propagates along the length of the emitter (in the z-direction) and becomes weaker. (d)
Radiative recombination profiles as a function of height in the vertical direction at different
distances along the emitter layer. The emission is weaker moving from near the source
contact (purple) to farther from the contact (green). In all cases, emission is largely localized
within 10 nm of the surface (i.e. the emitter/oxide interface). The CNT-CNT spacing in the
z-direction is 300 nm, the applied gate voltage is 12V, and the emitter layer has carrier
mobility 1 x 107 cm? V—ts71.

relationship between frequency (for a sine wave) or slew rate (for a square wave) scaling and
emission intensity would depend on the radiative recombination rate in practice.

Until now, the presented results have assumed equal mobilities for electrons and holes.
It has been shown that balance of charge carrier mobilities improves OLED brightness and
efficiency by reducing the fraction of one carrier type that travels across the device without
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Figure 3.10: 2D maps of the electrostatic potential for devices with an 8 nm-thick high-x
gate dielectric (EOT ~ 1.4nm). Simulations were performed with a +4V square wave gate
voltage and the plots represent behavior from the upward voltage transition (—4V to 4 V).
For each emitter layer mobility case (shown in separate rows), the potential map is plotted
for different times At (shown in separate columns) after the start of the voltage transition
at ¢ = 0. The rise time of the voltage transition is 20ns. From left to right, the columns
correspond to the potential during the gate voltage transition, at the end of the gate voltage
transition, and 80ns after the end of the gate voltage transition. The black dotted line
represents the interface between the gate oxide and the emitter layer as shown in Figure 3.5.

recombining [65]. Due to the alternating injection of carriers in the AC EL scheme, recom-
bination efficiency is dominated by the lower mobility carrier, in that high efficiency can
be achieved as long as one of the carriers has sufficiently low mobility (Figure 3.13). If the
hole mobility is greater than the electron mobility, then holes exit the emitter layer much
faster than electrons are able to enter the emitter layer at the downward voltage transition,
leading to negligible EL. However, at the upward transition, holes are able to populate the
bulk of the emitter layer much faster while electrons exit slowly, giving rise to substantial
EL comparable to the case of equal and low carrier mobility (Figure 3.14). Asymmetric EL
at voltage transitions therefore results not only from non-ambipolar contacts [12] but also
from asymmetric charge transport. Even when the charge carrier mobilities are imbalanced,
EL can still be obtained due to the use of a single contact to inject both carriers near the
contact.
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Figure 3.11: 2D maps of the electrostatic potential corresponding to Fig. 5 in the main
text for devices with 50nm SiO, as the gate oxide and a £12V applied square wave gate
voltage. For each carrier mobility case (shown in separate rows), the potential map is shown
for different times At (in each column) after the start of the voltage transition at t = 0. The
rise time of the voltage transition is 20ns. The CNT-CNT spacing is 300 nm.
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Figure 3.12: (a) Schematic of sine wave (top) and square wave (bottom) gate voltage wave-
forms where t; is the slew time (here, the rise time) for a voltage transition from —Vj to
+V,. (b) Total radiative recombination per sine or square wave transition (half of a period)
for devices with 50 nm SiO, gate oxide and emitter layers with different carrier mobilities.
The gate voltage magnitude is +12V. Low emitter layer mobility is more important for
maintaining bright EL when the gate voltage waveform has low frequency. (c¢) Experimental
measurement of EL intensity when applying a 10 kHz sine versus square wave. Data were
measured using a device with 50nm SiO, gate oxide and 9,10-diphenylanthracene (DPA)
emitter layer. (d) Energy band diagrams between the two source contacts for the device
simulations in (b) where a sine wave (top diagram) or square wave (bottom diagram) was
applied. The emitter layer carrier mobility is g = 1 x 107*em? V=157t (e) Energy band
diagrams showing band bending near the source contact in (d) in the case of a sine wave
(top diagram) or square wave (bottom diagram) gate voltage.
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Figure 3.13: (a) Total radiative recombination per square wave cycle for devices with emitter
layers of varying hole mobility. The electron mobility is either kept equal to the hole mobility
(upward teal triangles) or at a constant value of 0.001 cm? V~!s™! (downward brown trian-
gles). The brightness is similar when gy, is low (107* or 1073) but diverges when sy, is high
(1072 or 107!). When py, is high, the EL has the potential to be bright if the other carrier
(electrons) has lower mobility. (b) Recombination efficiency as a function of hole mobility
corresponding to the data in (a), showing a similar behavior between the two cases. (c)
Total radiative recombination per square wave cycle as a function of an “effective” mobility
1/pessr = 1/pe + 1/ pp, showing correspondence between the two curves in (a). (d) Recom-
bination efficiency corresponding to the data in (¢). The CNT-CNT spacing is 300 nm, the
gate oxide is 50nm SiO,, and the applied gate voltage is £12V.



CHAPTER 3. PERFORMANCE LIMITS OF A PULSED-DRIVEN

ELECTROLUMINESCENT CAPACITOR 59
a b
= x10%
3 . T . T . 10000 — T
c — He=Mn=0.1 S
5 ol S e
2 — Me=0.001, pp =0.1 8
._% | — Me=HMn=0.001 ‘ac')'
£ 2 5000
o 1r . Q
o S
2 | £ o
g 0 : T " T : 0 R AN
C 20.02 20.04 20.06 20.08 20.00 20.02 20.04 20.06 20.08
time (us) time (pus)
c.’l—“ x10'2 d
o . T - T - 10000 — T
c
S 2f - 9
= o
£ c
Ne] (0]
£ 2 5000
o 1 - Q
o S
o k)
z =
©
? 0 : T A T : © 0 NS R A N |
C 30.04 30.06 30.08 30.10 30.02 30.04 30.06 30.08 30.10
time (ps) time (us)
N = x10%

L’J/ T T T T

c — He=Mn=0.1

o 2 b

= — He=0.001, pp=0.1

£ | —Me=pn=0.001

€

3 1f 1

o

(0]

=

&

-g 0 : T :

o 20 25 30

time (us)

Figure 3.14: Detailed data for Fig. 3.13. Total (a) radiative recombination and (b) number
of carriers versus time when the emitter layer has (a) equal electron and hole mobilities
of 0.1cm?V~1s7! (b) lower electron than hole mobility, or (c) equal electron and hole
mobilities of 0.001 cm? V=!'s~!. The gate voltage undergoes a 20 ns-long upward transition
from —12V to 12V beginning at 20.02 ps. Solid and dotted lines in (b) represent electron
and hole numbers. The equivalent data are shown in (c), (d) for a downward gate voltage
transition from 12V to —12V which begins at 30.04 ps. (e) Radiative recombination over a
longer time period where the upward transition occurs around 20 ps (as shown in a,b) and
the downward transition occurs around 30ps (as shown in c¢,d). EL intensity is similar at
both transitions when carrier mobilities are equal, but stronger at the downward voltage
transition when the hole mobility is higher.
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3.5 Efficiency characterization

Aside from turn-on voltage and brightness, other important figures of merit for light-emitting
devices include quantum and power efficiency. The internal quantum efficiency (IQE) of a
light-emitting device is given by 7;,,=¢~ and the external quantum efficiency (EQE) is given
bY Newt=Nint Neoupling, Where ¢ relates to the intrinsic photoluminescence efficiency of the
emissive material, v is the recombination efficiency (fraction of injected charge carriers that
recombine in the emissive layer; Figure 3.16), and neoupiing is the outcoupling efficiency (frac-
tion of photons that are able to escape the device) [67]. For organic excitonic materials with
singlet emission, the intrinsic efficiency of the emissive material also takes into consideration
rs, the ratio of singlet to triplet excitons. To evaluate the fundamental efficiency of an alter-
nating current-based carrier injection scheme, we focus on the efficiency of carrier injection
leading to radiative recombination (), which is the term that depends on the mechanism
of device operation. According to simulation, the recombination efficiency tends to increase
with gate voltage near the turn-on voltage of the device, but slowly decreases thereafter
(Figure 3.15a). The recombination efficiencies for devices with different oxide thicknesses
are similar, with the thicker oxide device only being slightly less efficient. Peak recombina-
tion efficiency is achieved when the band bending is just steep enough to allow for efficient
carrier tunneling and subsequent injection. Beyond this point, higher gate voltages increase
the rate at which the steady-state carriers are swept out of the emissive material, decreasing
the fraction of injected carriers that are able to recombine with opposite charge carriers
exiting the emissive material.

Experimentally, we observe a similar trend for a high-~ gate oxide device with Ru(bpy)s(PFg),
in which the IQE increases with voltage up to a certain point before decreasing (Figure 3.15a,
inset). For simplicity, we performed the simulations assuming 100% quantum yield in the
emitter layer; however, the experimentally measured materials have non-unity quantum yield
(68, 69]. Hence, the experimentally extracted internal quantum efficiencies, which are a prod-
uct of ¢ and ~, do not reach the same levels as the calculated efficiencies and in this case
are around one-fifth lower than the simulated performance limit. This value is consistent
with analogous photoluminescence quantum yield measurements of the emitter layer on the
device substrate. In addition, the peak experimental quantum efficiencies are achieved at
almost double the gate voltage calculated from simulation, which may be due to parasitic
device resistances which reduce the voltage applied to the emitter as well as nonradiative
recombination mechanisms which dampen the EL intensity at low carrier concentrations.
Strikingly, the total amount of radiative recombination and net recombination efficiency
does not depend on the contact work function or Schottky barrier height after the turn-on
regime has been surpassed (Figure 3.17), although unbalanced charge injection has been
found detrimental to the performance of quantum dot LEDs [43] and OLEDs [70]. While
devices simulated with p- and n-type contacts (0.1eV Schottky barrier height in each case)
show similar overall results as a device simulated with ambipolar contacts, EL at the upward
voltage transition is higher with an n-type contact than with a p-type contact due to more
facile electron injection, and vice versa at the downward transition.
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Figure 3.15: (a) Gate voltage dependence of recombination efficiency from simulation (solid
lines). Blue and orange data represent devices with 8 nm high-« gate dielectric or 50 nm SiO,
gate dielectric, respectively. Experimentally measured internal quantum efficiencies (IQE),
which normalize for differences in light outcoupling, are shown in the inset (open markers).
(b) Gate voltage dependence of power efficiency from simulation for devices with different
gate dielectric (upward triangles: 8 nm ZrO,, downward triangles: 50 nm SiO,) and emitter
layer band gap F,. Dotted lines are guides to the eye and represent an inverse voltage
relationship of the form E,/V, with a constant scaling factor. Experimentally measured
internal power efficiencies (IPE) are displayed in the inset (colors same as in (a)). Data were
measured from devices with a drop-casted Ru(bpy)s;(PFg), emitter layer (E, = 2eV).
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Similar to our findings on recombination efficiency, larger CNT-CNT distances (corre-
sponding to sparser CNT networks) are preferable for achieving higher power efficiency,
particularly in materials with higher mobility (Figure 3.18). Here power efficiency is defined
as the time-averaged output light power (assuming photons are emitted with an energy equal
to the band gap) divided by the input electrical power, which is calculated by integrating
the product of the time-dependent current and voltage over a full AC cycle. Power efficiency
approximately depends on the quantum efficiency and the factor (hv)/(qV') where hv is the
photon energy and ¢V is the energy of the injected carriers based on the effective applied
voltage. Assuming the CNT-CNT spacing is long enough for the quantum efficiency to satu-
rate, the power efficiency tends to increase with the band gap of the emissive material due to
the higher energy of photons produced (Figure 3.15b). However, the turn-on voltage is also
higher for larger band gap materials, resulting in similar power efficiencies at the voltages
required for similar emission intensities. Beyond the turn-on voltage, the maximum power
efficiency decreases approximately inversely with applied gate voltage. The peak power ef-
ficiency for a thicker oxide device is lower than that of a thinner oxide device and occurs
at a larger gate voltage due to the higher turn-on and operating voltages. Although the
internal recombination efficiency can approach unity, the power efficiency lags the quantum
efficiency in both simulation and experiment because each carrier type contributes to the
electrical current when it enters and exits the material. Resistive losses in the large-area CN'T
network, which are neglected in the model, impose further reductions in power efficiency in
the fabricated device.

3.6 Modulation speed

Lastly, we investigated the temporal response of the device, which determines the maxi-
mum frequency or speed at which the gate voltage can be modulated while retaining linear
frequency response. Even when external parasitic capacitances in the measured device are
minimized, the lifetime of electroluminescence can still be limited by device characteristics
such as carrier mobility. From the transient carrier density and EL profiles in Figures 3.19a-
b simulated using a square wave gate voltage, we observe that the number of holes in the
emitter layer decreases and the number of electrons increases as the gate voltage switches
from —12V to 12V. This behavior is consistent with the mechanism in which downward
band bending enables tunneling of electrons into the emitter layer as holes are extracted
out, leading EL to occur for a finite period of time following the voltage transition. EL
requires electron and hole populations to overlap in both space and time; as the mobility
decreases, the time required for the slow holes to exit the semiconductor increases and EL
is longer-lived. The EL lifetime, calculated as the length of time in which the radiative
recombination is at least 1% of its peak value, increases with decreasing carrier mobility but
saturates at 10ps (the length of a half-period of the 50kHz applied square wave) for very
low carrier mobility. Consequently, the emitter mobility should be increased if higher AC
operating frequencies are desired, so that the device can reach steady-state conditions after
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Figure 3.16: Example of gate (a) voltage v,(t) (brown) and current i4(t) (purple) versus
time. Source current from the two CNT contacts at the (b) upward and (c¢) downward
gate voltage transition are shown separately. Red and blue curves are the electron and hole
current components. Shaded areas represent the total charge injected into or leaving from
the emissive layer at the source contact. Electrons are injected at the upward transition
while holes are injected at the downward transition. The displacement current (grey) is
negligible. Current at the gate (which only contacts the oxide) does not involve direct carrier
injection, although it has the same magnitude (opposite sign) as the total source current.
(1) To calculate simulated recombination efficiency, we only consider injected carriers and
assume radiative recombination events generate photons emitting at the band gap energy.
The recombination efficiency is the ratio between the number of emitted photons and the
number of injected electron-hole pairs. The number of emitted photons from the 2D cross-
section is ny;, = fOT fOL fg”’”“” R(z,y,t) dy dx dt for a square wave with period T and
R being the time- and space-varying radiative recombination density. The emitted power
is hiwny,. The input electrical power is fOT vy(t) - ig(t) dt. (2) To calculate experimental
IQE, we estimate the number of carriers injected into the emissive layer by measuring AC
current through the device with and without the emissive layer, integrating the difference
over time, and dividing by ¢q. As we cannot distinguish separate electron and hole currents,
this estimate merely provides a lower bound on the efficiency (some of the estimated charge
includes carriers exiting the emitter layer). We performed measurements with a 10 kHz sine
wave to avoid excessive influence of external parasitics and equipment bandwidth limitations.
The external quantum efficiency is converted to an internal efficiency by dividing by the light
output by the light extraction efficiency: the percentage of light able to escape (=~ 1/4n? [71])
and couple out of the structure due to optical interference from the substrate (estimated via
the transfer matrix method [72, 73]), assuming an emissive layer refractive index n =~ 1.6.
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Figure 3.17: (a) Total radiative recombination per square wave gate voltage cycle (blue) and
recombination efficiency (brown) as a function of source contact work function. The emitter
has an electron affinity of 4.1eV and band gap of 2eV; changing the source contact work
function is equivalent to changing the relative Schottky barrier heights for electrons and holes.
From left to right, the work function values ¢ correspond to n-type (¢ = 4.2eV), ambipolar
(¢ = 5.1eV), and p-type (¢ = 6.0eV) contacts respectively. Radiative recombination per
unit length in the lateral direction is integrated over time over the half-cycle following the
(b) upward and (c) downward gate voltage transitions. When the source contact is n-type
relative to the emitter (green), it is more difficult to inject holes at the downward transition,
leading to lower peak EL in (c) (and vice versa for p-type contacts at the upward transition
in (b)). The gate oxide is 50 nm SiOs and the gate voltage is £12V.
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Figure 3.18: Power efficiency versus CNT-CNT spacing L for 50 nm SiO, gate oxide devices
with emitter layers of different carrier mobility. The applied gate voltage is +12'V.

each voltage transition. We performed device simulations using a higher frequency square
wave gate voltage to confirm these trends (Figure 3.20). With a 5 MHz square wave, the
radiative recombination begins to fall off at a higher carrier mobility than for a 50 kHz square
wave, as indicated by the similar levels of EL at © > 1 x 1073 em? V=1s™! but lower EL at
p=1x10"*ecm?V~ts~!. Band diagrams of the device operated at 50kHz show a constant
concentration of electrons accumulated in the emitter layer before a downward voltage tran-
sition, with almost no holes present. Flat energy bands along the lateral direction indicate
that the applied gate voltage is dropped in the vertical direction across the oxide. On the
other hand, the device operated at 5 MHz continues to show large quasi-Fermi level splitting
in the emitter layer, meaning that a substantial population of holes is still present. At this
frequency, the 0.1 ps-long period of constant positive gate voltage is insufficient to allow the
carrier populations and electrostatics to reach equilibrium.

A simple method to probe the temporal behavior is to measure the frequency-dependent
EL intensity. The increase in EL lifetime with decreasing carrier mobility relates to the
higher resistance imposed by the emissive material. Hence, increasing the CNT network
density, or reducing the CNT-CNT distance, should decrease the EL lifetime and increase the
maximum frequency for which the EL intensity per voltage transition does not decrease. This
behavior is confirmed in both simulation and experiment as shown in Figure 3.19¢-d. The
cut-off frequency in the experimentally measured data is around 100 kHz. This frequency
corresponds to an EL lifetime of around 5ps, which is higher than the simulated values.
This suggests that parasitic RC delays in the fabricated microscale device structure, CNT
network, and measurement setup may additionally contribute to prolonged EL responses,
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Figure 3.19: Simulated total (a) number of carriers and (b) radiative recombination versus
time where an upward square wave transition from —12V to 12V is initiated at 20.02 ps.
Solid and dashed lines in (a) represent electrons and holes. Simulations were performed for
a b0nm SiO, gate oxide device. The effective EL lifetime 7 is calculated as the difference
between the times when the EL rises and falls to 1% of its peak low-frequency value. Inset in
(b) shows 7 as a function of carrier mobility in the emitter layer. (c¢) Simulated EL lifetime
as a function of CNT-CNT spacing. (d) Experimentally measured EL intensity per square
wave cycle as a function of square wave frequency for devices with CN'T networks assembled
for 5min (~ 9 CNT/pm?) or 60min (=~ 17 CNT/pm?), where longer assembly times yield
more dense CNT networks (shorter CNT-CNT distances). (e) Simulated EL lifetime versus
gate voltage for devices with different EOT. (f) Experimentally measured EL intensity per
square wave cycle as a function of square wave frequency for devices with gate voltages
between 5V (blue) and 17.5V (yellow). Inset shows the time constant corresponding to the
inverse of the frequency at which the normalized EL drops by half. Dotted lines in (e) and
(f) represent inverse gate voltage scaling of the form 1/V,. Data were measured from 50 nm
SiO, gate oxide devices with 9,10-diphenylanthracene (DPA) as the emitter.
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Figure 3.20: (a) Total radiative recombination per square wave gate voltage cycle as a
function of emitter layer mobility x4 (cm? V=!'s™!). The frequency of the square wave gate
voltage is either 50kHz (teal) or 5 MHz (brown). The gate oxide is 50nm SiO, and the gate
voltage is +£12 V. (b) Energy band diagrams between opposing source contacts at timepoint
3 for a square wave frequency of either 50 kHz (top plot) or 5 MHz (bottom plot). The
emitter layer mobility is 1 x 107%ecm? V=1 s71. The device reaches steady-state in the former
but not the latter case (within the timespan of a half-cycle of the square wave period).

as well as differences in luminescent lifetimes of the experimentally measured and simulated
emissive materials. The EL lifetime decreases with increasing gate voltage, at the expense of
efficiency, as carriers in the emissive material are swept out more quickly under influence of
steeper potential profiles near the contact (Figure 3.19¢). Experimental measurements show a
similar trend in which the EL intensity per transition remains constant over a larger frequency
range when the applied gate voltage is higher (Figure 3.19f). In the future, parasitic device
resistances, which are currently largely dominated by the resistive CN'T network used as the
porous source contact, should be minimized to improve the operating frequency of the device
and increase the time-averaged EL intensity.

3.7 Conclusion

In conclusion, we studied the performance of an AC electroluminescent device through nu-
merical simulations and experiments, thereby guiding the rational design of high-performance
AC electroluminescent devices for different applications. The model captures the essential
physics of an AC electroluminescent device based on direct bipolar carrier injection and
demonstrates that performance metrics are dictated by a combination of material proper-
ties, device structure, and operating parameters. In the ultimate limit of gate oxide scaling,
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EL can be generated at peak-to-peak gate voltages equal to the band gap of the emitting
material. Moreover, there are negligible differences in EL intensity and efficiency for mate-
rials with different energy level alignments with the source contact once the turn-on regime
has been surpassed. The device thus renders electroluminescence spectroscopy a practical
tool for studying and characterizing emissive materials with varying morphological, optical,
and electronic properties in different environments. Since EL can be obtained from any ma-
terial deposited on top of a pre-prepared device and does not require any specific material
properties to occur, AC electroluminescent devices may serve as a promising solution for
in-situ metrology of unmodified materials and could have potential applications in a broad
range of scientific fields in the future. Finally, the photon energy-band gap scaling trends
established from our model show that there are no fundamental limitations associated with
generating EL from wide band gap materials, suggesting that AC injection may be a viable
approach for developing LEDs in the deep-UV regime and beyond.

3.8 Methods

Device fabrication

50nm SiO,/p™* Si substrates were subjected to Oy plasma treatment for 1.5 min, immersed
in poly-L-lysine solution for 5 min then rinsed with DI water. The substrate was subsequently
immersed in 90% semiconducting CNT solution (Nanolntegris) for 30 min unless otherwise
specified, then rinsed with DI water. Increasing the assembly time increases the density of
the CNT network as reported previously [74]. Afterwards, the substrate was annealed for 1h
in forming gas at 250 °C. Metal grid electrodes contacting the CN'T network were patterned
by photolithography and deposited by e-beam evaporation (0.5nm Ti/25nm Pd). CNTs
outside the device area were patterned by photolithography and etched with O, plasma to
prevent leakage. For devices with thin gate dielectric, 90nm SiO,/p™™ Si substrates were
patterned by photolithography and the exposed SiO, was etched completely away with 6:1
buffered oxide etch. Around 8 nm ZrO, was deposited at 180°C by atomic layer deposition,
followed by e-beam deposition of 2-3nm SiO, for adherence of CNT networks [27]. The
remainder of device fabrication follows the process described earlier, except here we used
metallic CN'T networks as the source electrode to reduce the turn-on voltage. Metallic CN'T
networks were deposited by drop-casting 99% metallic CNT solution (Nanolntegris) on the
substrate at 100 °C followed by a DI water rinse.

All emissive materials were purchased commercially from Sigma Aldrich (unless otherwise
noted) and prepared at room temperature under ambient conditions. Visible wavelength
quantum dot (QD) emitter layers were prepared by drop-casting a 1mg mL ™! solution of
CdSSe/ZnS alloyed quantum dots in toluene on the device and letting the solution dry at
room temperature. In this work, red and green QDs correspond to 630 nm and 520 nm
wavelength quantum dots, respectively. CdSeTe/ZnS quantum dots (NanoOptical Materi-
als) were first washed (by adding 0.1 mL of the 5mgmL~" QD solution to 1.5mL ethanol,
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centrifuging at 8800 rpm for 5 min, then decanting the clear supernatant) before redispersing
in 0.2mL toluene. The resulting solution was drop-casted on the device and left to dry
at room temperature. To remove extra ligands, devices with CdSSe/ZnS or CdSeTe/ZnS
QDs were immersed in acetone for 1 minute, 1 wt% acetic acid in acetone for 5min, and
then acetone again for 1 min to remove extra ligands. PbS quantum dots (NNCrystal) were
washed and redispersed in the same manner as the CdSeTe/ZnS QDs, then drop-casted on
the device and left to dry at room temperature. The film was not washed afterwards due
to its tendency to delaminate when immersed in solution. Ru(bpy)s;(PFg), was deposited
by drop-casting a 20 mgmL " solution of Ru(bpy)s(PFg), in acetonitrile on the device and
letting it dry on a hotplate at 70°C in air. 9,10-diphenylanthracene (DPA) was deposited
by drop-casting a 10mgmL~" solution of DPA in toluene on the device and letting it dry
at room temperature. For all drop-casted emitter materials, around 5 plL of solution was
dispensed on chips around 0.25cm? in size. Poly-(9,9-dioctylfluorene) (PFO) was measured
by spin-coating a 5 mgmL ™! solution of PFO in toluene on the device at 6000 rpm.

Device characterization

AC voltage was applied using an arbitrary waveform generator (Agilent 33522A) and a
voltage amplifier for voltages beyond 10V. Optical measurements were performed using a
custom-built micro-PL instrument in which EL is dispersed by a spectrometer and detected
with a charge-coupled device (CCD) (Andor iDus BEX2-DD). Emission power was measured
with a power meter (Thorlabs PM100D with S120C sensor) and cross-calibrated with CCD
counts. Electrical measurements were performed with a current amplifier (Stanford Research
Systems SR570) and oscilloscope. Devices were measured in vacuum (around 10 mTorr). The
experimental IQE was determined by dividing the number of emitted photons (estimated
from the EL power and emission spectrum) by the time-averaged number of injected electron-
hole pairs (estimated by integrating the electrical current, refer to Figure 3.16).

Device simulation

In order to capture the basic physics of the device, 2D simulations of the device cross-
section were performed using Sentaurus TCAD (Synopsys) following a previously described
approach [53]. The modeled device consisted of a layer of semiconducting material between
two 1.4nm tall edge contacts representing CN'T source contacts. The underlying gate ox-
ide layer (50nm SiO, with € = 3.9 unless otherwise stated) was contacted by a bottom
gate electrode. For devices with a high-x gate dielectric, the oxide dielectric constant was
e = 22. Unless otherwise specified, material parameters used for the semiconducting layer
were E, (band gap) = 2eV, € (relative permittivity) = 3.5, p, (electron mobility) = g,
(hole mobility) = 0.001 cm? V=1 s™! m? (electron effective mass) = m; (hole effective mass)
= mo with CNT-CNT spacing L. = 300nm. These parameters are similar to those used
in numerical simulations of optoelectronic devices with similar material systems [75-77].
Contact work functions were set to be mid-gap relative to the emitter band gap in order
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to produce ambipolar behavior (i.e. symmetric results for upward and downward voltage
transitions). For simplicity, we assumed a free carrier model in which carrier recombination
occurs only radiatively. A nonlocal tunneling model for electrons and holes at the source
contact-semiconductor interface was applied. The total amount of radiative recombination
was calculated by integrating the volume density of the radiative recombination rate over
the volume of the emitter layer over one period of a 50kHz square wave voltage applied
between the gate and source contacts. The slew time (rise and fall time) of the square wave
gate voltage was 20 ns.
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Chapter 4

Resonant characterization of an
AC-driven electroluminescent
capacitor

This chapter is adapted from:

V. Wang, A. Javey, “A Resonantly Driven, Electroluminescent Metal Oxide Semiconductor
Capacitor with High Power Efficiency”, ACS Nano, 15, 9, 15210-15217, 2021.

Electroluminescence can be generated from a wide variety of emissive materials using
a simple, generic device structure. In such a device, emissive materials are deposited by
various means on a metal-oxide-semiconductor capacitor structure across which alternating
current voltage is applied. However, these devices suffer from low external efficiencies and
require the application of high voltages, thus hindering their practical usage and raising
questions about the possible efficiencies that can be achieved using alternating current driving
schemes in which injection of bipolar charges does not occur simultaneously. We show that
appropriately chosen reactive electrical components can be leveraged to generate passive
voltage gain across the device, allowing operation at input voltages below 1V for devices
across a range of gate oxide thicknesses. Furthermore, high power efficiencies are observed
when using thermally activated delayed fluorescence emitters deposited by a single thermal
evaporation step, suggesting that the efficiency of a light-emitting device with simplified
structure can be high.

4.1 Introduction

Electroluminescent devices, which generate light emission in response to electrical excitation,
have been extensively studied and developed since the early 1900s [78]. The phenomenon of
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electroluminescence (EL) was discovered in silicon carbide in 1907 and was later observed
to occur in insulating materials containing zinc sulfide (ZnS) phosphor powder as well. The
ZnS powder-based electroluminescent devices developed by Destriau in 1936 were operated
by applying alternating current (AC) voltages [10]. Although this class of devices requires
large voltages in the range of 100V or more, they have found modern use in applications
requiring simple and robust fabrication procedures, such as decorative electroluminescent
wire [79], large-area textile displays [80], and sprayable interfaces [81]. EL in organic mate-
rials was demonstrated in 1953 by Bernanose, who applied kilovolts of alternating voltage to
fluorescent dyes like acridine orange [82]. Since the initial demonstration of EL, a variety of
light-emitting diodes (LEDs) based on inorganic and organic materials have been developed
with ongoing improvements in brightness and efficiency over the past few decades [83-85].
In these devices, electrons and holes are injected into an emissive layer by applying direct
current (DC) voltage, often with the aid of multiple charge injection and transport layers
surrounding the emissive layer [86].

We have shown that EL can also be achieved from a variety of emissive materials at
relatively low AC voltages (< 100V) using a metal-oxide-semiconductor (MOS) capacitor
structure with a porous carbon nanotube (CNT) network as the top contact (Figure 4.1a)
[53]. These devices are compatible with emissive layers spanning a wide range of material
classes (from colloidal quantum dots to small organic molecules to conjugated polymers and
more), physical forms (from thin evaporated films to thick drop-casted films), and colors
(across the entire visible range and beyond). The generic, open-top device structure enables
facile integration of arbitrary emitters with applications in EL spectroscopy, light-emitting
devices, and sensing. For inorganic semiconducting materials with sufficiently high carrier
mobility such as transition metal dichalcogenide (TMDC) monolayers, applying AC voltage
to MOS capacitors with top metal contacts alone is enough to generate EL [12]. However,
visible EL. cannot be obtained from molecular materials using the same structure due to
poor lateral carrier transport. By using a CN'T network as the top source contact, large-area
emission can be obtained from materials with low or imbalanced charge carrier mobility, such
as organic thin films. Previous work elucidates the critical role of the CNT network in such
a device: the density of the CNT network must be high enough for electrical percolation
across a large area, but not so high that it hinders gate control of the semiconducting layer
[53]. These devices, while versatile, suffer from low efficiencies in the range of less than 1%
which hinders their practical utility, and it remains unknown whether reasonable operating
efficiency can be attained using such a scheme. Furthermore, bright electroluminescence
typically requires either thin gate oxide layers or high drive voltages. Reducing the gate
oxide thickness to the several nanometer range requires tight fabrication tolerances and
limits the operating voltage range, while high drive voltages require high voltage electronics
that impose bandwidth constraints and increase the system size.

Similar top-emitting AC electroluminescent devices based on MOS transistors (e.g. light-
emitting field-effect transistors) have been previously developed, but the power efficiencies
are unreported or low (on the order of < 107°Im/W [49, 50, 87, 88]). Here, we show that high
power efficiencies can be achieved with AC-driven MOS capacitor devices by using a bright,
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Figure 4.1: (a) Schematic of the device structure which consists of an emissive film deposited
on top of a capacitor on a silicon substrate. The device is operated by applying an alternating
current sinusoidal voltage across the two terminals of the capacitor. (b) Simplified diagram
of the device operating scheme, where external reactive elements (L, C) are used to tune
the operating frequency. (¢) EL intensity as a function of voltage when the device is driven
directly by an approximately 15 kHz sinusoidal voltage source (without a resonator, green
triangles) or via the scheme depicted in (a) with L = 100mH, C' = 1 nF (with a resonator,
orange circles).

vacuum deposited, organic emissive layer. We further analyze AC electrical characteristics
of the device through impedance spectroscopy and demonstrate how devices with different
gate oxide thicknesses can be driven with low supply voltages, simply by operating the
device in a resonant LC tank circuit with reactive components that match the impedance
of the device (Figures 4.1b-c). By combining these strategies, we demonstrate an AC-driven
electroluminescent device with a power efficiency > 201m/W at a luminance of > 1000 ¢cd/m?
when driven by a 0.7V input RMS voltage.

4.2 Operating scheme

The structure of the AC electroluminescent device is shown in Figure 4.1a and the fabrica-
tion procedure is depicted in Figure 4.2. A solution-processed CNT network (Figure 4.3)
serves as the top electrode and a p™* Si/SiO, substrate serves as the bottom electrode and
dielectric layer. An emissive layer is deposited directly on top of this capacitive structure and
EL is generated upon application of a sinusoidal AC voltage between the top and bottom
electrodes. The CNT network serves as a dense but porous source contact [89] and enables
greater emission intensity from low mobility molecular materials while still allowing the
transverse gate field to modulate the contact-semiconductor interface. We used metallic as
opposed to semiconducting CNT networks [90] in order to reduce resistive losses in the source
contacts and produce devices with relatively linear electrical response in above-threshold AC
operation (Figure 4.4).
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Figure 4.2: Fabrication process flow for AC-driven metal-oxide-semiconductor capacitor de-
vices with details described in the Methods section. Starting from a SiO,/Si substrate, O,
plasma treatment is applied followed by CNT network assembly from CNT solution. A metal
contact is patterned on top of the CNT network and the CNT network area is patterned.
An emissive layer is deposited as the last step; the patterned CNT network area defines the
emission area.

Figure 4.3: Atomic force microscopy image of a sparse CN'T network on top of a silicon sub-
strate, deposited by drop-casting a mixed 90% metallic/10% semiconducting CNT solution
on top of the substrate heated at 110°C.

The operating mechanism of the device has been discussed previously and is supported
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Figure 4.4: (a) Current across an AC-driven electroluminescent device with a top CNT
network contact fabricated from 90% metallic/10% semiconducting (top) or 90% semicon-
ducting/10% metallic (bottom) CNT solutions. The applied voltage waveform is a ~ 40V,
38 kHz sine wave. (b) Current versus voltage data corresponding to waveforms in (a).

by simulations which show how both electrons and holes can be injected into the emissive
layer [12] (Figure 4.5a). At the positive peak of the applied sine wave voltage, electrons
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are accumulated in the emissive semiconducting material. As the gate voltage changes
from positive to negative, the bands of the semiconducting material near the CN'T source
contact bend upward, causing holes to tunnel into the emissive semiconducting material
while electrons exit. The temporary presence of both charge carriers permits subsequent
exciton formation and radiative recombination leading to light emission (Figure 4.6). As
the gate voltage reaches its peak negative value, the semiconducting material now largely
contains only holes, and a similar carrier injection process occurs at the negative-to-positive
voltage transition.
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Figure 4.5: (a) Simulated energy band diagrams at the interface between a metallic CNT
contact and a semiconducting emissive material at different timepoints of a sine wave ex-
citation. Dashed red and blue lines present the quasi-Fermi levels for electrons and holes,
respectively. (b) Conduction (solid lines) and valence (dashed lines) bands corresponding to
timepoint 2, for a device operated in a resonant driving scheme at the resonance frequency
(purple lines, corresponding to Figure 4.5a) and 1kHz away from the resonance frequency
(blue lines) with a supply voltage of 1 V. Band bending is nearly absent when driven non-
resonantly (green lines), leading to substantially less quasi-Fermi level splitting (not shown).
The driving is scheme illustrated in Figures 4.1b-c; the assembled CNT network is assumed
to be lossless.

In this operating scheme, high input voltages are required to generate band bending
steep enough to enable sufficient carrier tunneling. However, due to the AC mode of device
operation, the capacitive electroluminescent device can be operated resonantly such that



CHAPTER 4. RESONANT CHARACTERIZATION OF AN AC-DRIVEN
ELECTROLUMINESCENT CAPACITOR 73

Figure 4.6: Simulated (a) electron density, (b) hole density, and (¢) amount of radiative
recombination as a function of time and space after the onset of a negative voltage transition.
Simulations correspond to those in Figure 4.5a.

bright emission is achieved at low supply voltages. By adding reactive electronic components
to the driving scheme that cancel the capacitive reactance of the device, the supply voltage
can be entirely dropped across the lossy resistive components of the circuit at resonance,
which include the source contact (paths along the CNT network) and process of carrier
injection from the contact to the emissive layer (Figure 4.5b). During this process, voltage is
dropped at the contact-semiconductor interface and within the semiconductor, but the former
dominates. At the same time, the peak voltage across the gate oxide is magnified, further
enhancing the band bending at the metal-semiconductor interface as energy sloshes between
the capacitive and inductive elements. For instance, when an inductor is added in series with
the capacitive device, electrical resonance is achieved at the frequency where the impedance
of the inductor (Z;, = jwL) matches the impedance of the capacitive component of the device
(Ze = 1/(jwClevice))- At the resonance point of this tuned resistor-inductor-capacitor (RLC)
resonator (i.e. at wy = 1/v/LCgevice), the reactive impedances of the inductor and capacitor
cancel out and the total impedance only reflects resistive components of the impedance of
the components [91]. The resonance frequency can be additionally tuned by adding more
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reactive elements to the driving scheme such as a capacitor C, in parallel with the device.

Impedance data show that the device largely behaves as a capacitor with a capacitance
around 55 pF, which is consistent with the geometry of the device; the metal grid has a
~ 30 pF capacitance on SiO, with € = 3.9¢, in addition to extra capacitance arising from the
metallic CNT network covering a fraction of the emission area. When the device is connected
in parallel with a 1 nF capacitor and in series with a 100 mH inductor, electrical resonance is
achieved at the frequency where the impedance dips to a minimum and the phase shifts from
—90° (mostly capacitive) to +90° (mostly inductive), as shown in Figure 4.7a. In this case,
the resonance frequency is mostly determined by L and C), since C,, > Cyepice. Due to the
decrease in total impedance, the maximum source current is magnified as well, yielding higher
carrier injection at a lower supply voltage (Figure 4.7b). The reduction in supply voltage
depends on the Q-factor of the circuit, which is given by @ = (woL)/R = (1/R)+/L/C and
is around 25 in this case. The Q-factor can be increased by decreasing parasitic resistance
in the device and setup, as well as by maximizing the L/C ratio. Figure 4.7c shows a more
complete equivalent circuit model of the resonant circuit which characterizes frequency-
dependent impedance data of the device operated at different resonance frequencies using
different component choices; detailed discussion of the resonant circuit model and Q-factor
optimization can be found in the following subsections.

A simple analysis of RLC circuits shows how electrical resonance can be leveraged to
achieve passive voltage gain across reactive elements and enable the supply voltage to be
dropped entirely across the resistive elements. The voltage across reactive elements in a basic
series resistor-inductor-capacitor (RLC) circuit can be determined in the frequency domain
using complex impedances, where Zp = R, Z¢ = 1/(jwC), Z, = jwL:

Zc

Ve = Vin -
¢ 71+ Zo+ Zn

The voltage gain across the capacitor is simply

Vel _ 1
Vinl /(1 = w?LC)? + (WRC)?

which at resonance (w? = ) attains a peak value of

LC
Vool 1 1 /£_Q
Vil  woRC RV C

where () is defined as the quality factor of the circuit and denoting quantities at resonance
with subscript 0. Similarly,

|VL70| . (,OZLO
Vinl /(1 = w?LC)? + (WRC)?

which at resonance gives the same amplification factor as |V o|/|Vin|. Note all the voltages,
Vin = v;¢7%t and Vg, = v.0e/ @90 are sinusoidal. In the simplified schematic presented
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Figure 4.7: (a) Impedance and phase between the current-voltage waveforms near the reso-
nance frequency measured using the scheme depicted in Figure 4.1b. (b) From left to right:
current and voltage seen at the source below, at, and above the resonance frequency. The
amplitude of the voltage source is 1.5 V. (c¢) Impedance of LC' tank circuits with a 100 mH
inductor and the base device structure in parallel with different capacitors (inset: model of
the resonant circuit).

in Figure 4.1, L is the inductance of the external inductor, C' = C}, + Cleypice is the sum of
the capacitance of the external capacitor and the device capacitance, and R = R, is the
resistance of the sense resistor used for measurement. The total current is
I Vi _ Vi
Zi+Zo+Zr  jwL+ e+ R

which at resonance is simply |[y| = % (in phase with the input voltage waveform) due to
cancellation of the reactive impedances, meaning the impedance seen by the source reaches a
minimum and the voltage across the resistive element has amplitude |V;,|. In the schematic
shown in Figure 4.1, the current through the device is a fraction of the total current:

. Cdevice |‘/zn’
Cdevice + Cp R(l + Cp/Cdevice)

so the current is also magnified by a peak value of (), at resonance.

= Q(|‘/zn| . WOCdevice)

Idevice =1 - |Id€UiC€,0| =
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Using the full model in Fig. 4.15 and parameters extracted earlier, we can optimize
over possible values for L and C' to maximize the gain factor. For a given specific inductor,
there are two resonance frequencies: one related to the resonance with the parallel external
capacitance and device capacitance, and one related to the resonance with the parasitic
capacitance of the inductor (Fig. 4.8). Only the first resonance pertains to the voltage gain
of interest. A global sweep of different L and C (Fig. 4.9) shows that L ~ 100mH and
C' =~ 1nF gives roughly optimal peak |V o|/|Vin| (from the first resonance of interest), which
are the primary component values chosen in this work.
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Figure 4.8: Simulated voltage gain across the device for the L = 100 mH used in this work
and varying C (indicated in the legend).

The resonance frequency can be tuned by choosing suitable values of externally added
reactive components in conjunction with the device impedance. To demonstrate the electri-
cal tunability of the operating scheme, we used devices with a drop-casted emissive layer of
Ir(dtb—bpy)(ppy).PFg due to its ease of fabrication, low volumes of material required, and
relatively bright single-layer emission even when processed under ambient conditions [92].
Figures 4.10a-b show how the resonance frequency changes when the parallel capacitance and
series inductance are varied, respectively. As the parallel capacitance or series inductance
increases, the resonance frequency decreases. The resonance frequency ranges from 1-2kHz
at the largest LC' value used to 8-9 MHz at the smallest LC' value used, which represents a
span of 4 orders of magnitude. Broad frequency-dependent measurements also enable quan-
tification of the resonance frequency, which should scale linearly with v/LC' as Figure 4.7d
shows for varying inductance values. The equivalent circuit capacitance can be alternately
extracted by finding the value of C¢, that yields the closest straight-line relationship between
the resonance frequency and v/C = Cp, + Cy (for known C,) as shown in Figure 4.10c.
In both cases, the measured device has an equivalent capacitance around 0.1 nF. It should
be noted that the behavior of resonant circuits depends on stray parasitics and nonideali-
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Figure 4.9: (a) Simulated peak voltage gain across the device (in V/V, indicated by color
bar scale) (|Veol/|Vin|) for varying series L and parallel C. (b) Simulated peak voltage gain
for varying L assuming no parallel C'. (c) Simulated peak voltage gain for varying parallel C
assuming series L = 100 mH. In this simulation we neglect R, and C, but include estimated
R based on measurements of different discrete inductors available; this value increases
linearly with L generally.

ties in the discrete components, which have been disregarded so far for simplicity. These
complexities, such as self-resonance in the inductor, are elaborated in the following section.
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Figure 4.10: (a) Normalized EL intensity as a function of frequency for resonantly operated
AC electroluminescent devices using (a) a 100 mH inductor and varying parallel capacitances
C, indicated in the legend, or (b) no parallel capacitance and varying series inductances L
indicated in the legend. (c) Resonance frequency as a function of v/C' for the data in (a)
where C' represents the external capacitance alone (upward triangles) or in sum with a fitted

value (downward triangles). (d) Resonance frequency as a function of L for the data in (b).
Dashed lines represent least-squares linear fits.
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4.3 Equivalent circuit model

The experimental setup contains nonidealities and parasitics omitted in the simplified dia-
gram presented above. A more accurate model can be constructed from impedance spec-
troscopy measurements as detailed below. For example, inductors have parasitic resistance
and capacitance, as illustrated in Fig. 4.11. Here we only consider frequency-independent
component values for simplicity. For the inductor used in this work (which has a nom-
inal value of 100mH), the model yields L ~ 101mH, C; ~ 9.5pF, R, ~ 1.1M(Q, and
Ry, ~ 208 (the latter of which matches DC measurement) when fitted to experimental AC
measurements. The secondary self-resonant frequency is around 175kHz, which is higher
than the operating frequencies applied using this inductor. Here the inductor quality factor,
Qr = wL/Ry, is around 30 at 10kHz. These parameters, along with &~ 10 pF stray capaci-
tance in the setup, fit impedance data from different resonant circuits relatively well. Figure
4.12 shows the impedance seen at the source for different component values.
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Figure 4.11: Left: an equivalent circuit model of an inductor. Right: model fit to experi-
mental data for a 100 mH inductor.
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Figure 4.12: Impedance of LC' tank circuits with a 100 mH inductor in series with different
capacitors.
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The base device structure can be modeled as the metal pad capacitance in parallel with
a RC branch representing the lumped contribution of the injecting CNT network on the
gate oxide (Fig. 4.13), where the series Ronr and Coyr can be converted to the parallel

equivalent by the transformations Conr)| = Cfff(lfz and Ront) = Rent(1+ K?) in which
K = m at a given frequency w. Note K > 1 when w < 1/7¢nyr where 7oy is

the RC delay constant of the CNT branch. In this case, Conr) = Conr and Ront,) =~
m, i.e. the equivalent parallel dissipation is smaller when Reoyr is smaller. The
devices in this study are largely dominated by the capacitive component and thus show
mostly reactive impedance (Fig. 4.14). The device quality factor is & Rgevice/ Xdevice (ratio
of effective parallel reactance to resistance), which here is wo RonT (Cpaa(1+KZ)+Cont KE) ~

(Cpaa + Conr) /(woRentCénr)-

Rent

Cpad :: or Cpad + CCNT,H(W) :: RCNT,H(W)

—— Cenr

Figure 4.13: Left: an equivalent circuit model of the EL device. Right: a simplified repre-
sentation of the left circuit.
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Figure 4.14: Left: single capacitor model fit to impedance of the metal grid and bond pad
(Cpaa =~ 38pF). Right: device model fit to impedance of device without emissive layer
(Cont =~ 25pF). For the electroluminescent device with a deposited emissive layer, the
impedance is similar, with a marginal increase in effective capacitance (AC ~ 5pF).

Similarly, we can use these parameters to fit impedance data with the base structure of
the device now added to the resonant circuit (Fig. 4.15).
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Figure 4.15: Top: Model of the resonant circuit used in this work, including major parasitic
components. Bottom: Impedance of LC' tank circuits with a 100 mH inductor and the
base device structure (capacitor with CNT network top electrode) in parallel with different
capacitors.

4.4 Performance characterization

Previous work on MOS capacitor-based AC electroluminescent devices showed dim bright-
ness levels on the order of 1x 10 cd/m? and low external quantum efficiencies in the range of
a few percent or less, with power efficiencies lagging even further behind [53]. The external
efficiency of a light emitting device depends fundamentally on the internal efficiency of the
emissive material. Conventional fluorescent materials are limited by spin statistics and can
only achieve 25% internal efficiency at best due to nonradiative triplet transitions. To ad-
dress this problem, highly efficient next generation phosphorescent and thermally-activated
delayed fluorescence (TADF') emitters have been developed [93-95]. To demonstrate the per-
formance limits of the presented device and operating scheme, we fabricated devices with a
~ 30 nm, thermally evaporated emissive layer consisting of the TADF emitter CzZDBA doped
in the host material CBP [96, 97] (Figure 4.16a). The emission spectrum redshifts with in-
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creasing dopant concentration and a moderate (~ 16 wt%) dopant to host concentration was
found to yield brighter EL in general (Figure 4.17). The EL spectra for this emissive layer
show a peak EL intensity around 550 nm with bright yellow-green emission in between the
metal grid lines where the underlying CNT networks have been patterned (Figures 4.16b-c).
Frequency-dependent measurements of EL generated from this material show monotonically
increasing EL intensity with increasing sine wave frequency (Figure 4.18), which is expected
since there are more voltage polarity transitions per second at higher frequencies. When the
EL intensity is normalized by frequency, there is a frequency (on the order of 10kHz) at
which peak EL per sine wave cycle is achieved. Below this frequency, the EL intensity per
cycle decreases with decreasing frequency due to the increasingly sluggish voltage transitions
which produce less sharp band bending. Above this frequency, the EL intensity per cycle
decreases due to the slow electroluminescent response of the device, which depends on both
the RC' time constant as well as the intrinsic photoluminescence lifetime.

Figure 4.16: (a) Molecular structures of the dopant (CzDBA) and host (CBP) co-evaporated
as the emissive layer of the device. (b) EL spectra for different frequencies near the resonance
frequency, with the voltage across the device increasing towards 15 kHz. The device is driven
by a 0.7 Vyps source voltage using L = 100mH, C, = 1nF. (c) Optical image of the device
and visible green emission from the emission area between the metal grid lines. Scale bar
is 50pm. (d) EL intensity as a function of supply voltage for devices with low (&~ 4nm)
and high (~ 90nm) equivalent oxide thickness driven without and with the resonator at the
resonance frequency.
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Figure 4.17: (a) Luminance of devices with emissive layers comprising of different concentra-
tions of a dopant (CzDBA) in a host material (CBP). (b) EL spectra of CzDBA at different

doping concentrations (w/w%) in CBP.
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Figure 4.18: (a) EL intensity (integrated counts per second) for a device with a CzDBA
emissive layer driven by a 25V sine wave. (b) Data in (a) normalized by the frequency,
yielding the average EL counts per sine wave voltage transition (either negative to positive
or positive to negative) as a function of frequency. The EL intensity is relatively linear with
frequency given the similar number of counts per transition across the kHz frequency range,
with more significant decrease occurring towards the MHz range.

Based on the frequency-dependent EL and earlier Q-factor analysis, we characterized the
device at an operating frequency around 15 kHz. The resonant driving scheme can be applied
at this frequency by choosing a series inductance of 100 mH and a parallel capacitance of
1nF, which yields a Q-factor around 25. Voltage-dependent measurements of the device
operated at this frequency show that EL is generated at much lower supply voltages when
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driven resonantly as opposed to non-resonantly (Figure 4.16d). As established in previously
[98], the turn-on voltage for electroluminescence can be fundamentally reduced by decreasing
the equivalent gate oxide thickness to the several nanometer range; however, this imposes
constraints on the precision of the fabrication process. Absent the resonant driving scheme,
the turn-on voltage is reduced by half by using a device with a thinner, high-x gate dielectric
layer. However, by driving the device resonantly, the turn-on voltage of the device (as defined
at the source) is reduced to the millivolt range for devices with different equivalent gate oxide
thicknesses. EL can be observed at around 0.25V for a device with either a thin high-x
gate dielectric or a thicker low-x gate dielectric, meaning that the resonant driving scheme
enables EL at low turn-on voltages for a wide range of gate oxide thicknesses. Reducing
the sensitivity of the turn-on voltage to gate oxide thickness is attractive from a design and
fabrication perspective, as it eases the requirement for thin, precisely fabricated gate oxide
layers.

Finally, we characterized the brightness and power efficiency of the resonantly driven
electroluminescent device. Under an AC driving scheme, the average real power consumed
by the device can be calculated as (1/7) fOT I(t)V(t)dt where I(t) and V (t) are the current
and voltage across the device, respectively [99]. For sinusoidal modulation, the real dissi-
pated power simplifies as I, Vyms cos(0) where cos(6) is the phase shift or power factor that
determines the loss. Alternatively, the power consumption at resonance can be interpreted

from the Q-factor, which relates to the ratio of energy stored to energy lost per cycle.
ey Tost per eyt resouancs ) 0 & cireuit, and
as such reflects total real power loss. As defined earlier, ) = % = wo}‘%C when consid-
ering a series resistive-reactive component circuit. The total energy stored at a time is
2C|Veo|? or %L\IO\Q. The real power dissipation at resonance is %’ - (energy stored) - % =

5 - (energy stored) = TR|Io|* = (I3)R which is just the average power dissipation across
the resistance for sinusoidal voltages and currents. The electroluminescence intensity from a
fast-responding MOS capacitor device is approximately proportional to the number of volt-
age transitions and charge accumulated, o< wWClgeyice(|Ve| — Vi) for some threshold voltage

level V. The power efficiency at resonance is then proportional to

Conceptually, the Q-factor represents (27T~

WOCdevice(|VC,0| - VT) . Q|V;7’L| _ VT . 1
% . %C|VC’,O|2 Q|V;n|2 1+ Cp/Cdevice

which in the limit of high input voltage is oc 1/|V},|, i.e. inversely proportional to the input
voltage. The peak efficiency occurs when |Vj,| = 2Vy/Q and has a value < @/Vy. Thus
in this highly simplified analysis, the power efficiency improves when the turn-on voltage
is reduced or the Q-factor is increased. The turn-on voltage depends on the band gap of
the emissive material and the equivalent gate oxide thickness, which is further constrained
by the desired dynamic range and light outcoupling considerations. A more accurate and
quantitative discussion would incorporate the full equivalent circuit model and more precise
description of the electroluminescence power, particularly near the turn-on regime.
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It should be pointed out that this discussion only refers to the circuit Q-factor, which will
be lower than any individual component Q-factor. The power consumption intrinsic to the
device itself can be estimated from the device’s Q-factor. The circuit Q-factor of a standard
series RLC circuit at resonance is approximately @ = Qigeat||Q1]|Qc = (1/Qidear + 1/QrL +
1/Qc) ™! where Qr, Qc, and Qj4eq are the Q-factors of the inductor, capacitor, and circuit
with “ideal” components, respectively. Here we refer to the Q for series impedance (in general
terms, Q = X/R for some total impedance Z = R + jX); at resonance, Q) ~ X, /(Rigear +
Rp+ R¢) where X, is the capacitive reactance at resonance and the denominator is the total
equivalent series resistance. R;geq is the series resistance in the circuit assuming ideal or
non-lossy L and C'. In our device operating scheme, Ry and R¢ are the series losses in the
inductor (approximated using a simple series resistance-inductance model at frequencies well
below the self-resonant frequency) and series capacitive components (which are dominated
almost entirely by losses in the electroluminescent device). Based on this approximation and
experimentally measured values (@ ~ 25, 1 ~ 45, and external resistance in the circuit),
we can extract the equivalent Q-factor of the light-emitting device to be around 100. At
a operating frequency of 15kHz and input source voltage of fy = 1.5V, this corresponds
to a power consumption of Qdijm - 3CV2 ieefo = T x 107" W which is on the order of the
values from experimental time-dependent measurements, further corroborating our analysis.
Using the estimated component values and earlier equation for device Q-factor (and ignoring
possible frequency dependence of component values), we can estimate the effective series
resistance in the electroluminescent device to be around 9k(). Note that this resistance is
small enough to not impact the bandwidth of the device response in the available measured
frequency range (on the order of 10 MHz or below).

Using this operating scheme, a peak EL brightness of 1108 cd/m? is observed for a de-
vice driven by a 0.7 Vs, 14.9kHz sinusoidal input (Figure 4.19). In this luminance range,
the power efficiency generally increases in the vicinity of the resonance frequency, with a
peak power efficiency of 28 lm/W. The EL intensity increases near resonance as the current
through the device increases and more charge is injected. The spectral shape or color is
invariant to the applied frequency and voltage (Figure 4.20). Voltage-dependent EL mea-
surements of a device operated at the resonance frequency show that the power efficiency
increases with voltage near the turn-on regime (~ 1V) but steadily decreases thereafter
(Figure 4.21), as the increase in luminance fails to keep pace with the increase in power con-
sumption. The efficiency of organic electroluminescent devices typically exhibits a roll-off at
high current densities or brightness levels due to a combination of exciton loss mechanisms
such as triplet-triplet annihilation and field-induced quenching [100]. These effects may be
exaggerated in AC electroluminescent devices where charge carriers are injected one polarity
at a time in alternating pulses with high energies and concentrations near the contact de-
pending on the degree of band bending. Although the net power consumption of AC-driven
devices is lower than equivalently driven DC devices due to the largely non-dissipative charg-
ing and discharging-based operation, the peak current densities into the semiconducting layer
can still be high. Furthermore, temporal simulations of the device’s operating mechanism
suggest that pulsed carrier injection is less efficient above a certain threshold voltage, since
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returning carriers are swept out through the source contact more rapidly and are less likely
to recombine with incoming injected carriers of the opposite polarity [98]. Finally, heating
effects may play a role in degraded device behavior.
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Figure 4.19: (a) Luminance, (b) power efficiency, and (¢) RMS voltage and current density
as a function of frequency for a device driven by a 0.7 Vs source voltage using L. = 100 mH,
C, = 1nF with a CzDBA/CBP emissive layer.
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Figure 4.20: EL intensity (normalized counts per second) as a function of wavelength for
varying operating frequencies during resonant operation of a CzDBA-based device, corre-
sponding to data in Figure 4.16b with the effective voltages across the device shown in
Figure 4.19c.

The maximal performance values are overall considerably higher than those for the same
device structure previously reported (around ~ 0.11m/W power efficiency at 10 cd/m? for a
similar driving waveform and frequency [53]) and rival the highest values reported for AC
electroluminescent devices, which typically show relatively poor power efficiencies [53, 101].



CHAPTER 4. RESONANT CHARACTERIZATION OF AN AC-DRIVEN

ELECTROLUMINESCENT CAPACITOR 87
NV ¢ , 3 & NWg —
5 ; o 600000 w ; o,
S el © ] Wl o 0o,
2 ©04
W o ;
OCIU NP k , ¥ NWE 4
o &
— t O —
NW s 1 1 g N\AN 1 1
M N o) M N 0
sca~CEBF sci~CEEBF

Figure 4.21: (a) Luminance of emission for a device with a CzDBA emissive layer driven
by a ~ 15 kHz sine wave in parallel with a 1 nF capacitor, together in series with a 100 mH
inductor. (b) Power efficiency corresponding to data in (a) obtained by simultaneously
measuring the electrical power consumption and the optical emission power. The horizontal
axis represents the peak magnitude of the applied voltage. Here, a peak power efficiency of
331m/W is observed at a luminance of 1570 cd/m?.

A variety of other capacitive AC electroluminescent devices based on insulating and organic
emissive layers have been developed, but these devices either have low power efficiencies
(below 11m/W [21, 25]) or require complex multilayered structures to reach comparable
power efficiency [102]. Table 4.1 presents a comparison of the power efficiency of the device
in this paper with related technologies.

While the performance of the presented device still lags that of DC-driven LEDs based
on the same emissive materials, the results show that relatively bright and efficient light-
emitting devices can still be achieved with a concise device structure that requires only one
active semiconducting layer and no additional layers specifically engineered for the emissive
material. The simplified device architecture allows for pinhole-tolerant fabrication of the
active organic layer since thickness variations and particles on the substrate do not create
detrimental electrical shunt paths [66]. From an electrical standpoint, the limit of device
efficiency in this scheme ultimately depends on dissipative processes intrinsic to the device;
such losses can be revealed by resonant measurements as described in this work. To improve
efficiency of the methodology, external resistance in the source contact (i.e. the loss measured
before the electroluminescent layer is deposited) and external circuitry should be minimized
such that losses at or in the semiconductor dominate. Based on the impedance observed at
resonance for the base device structure with and without the emissive layer (Figure 4.7), the
effective resistance during AC operation increases by around two times when the luminescent
material is deposited. Thus, the efficiency and effectiveness of the driving scheme could be up
to twice as high in this case if the losses extrinsic to the EL process were to be theoretically
eliminated.
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Device Material Reference | PE (Im/W) | Brightness
DC LED AllnGaN (green) [103] 49 107 mW
DC LED InGaN (green) [104] 90 209 mW
DC OLED CzDBA:CBP 196] 122 1000 cd/m?

DC OLED CzDBA [97] 82 1000 cd /m?

DC OLED 4CzIPN:CBP [105] 79 1000 cd /m*

DC OLED Ir(ppy)s:CBP [105] 63 1000 cd/m?

DC OLED Alq;:CBP [106] 4 100 c¢d/m?

AC OLED Ir(ppy)s:PVK:OXD-7 | [99] 34 ~11000 cd/m?

AC OLED Ir(ppy)s: TCTA [107] 3 500 cd /m?

AC OLED fluorescent polymer | [21] ~0.15 ~250 cd/m?

DC OLET NBTA crystal [108] 37 ~0.1nW

DC OLET FSBT [109] ~1 ~5000 cd /m?

AC LET MAPDI; perovskite [49] 8 x 107° 9 x 107! ed/m?

AC TFEL ZnS:Mn [110] 2 572 cd/m?

AC TFEL ZnS:Mn [111] 5 ~2000 cd/m?

AC MOS capacitor | CzDBA:CBP [this work] | ~20 1000 cd /m?
Table 4.1: Comparison of representative related light-emitting technologies. “Device” in-

dicates the type of device (direct or alternating current mode of operation and structure).
“Material” indicates the material of the emissive layer. “PE” indicates the reported power
efficiency. “Brightness” indicates the luminance or output power at which the power ef-
ficiency was reported. Abbreviations: DC (O)LED = DC-driven (organic) light-emitting
diode, AC OLED = AC-driven organic light-emitting device, (O)LET = (organic) light-
emitting transistor, AC TFEL = AC thin-film electroluminescent device, MOS = metal-
oxide-semiconductor.

4.5 Conclusion

In summary, we have demonstrated how reactive components can be designed to generate
passive voltage gain across capacitive AC electroluminescent devices via a resonant tank
circuit with high Q-factor. This simple operating scheme enables AC electroluminescent
devices to be driven at low input voltages in a variety of applications and circumvents
the need for additional active electronics which have limited gain-bandwidth product at
high operating frequencies, an important consideration for high-speed light-emitting devices.
The insensitivity of the operating scheme to the thickness of the dielectric and emissive
layers suggests that electroluminescent MOS capacitor devices, alongside properly engineered
on-chip inductors, may be amenable to large-scale fabrication via solution-based printing
methods, although the efficiency of this methodology depends critically on parasitic but
typically unavoidable losses in the external inductive components. By selecting a bright
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and high-quality emissive layer, luminance levels (on the order of 103 c¢d/m?) and power
efficiencies (on the order of 10s of lm/W) are achieved, which are over an order of magnitude
higher than the values previously measured for the same device structure and approach the
values for conventional, direct current-driven organic light-emitting diodes. Thus, relatively
high power efficiencies can be attained even with just a single generic contact for bipolar
injection and it may be possible to construct viable light-emitting MOS capacitors at other
wavelengths for practical light-emitting device applications in the future.

4.6 Methods

Device Fabrication

The fabrication of solution-processed CNT networks has been previously described [112].
Devices were fabricated on 90 nm SiO, since the light outcoupling factor due to optical in-
terference from the substrate stack is relatively higher with this gate oxide thickness at the
wavelengths of interest [72]. 90 nm SiO,/p™™* Si substrates underwent O, plasma treatment
for 1.5 min, followed by immersion in poly-L-lysine solution (0.1% w/v aqueous solution, Ted
Pella) for 5min and rinsing with deionized (DI) water. Next, 90% metallic CNT solution
(1mg M90% IsoNanotubes-M, Nanolntegris) was drop-casted on the substrate at 100°C,
then rinsed with DI water after the solution dried. The substrate was annealed in forming
gas for 1h at 250°C. Metal bond pads were patterned by photolithography with positive
resist (LOR 5A/S1818) using a laser writer (Heidelberg pPG 101) and deposited by e-beam
evaporation of 0.5nm Ti/25nm Pd, followed by liftoff in PG remover at 70°C. To reduce
leakage current, the emission area for each device was defined by a second photolithography
step and CNT's outside the device areas were etched by Oy plasma. For the solution-processed
emissive layer, a 10 mg mL~" solution of Ir(dtbbpy)(ppy), ([4,4-Bis(1,1-dimethylethyl)-2,2’-
bipyridine-N1,N1’]bis[2-(2-pyridinyl-N)phenyl-Cliridium (IIT) hexafluorophosphate, Sigma Aldrich)
in acetonitrile was prepared under ambient conditions and drop-casted on top of the device
at 60 °C to promote solvent evaporation and uniform film formation. For the thermally evap-
orated emissive layer, a 16 wt% dopant:host film was co-deposited on top of the device at
a base pressure below 2 x 107¢ Torr, where the dopant is CzDBA (5,10-Bis(4-(9H-carbazol-
9-y1)-2,6-dimethylphenyl)-5,10-dihydroboranthrene, >99%, Luminescence Technology) and
the host is CBP (4,4’-Bis(N-carbazolyl)-1,1’-biphenyl, >99.5%, Ossila).

Device Characterization

AC voltages were applied with a function generator (Agilent 33522A). Optical measurements
were performed in vacuum (~ 20mTorr) with a custom micro-PL instrument in which EL
is dispersed by a spectrometer and detected with a charge-coupled device (CCD) (Andor
iDus BEX2-DD). The emission power was measured with a power meter (Thorlabs PM100D
with S120C photodiode sensor) and cross-calibrated with CCD counts. AC electrical mea-
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surements were performed simultaneously with an oscilloscope (Tektronix TDS 640A) and
electrical current was measured with a shunt resistor or a current preamplifier (Stanford Re-
search Systems SR570) where necessary. Component measurements and impedance values
were cross-checked with an LCR meter (Agilent E4980AL). DC electrical measurements were
performed with a semiconductor parameter analyzer (Agilent 4155C). The external power
efficiency was determined by dividing the emission power by the electrical power consump-
tion, which is calculated by integrating the current-voltage product over one period of the
sinusoid.

Device Simulation

Two-dimensional device simulations were performed using Sentaurus TCAD (Synopsys) as
previously described [12]. The simulated device consisted of a layer of emissive semicon-
ducting material situated on top of a 90 nm SiO, gate oxide layer with relative permittivity
e = 3.9. Two 1.4 nm-tall contacts representing neighboring CNTs were placed on each lateral
end of the emissive semiconducting material. A sinusoidal AC voltage was applied between
the CNT source contacts and a bottom gate electrode underneath the gate oxide. The
CNT-CNT spacing was 1 pm and the work function of the CN'T contacts was set to be mid-
gap relative to the band gap of the semiconducting material in order to generate ambipolar
behavior. Material parameters were E, (bandgap) = 2eV, e (relative permittivity) = 3.5,

*

m; (electron effective mass) = m} (hole effective mass) = mg, and p, (electron mobility) =
p, (hole mobility) = 0.001 cm? V=!s™! for the semiconducting layer [113]. Carrier tunneling
is enabled at the interface between the source contacts and semiconducting layer. The simu-
lation, which provides a simplified view of device operation for illustrative purposes, assumes

a free carrier model with entirely radiative recombination.
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Chapter 5

Compressive spectroscopy with
multicolored electroluminescent
arrays

This chapter is adapted from:

V. Wang, S. Z. Uddin, J. Park, A. Javey, “Highly multicolored light emitting arrays for
compressive spectroscopy”, Science Advances, 9, eadgl1607, 2023.

Miniaturized, multicolored light-emitting device arrays are promising for applications
in sensing, imaging, computing, and more, but the range of emission colors achievable by
a single light-emitting diode architecture is limited by material or device constraints. In
this work, we demonstrate a highly multicolored light-emitting array with 49 different, in-
dividually addressable colors on a single chip. The array consists of pulsed-driven metal-
oxide-semiconductor capacitors which generate electroluminescence from micro-dispensed
materials spanning a diverse range of colors and spectral shapes, enabling facile generation
of arbitrary light spectra across a broad wavelength range (400-1400nm). When combined
with compressive reconstruction algorithms, these arrays can be used to perform spectro-
scopic measurements in a compact manner without diffractive optics. As an example, we
demonstrate microscale spectral imaging of samples using a multiplexed electroluminescent
array in conjunction with a monochrome camera.

5.1 Introduction

Although multicolored light-emitting arrays are valuable in many areas including low-power
sensing, computing, and spectroscopy [1, 114, 115], the emission range of light-emitting de-
vices integrated on a single chip is typically limited to no more than a few colors. Among
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the most ubiquitous examples of multi-color light-emitting device arrays are displays, which
integrate red, green and blue light-emitting diodes (LEDs) to produce a wide color gamut
[116]. Although light-emitting device arrays with a greater number of colors and broader
spectral range are useful for multispectral sensing, lattice matching requirements limit the
breadth of inorganic materials and thus band gaps that can be grown on a single substrate
[117]. Commercial multi-wavelength LED packages instead integrate devices fabricated on
separate chips, which results in large package sizes relative to the size of individual devices.
Organic materials can be integrated more readily on a single chip due to less demanding
growth requirements, but such an approach is cost-prohibitive from a manufacturing stand-
point due to the number of process steps and sources required to fabricate the many layers of
a conventional vacuum-deposited organic LED. These methods, while sufficient for few-color
arrays, are not ideal for scaling light-emitting arrays to tens or hundreds of different colors.

Here, we address this problem by using arrays of electroluminescent, alternating current-
driven metal-oxide-semiconductor (MOS) capacitors in which the device electrodes are litho-
graphically defined before deposition of the emitting materials [53]. Since deposition of the
emissive layer is the final fabrication step in these devices, microprinting techniques can be
used to dispense many different color emitters on a single chip with ease. The rich photo-
physical diversity of solution-processable molecular and quantum dot materials allows for a
large palette of spectral shapes to be achieved, with no modification to the device structure
required for different luminescent materials. By using such an array to actively illuminate
objects with spectrally varying light, spectral properties of samples can be interrogated at
many wavelengths. The illuminating light spectra need not be narrowband, as optimiza-
tion algorithms can be used to numerically reconstruct spectral properties of the unknown
sample when using many random broadband illumination spectra. The use of compressive
reconstructive methods simplifies the fabrication process since essentially any emitter with
any arbitrary spectra can be used in the light generating array. Our approach contrasts
other reconstructive spectroscopic techniques which focus on modulating passive as opposed
to active elements. For example, compressive spectral imaging has been demonstrated with
tunable filters and many-colored filter arrays [118, 119]. Recent work has also shown that
intrinsically or extrinsically tuned photodetectors based on nanomaterials can be used as
micro-spectrometers to measure incident spectra in a highly compact fashion without tra-
ditional dispersive optics (e.g. diffraction gratings), heavily engineered optical components
(e.g. tunable narrowband filter arrays), or bulky mechanical systems (e.g. interferometers)
[120, 121]. These systems, in which numerical methods compensate the lack of precisely
engineered components, could find use in consumer or field applications where portable, low
power devices with small footprints and costs are desirable [122]. In this work, we illustrate
how miniature arrays of electroluminescent devices with arbitrary emission spectra can be
leveraged to perform active spectral measurements in a compressive manner.
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5.2 Arbitary spectrum generation

Multiplexed arrays of light sources are developed based on a MOS capacitor device in which
emissive materials are deposited on top of capacitors fabricated on a silicon substrate (Figures
5.1a and 5.2). Alternating current voltage is applied between the two terminals of the
capacitors in order to overcome differences in band alignment at the metal-semiconductor
contact and produce transient electroluminescence (EL) at each voltage transition (Figure
5.1c). The application of pulsed bias enables steep band bending and relatively efficient
charge injection into different semiconducting materials from metal contacts of different work
functions [12]. By using conductive carbon nanotube networks as the top source contact, a
high areal density of charge carriers can be injected into materials with poor lateral charge
transport [53, 98]. EL can be produced from materials spanning the visible to infrared range
(Figure 5.1e), and the intensity increases with both frequency and voltage (Figure 5.1d).
Figure 5.1f shows a dense library of emission spectra in the visible range from different
material classes such as organic small molecules, conjugated polymers, and colloidal quantum
dots [123-126].

Characterization of the brightness, efficiency, color, and spectral bandwidth of the elec-
troluminescent devices as compared to the photoluminescence characteristics of the emitting
materials is shown in Figures 5.3 and 5.4, in supplement to previous reports [53, 98, 127].
The frequency response of electroluminescence from these devices depends on the resistance
and capacitance of the device structure, in addition to properties of the emitting material
such as radiative lifetime, of which a few examples are depicted in Figure 5.5 for differ-
ent materials [92, 128, 129]. For example, electroluminescence persists much longer after
each voltage transient for a PtOEP:PFO emitter layer compared to a PFO emitter layer, in
correspondence with the relatively long phosphorescence lifetime of PtOEP [130].

Due to the simplicity of device fabrication, large multicolor electroluminescent arrays
can be fabricated on a single substrate. Figure 5.1b depicts an example of a 7 x 7 array
of 49 light-emitting devices in which a different emissive layer is deposited on each pixel of
the array by micro-dispensing (Figure 5.6, Table 5.1). Nanometer film thicknesses can be
obtained using this technique, corresponding to equivalent film volumes of a few picoliters
(Figure 5.7). Notably, the bottom array of capacitors is entirely prefabricated by standard
photolithography procedures and no processing is required after deposition of the emissive
layer, which reduces the complexity of device fabrication and lifts constraints on the pro-
cessability of different monolithically integrated luminescent materials. The emissive layer
can comprise of mixtures of different materials and does not need to be thin, pinhole-free,
or any particular shape. The device size and pitch accuracy can be improved in the future
by adopting more advanced techniques to automate the deposition of small liquid volumes
(e.g. microarray printing technology in which thousands of samples can be processed on one
chip [131]).

To emphasize the versatility of this device platform, we first demonstrate how nearly
any light spectra can be generated given a sufficiently large library of emitters. The total
light spectrum from a miniature EL array is a linear combination of the spectra from the
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Figure 5.1: Multiplexed array of multicolored electroluminescent devices. (a)
Schematic of an array of light-emitting MOS capacitors in which different emitting ma-
terials are micro-dispensed on each capacitor. (b) Optical image of a fabricated 7 x 7 array
of devices with a different emitter dispensed on each pixel of the array. Scale bar: 400 pm. (c)
Example of time-resolved electroluminescence (red) corresponding to a square wave pulsed
gate voltage waveform (grey). (d) Example of increase in EL intensity with driving frequency.
(e) EL spectra from several materials emitting across the blue to near-infrared range, with
emission at all wavelengths in between. (f) Example of EL spectra from a wide range of
materials emitting in the visible range (Table 5.2).
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Figure 5.2: Fabrication process of a pulsed metal-oxide-semiconductor (MOS)
capacitor device. A 1.5min O, plasma treatment is applied to a SiO,/Si substrate. The
surface is modified with poly-L-lysine, then covered with aqueous carbon nanotube (CNT)
solution for 5 to 10 min to self-assemble CNT networks before being rinsed with DI water.
A metal contact is patterned on top of the CNT network to reduce lateral parasitics and
provide a bond pad for electrical connection. CNTs outside the device area are etched with
O, plasma to prevent leakage between devices. The emissive layer is deposited as the last
step (in this work, by simple drop-casting of dye solutions on top of the device using a
micropipette). The devices are then wire-bonded to a chip carrier for measurement.

individual elements. Based on this framework, an array of emitters can be designed to
yield a desired light spectrum y = y(\) by solving the least-squares optimization problem
ming = [|AB — y|[3 (subject to 8; > 0) where A is the set of EL spectra and 3 is the
vector of linear weights for each spectrum. Since we wish to minimize the number of utilized
spectra for practical purposes, we perform an additional initial optimization step to select
a smaller subset of emitters for the array design: ming ||[L8 — y||3 + v||3]|1 where L is the
entire large library of EL spectra. A is then composed of the N highest-weighted spectra,
where N depends on the acceptable error tolerance. The L; regularization term encourages
sparsity in the solution and therefore reduction of N.

Figure 5.8 illustrates an example of spectrally matched light generation in which we tar-
geted a spectrum that linearly varies with wavelength in the shown range. By solving the
above optimization problem using a prior library of EL spectra, we found that five chosen
emitters were sufficient to recreate the desired spectrum (Figures 5.8b-d; Figure 5.9). The
spectral weights were implemented by tuning the driving voltage and frequency for each
device such that the EL intensity matched the estimated coefficient. Unlike macroscale ap-
proaches where custom light synthesis is performed using commercial inorganic LEDs [132—
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Figure 5.3: Performance of light-emitting capacitor devices. Performance is shown
for different types/colors of drop-cast emitters on 50nm SiO, gate oxide. (a) Photolumi-
nescence (thin dark lines) and electroluminescence spectra (light shaded lines) of emitters
indicated in the legend. (b) Internal electroluminescence quantum efficiency (open mark-
ers) and photoluminescence quantum yield (PL QY solid markers) for different emitters. PL
QY of drop-cast films was estimated from calibrated micro-photoluminescence measurements
based on a previously described procedure [39]. Device quantum efficiency was estimated
based on the procedure described earlier [53]. (c) Brightness of electroluminescent devices
based on different emitters. G-QD and R-QD refer to CdSe-based quantum dots with peak
emission around 520 nm and 620 nm, respectively.

134], our approach is miniaturized and compatible with spectrally diverse materials, from
quantum dots with sharp emission peaks to organic polymers with broad spectral responses.
This flexibility permits more accurate spectral targeting and overcomes technological limi-
tations in the spectral availability of certain materials, such as the “green gap” from which
[II-nitride LEDs suffer [135].
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Figure 5.4: Characterization of electroluminescent colors. (a) Chromaticity diagram
showing CIE coordinates of different electroluminescent emitters in Table 5.1. (b) Distribu-
tion of full-width at half-maximum (FWHM) of electroluminescence spectra of emitters in
Table 5.1.
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Figure 5.5: Frequency response of electroluminescence. Brightness of (a) Ir—PFg and
(b) red CdSe quantum dot emitters as a function of square wave voltage and frequency. (c)
Normalized light emission per cycle versus frequency for different emitter materials, as well as
their respective time-resolved electroluminescence response (d-g). The lifetime of these ma-
terials are, in order, approximately 55us (PtOEP) [130], 0.6 us ([Ir(ppy)2(dtb—bpy)](PF))
92], 5ns (PFO) [128], and 2ns (PDY-132) [129]. An upward £25V voltage transition occurs
at t = 100 ps, and a downward voltage transition occurs at ¢ = 50 ps. Devices were fabricated
on 90nm SiO, gate oxide.
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Figure 5.6: Photograph of bonded device chip. An example 7 x 7 array of 49 electrolu-
minescent devices is wirebonded to a chip carrier, with a different emissive layer drop-cast
on each device (refer to Table 5.2 for the full description of the emissive layer compositions).
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Figure 5.7: AFM measurement of drop-cast films. Images of (a) PDPP4T and (b)
PtOEP:PFO devices are shown on the left, with the AFM image of the edge area shown
in the inset of each plot and the imaged location shown below each plot. The thickness of
these films are on the nanometer scale. Note the film thickness in the right plot in (b) is well
below the ~ 30nm height of the metal contact. For a &~ 5nm thick film on the grid which
has an area around 500 pm x 500 pm, the film volume is on the order of 1 x 107° m?3 ~ 1 pL.
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Figure 5.8: Design of arbitrary EL spectra. (a) Schematic depicting generation of
arbitrary EL spectra using an EL array. (b) Example of EL spectra and (c) relative weights
of the corresponding spectra used to reconstruct the target spectrum in (d). The dashed grey
curve represents the desired target spectrum. The purple curve represents the experimentally
measured spectrum from the implemented 5-device EL array. The gold curve represents the
designed spectrum from calculation.
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Figure 5.9: Design of arbitrary light spectra. Starting from a set of feasible EL spectra
(in this case, 25 different EL spectra as shown in (a)), we attempt to estimate the target
spectral function (shown by the solid black line in (c)) using regularized least-squares with
Ly regularization. From this optimization step, we find that only a few devices are needed to
reconstruct the target function relatively accurately as shown in (c¢). The designed spectra
using all 25 emitters is very similar to the designed spectra using just 5 emitters (in which
we selected the 5 emitters with the highest linear coefficients). The 5 spectra used to design
the target function in this example are shown in transparent grey. This design procedure
allows the experiment complexity to be greatly reduced as a fewer number of devices need
to be fabricated, characterized, tuned and driven.
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5.3 Compressive spectral measurement

Having demonstrated the scalability and versatility of the device platform, we now show how
the breadth of achievable EL spectra enables active spectral measurements. As an example,
we consider the problem of measuring transmittance spectra with a single-pixel detector.
The transmittance spectrum of an unknown sample is traditionally measured by passing
a broadband light source through the sample, separating wavelengths of the light with a
dispersive element (e.g. grating), and measuring the intensity of transmitted light with an
arrayed detector. The spectral range and resolution of these systems is dictated by proper-
ties such as the grating groove density and focal length, with longer focal lengths and higher
groove densities preferrable for higher spectral resolution. An alternative approach to mea-
suring spectral information, which does not require bulky engineered optical components,
is reconstructive spectrometry in which spectral information can be algorithmically recov-
ered. Figure 5.10a illustrates how transmittance spectra can be determined using arbitrary
variable incident light and a single photodetector. By sending sufficient different but known
light spectra through the sample, the transmission function of the sample can be estimated
from the photodetector readings through an inverse calculation. Specifically, we solve the
following optimization problem:

min  [[Ae — I||3 +7llell3
subject to ¢; >0 Vj

in which regularization is used to compute a solution to the underdetermined set of equations
and the sample function is estimated using a set of Gaussian basis functions [136, 137]. A is
the matrix of EL spectra (Figure 5.10b) transformed by the basis functions, I is the measured
photodetector values for each incident EL spectra (Figure 5.10c), and c is the unknown
weights of the basis functions. To elaborate in more detail, spectra were reconstructed using
least-squares with Tikhonov regularization and a non-negativity constraint (or, non-negative
least-squares). To reduce the dimension of the estimated parameter space, we approximated
the sample functions using a smaller set of Gaussian basis functions ¢;(\). Mathematically,
this is represented as:

S(A) = SN =) o5\
j=1

where ¢;(\) = 12 -e_%<¥>2
oV 2T

In practice, we use Gaussians with evenly spaced means p; and constant standard deviation
0. Since the measured value on the photodetector is an integral of the product of the
illumination spectra, sample function (i.e. its spectral transmittance or reflectance), and
detector spectral responsivity, we can linearize the optical system with the following matrix
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equation:
A2
[ e ar) ¢ =1

Ac =1

in which each element A;; of matrix A is computed using the stated integral. Here, L;(\)
is the illumination (EL) spectra of the ith device, D()) is the spectral responsivity of the
detector, and I; is the measured photodetector value corresponding to illumination from the
1th device. This system of equations is underdetermined, but an estimated solution can be
found using least-squares minimization with regularization:

>

j=1

min || Ac — T[; + alle][;
st. ¢, >0 Vy

where the estimated solution S (A) is constructed as a linear combination of the basis func-
tions weighted by the c; values.

The result of employing this scheme to measure the transmission function of a test sample
is shown in Figure 5.10d. The same measurement scheme can also separately distinguish two
narrow bandpass filters with 10 nm spectral separation, as well as other spectral transmission
functions (Figures 5.11 and 5.12). From simulated experiments of test samples with two
closely spaced spectral peaks, the spectral resolution of the measurement scheme using the
current set of electroluminescence spectra is estimated to be around 10 nm (Figure 5.13) and
varies depending on the number of light-emitting devices used, with better spectral accuracy
obtained as the number of measurements increases.

Due to the unique inherently pulsed nature of the devices, alternate spectral measure-
ment schemes are possible. For example, a photodetector and lock-in amplifier can be used
to perform lock-in detection of the transmitted light. This detection method enables high
signal-to-noise measurement under ambient light conditions since the transmitted light is
modulated at kHz rates and distinguishable from background lighting (Figure 5.14). As
another example, near single-shot spectral measurement is possible using a high-speed pho-
todetector. Each device in the array can be modulated with a different phase shift such that
the light intensity from each device is distinguishable in the time-resolved capture of the
photodetector readings (Figure 5.10e). As a proof-of-concept, we fabricated a 2 x 3 array
of devices and simultaneously drove each device with a square wave in which there is fixed
delay between every device’s applied voltage waveform (Figure 5.15). We then measured
the time-resolved EL using a silicon photodiode, with and without the sample in between
the EL array and detector (Figures 5.16 and 5.17). The transmittance spectrum of a sim-
ple unknown sample can be estimated from the known EL spectra and integrated values of
time-resolved EL for each device (Figure 5.10f). In principle, spectral acquisition under this
scheme could be executed in as little as N7 seconds (where NN is the number of devices in the
array and 7 is the average EL lifetime), thereby enabling fast spectral measurement without
device switching.
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Figure 5.10: Spectral measurement with highly multicolored arrays. (a) Schematic
depicting the concept behind transmittance measurement using variable incident illumination
and a single photodetector. (b) The spectra of EL devices (Table 5.3) and (c) photodetector
(e) Schematic depicting the
concept behind time-multiplexed transmittance measurement using a series of phase-shifted
gate voltage waveforms applied to each device in a 2 x 3 EL array. (f) Reconstruction of
spectral transmittance based on the concept in (e).

readings used to reconstruct the sample transmittance in (d).
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Figure 5.11: Example of spectral reconstruction. Reconstruction of another sample is
performed using the same EL device spectra in Figures 5.10b-d. (a) Normalized photodetec-
tor values corresponding to each light-emitting device. (b) Recovered transmittance spectra
and comparison to measured transmittance spectra of the sample.
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Figure 5.12: Spectral reconstruction of band-pass filters. Two band-pass filters with
peak transmittances around Ay = 600 nm (F1, red) and 610nm (F2, blue) are characterized
using a simple least-squares solution without regularization. The peak wavelengths of the
reconstructed transmittance spectra match closely to that of the measured data (within
Inm). The same sets of devices were used to perform measurements of both filters in each
plot. (b) shows the result when 20 EL devices are used (with the corresponding spectra
in (a)). (d) shows the result when combined data from 61 different EL devices are used
(with the corresponding spectra in (c)). As indicated by the reconstructed spectra, similar
results can be obtained using the fewer number of devices, as long as the basis of EL spectra
provides appropriate coverage over the spectral range. (e) Error of peak wavelength (AX =
Apk reconstructed — Ao ) Of reconstructed result for F'1 and F2 as a function of number of devices N,
where the devices are randomly sampled from the set of all devices for each N. (f) Simulated
result for (e) in which simulated photodetector measurements (calculated by integrating the
illumination spectra and filter transmittance and adding Gaussian noise ~ AN(0, 1)) are used
instead of the experimentally measured photodetector measurements.
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Figure 5.13: Spectral resolution of reconstructed spectra. Simulated experiments
are performed on samples with different spectral resolution as a function of the number
of light-emitting devices N. Photodetector measurements were simulated by integrating
the illumination spectra and sample transmittance and adding Gaussian noise ~ A(0,1).
As shown in Figure 5.12, simulated experiments represent the experimental measurement
relatively well. Simulated samples with Gaussian features separated by 20 (a,b,c), 10 (d,e,f),
and 4 (g,h,i) nm are reconstructed. The standard deviation of the Gaussian peaks are also
scaled (o =5, 2, and 1 nm for the simulated samples with 20, 10, and 4 nm peak separations
respectively). In (a,d,g), the shaded curve represents the simulated sample transmittance
and the solid curve represents the reconstructed result. (b,e,h) show the error of each peak’s
center wavelength in the reconstructed result. (c,f,i) show the distance between the two
peaks in the reconstruction. The solid line represents the mean result from 50 batches of a
set of N randomly sampled devices. The shaded region represents +1 standard deviation.
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Figure 5.14: Spectral reconstruction using lock-in detection. Reconstruction is per-
formed using 12 EL devices and a silicon photodiode connected to a lock-in amplifier to
record the EL intensities. EL intensity is acquired for every device with and without the
sample in place. From these values as well as the known EL spectra from the preceding array
calibration step, the sample function can be reconstructed.
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Figure 5.15: Generation of time-shifted electrical pulses. (a) Diagram of a square-
wave generating circuit for driving a pulsed light-emitting MOS capacitor. The device is
connected between the output of the operational amplifier (TLE2141, Texas Instruments)
and electrical ground. V2 represents a 50% duty cycle pulse between 0V to 5V which is
generated from a digital output pin on an Arduino microcontroller. Here, we set V1 and V4
to —20V and V3 to 20 V using a dual output DC power supply (E3620A, Hewlett-Packard),
but these voltages can be adjusted depending on the magnitude of the square wave desired.
To drive multiple devices with phase-shifted pulse waveforms, we replicated this circuit for
every device but shifted V2 by an extra 100 ps for each consecutive device (the V2 pulses
are controlled directly by an Arduino program). (b) Measured voltage waveforms produced
by four parallel repetitions of the circuit above. Note that there is some jitter in this simple
driving setup, which manifests as double transitions or pulses in time-averaged oscilloscope
traces, even though the rising/falling edges of the waveform at the output of the operational
amplifier have a single transition with slew time around 1 ps.
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Figure 5.16: Measurement of time-multiplexed electroluminescence from a 2 x 2
device array. The emitters are PSHT:-MEH-PPV, [Ir(dtbbpy)(ppy)s]PFs, PFO, and
Ru(bpy)s(BF4)s. The dashed grey line shows the voltage waveform applied to the first
device; the voltage waveforms applied to the second through fourth devices are each de-
layed by 100 ps from the previous waveform. The plots above show approximately 900 ps of
time-resolved signal from an oscilloscope, during which time we can observe the EL at both
upward and downward transitions for all four devices. The blue and orange curves repre-
sent the time-resolved light intensity without and with a sample placed between the device
array and photodetector. (b) and (c) show the normalized data at different timescales. (d)
Reconstruction result for a measured sample using this scheme.
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Figure 5.17: Measurement of time-multiplexed electroluminescence from a 3x2 de-
vice array. The emitters are FSBT /PDY-132, F8BT, [Ir(dtbbpy)(ppy).]PFs, PFO, P3HT,
Ru(bpy)s(BF,),/P3HT. The voltage waveform applied to each device is delayed by 40 s
from the previous waveform. The blue and orange curves represent the time-resolved light
intensity without and with a sample between the device array and photodetector (corre-
sponding to Figure 5.10e). The results of sample reconstruction are shown in Figure 5.10f.
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5.4 Compressive spectral imaging

Finally, reconstructive spectral measurements can be parallelized across space by using a
detector array to perform microscopic spectral imaging. Figures 5.19a-b illustrate measure-
ment schemes for microscale reflected- and transmitted-light spectral imaging in which the
EL array serves as the light source and a monochrome silicon CCD camera captures images
of the sample. With a single detector reading, we can only probe the micro-reflectance spec-
tra of a single spot on a sample (several examples are shown in Figure 5.18), but we can
reconstruct spectral reflectance at multiple spatial locations using arrayed readings from a
camera. To maximize the signal and uniformly illuminate the sample, we scan each device
in the EL array one at a time and capture an image of the sample under each device’s
illumination. We then decode the spectral response at each pixel using the reconstruction
algorithm described earlier. Figures 5.19¢-d show an example of reflected-light imaging of
a thin film sample where different colors correspond to different thicknesses of silicon diox-
ide on a silicon substrate. When the sample is illuminated by different devices, different
greyscale images are captured (Figure 5.19c) and this data is used to reconstruct the re-
flectance spectra at different regions (Figure 5.19d). The obtained spectra closely match
the simulated reflectance spectra for this thin film stack based on transfer matrix method
calculations and AFM measurements of the oxide thicknesses (Figure 5.20). Spectral imag-
ing of semi-transparent biological samples (in this case, a stained human tissue slice) can
be performed in a transmitted light configuration, from which we extract the deconvolved
spectral image set displayed in Figure 5.19e.
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Figure 5.18: Reconstruction of spectral reflectance. Measurements are performed for
a single spot on a sample. Different colors represent difference samples, with the recovered
spectra in solid lines overlaying the measured spectra. Reflectance was collected from the
spot through a 10x objective in a home-built microscope. 25 EL spectra were used in these
experiments.

A summary of different reconstructive spectral imaging approaches can be found in Table
5.5. Compared to reconstructive microscale spectral imaging approaches which rely on the
modulation of passive elements such as a single tuned photodetector, modulation of the
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Figure 5.19: Spectral imaging with highly multicolored arrays. Schematic depicting
the concept behind microscale (a) reflected- and (b) transmitted-light spectral imaging using
variable incident illumination and a monochrome camera. (¢) Example of different incident
light spectra and the corresponding reflected-light microscope images. Scale bar: 40 pm.
(d) Reconstructed reflectance spectra at different spots on the sample shown in the optical
micrograph, using the emitters in Table 5.4. Scale bar: 40 pm. (E) Spectral data cube for a
human tissue sample imaged using a transmitted-light imaging setup. Scale bars: 100 pm.
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Figure 5.20: AFM measurement of thin film thicknesses for the “CAL” sample
target. Silicon dioxide thicknesses for each pattern in the “CAL” sample (used for reflected-
light spectral imaging in Figures 5.19¢-d) are characterized for validation. Height profiles are
shown for the (a) background substrate, (b) letter “C”, (c) letter “A”, and (d) letter “L”.
The substrate oxide thickness was measured by patterning an edge via photolithography
and etching down the substrate oxide with HF until the Si substrate is exposed. From the
AFM measurements, we find that the background substrate is around 190 nm thick. The
oxide thickness of each letter was determined by measuring the height between the letter
and the background substrate, and subtracting that value from the previously determined
substrate thickness. From this calculation, we find that the letters “C”, “A” and “L” have
around 175nm, 120 nm, and 40 nm of oxide. These thickness values were used to simulate
the expected reflectance of the sample via the transfer matrix method.

active illumination enables faster acquisition of spectral image stacks with larger image sizes
due to its compatibility with standard microscopes which avoids the need for time-intensive
spatial scanning. Similarly, our approach does not rely on modification of or adaptation of
the spectral element to the camera or image sensor [138-140]. Due to the ability to generate
light emission across a broad spectral range, the potentially achievable spectral range is
broader and does not rely on carefully engineered material syntheses or highly material-
specific physics [120, 141, 142].

Multiplexed illumination has been previously explored as an approach towards multi-
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spectral imaging at the macroscale [143, 144]; however, the methodology made use of only a
handful of LEDs due to limited commercial availability of different wavelength light sources.
Compressive approaches towards active illumination-based spectral imaging have also been
developed based on macroscale assemblies of commercial LEDs [145-147], and concepts from
these works may complement the development of new spectral imaging approaches based on
a highly multispectral light-emitting capacitor array for which the generic nature of the light
emission mechanism enables spectral sensing across a broad photon energy range. The abil-
ity to miniaturize the light-emitting array to nano- or micro-scale dimensions on a single
substrate could further enable chip-scale operation of applications necessitating many spec-
tral bands. In the future, design procedures for the selection of optimal electroluminescent
spectra for different applications could be developed based on principles from compressive
sensing theory [148]. For example, using a series of linearly spaced Gaussian emission spec-
tra may yield smaller reconstruction error for a broadband spectral reconstruction task than
using the happenstance matrix of electroluminescence colors presented here (Figure 5.21).
By using an illumination basis set with less correlated spectra, lower reconstruction error
and higher spectral accuracy could be achieved with a fewer number of light sources. It may
also be possible to design an adaptive sensing scheme in which light-emitting sources are
dynamically chosen based on preceding measurements in order to optimize the number and
sequence of measurements.

5.5 Conclusion

In summary, we have developed a simple and scalable means of creating monolithic light-
emitting device arrays with highly multiplexed emission spanning the visible to infrared
wavelength range. By using pulsed-driven MOS capacitors, we can achieve bipolar charge
injection and bright EL without relying on emitter-specific injection or transport layers which
complicate the integration of multi-color devices. Our platform can be used as a source of
variable and arbitrary light emission with which to probe the spectral properties of samples,
where here we show spectral reflectance and transmittance imaging as an example. Spectral
accuracy and coverage could be improved by using spectrally tuned materials instead of
arbitrary commercially available materials. Examples include colloidal quantum dot and
perovskite nanomaterials in which narrowband emission spectra at different wavelengths can
be achieved by tuning the size and alloy composition [149-151], or thin luminescent films
fabricated by combinatorial deposition in which materials with tunable emission might be
achieved in a single step [152]. While we focus on the visible spectrum in this work, this
concept can be extended to more extreme wavelengths by exploring other materials [53].
Importantly, a virtually infinite number of different colors can be achieved on any length
scale since lithographic patterning of the devices allows for the fabrication of large arrays
and small light-emitting pixel sizes. Finally, more advanced machine learning algorithms
may further improve the fidelity of spectral reconstruction [153, 154]. Since pixels in the
light-emitting array can be addressed individually or collectively, light can be generated
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Figure 5.21: Simulation of spectral reconstruction for different sets of electrolu-
minescence spectra. (a) Spectra of light-emitting capacitors (LECs) in this work. (b)
Simulated hypothetical Gaussian emission spectra spanning the shown wavelength range.
Each row of the matrix corresponds to the electroluminescence spectra of a separate device.
(¢) and (d) show | X} X;| where X;, X; are columns of the electroluminescence matrix from
(a) and (b), respectively (normalized to have unit norm). (e) Example reconstruction results
of a monotonic transmittance function using the measurement matrices in (a) (blue) and (b)
(red). (f) Mean squared error of the reconstructed result as a function of number of devices
N (electroluminescence spectra), where N devices are randomly sampled from the set of
devices shown in (a) and (b). The solid lines represent the mean result over 50 randomly
sampled batches of devices for each .
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with customizable patterns in frequency, space, and time, offering an avenue towards active
spectral measurements across time and space.

5.6 Methods

Device fabrication

The fabrication of carbon nanotube MOS capacitors follows a procedure previously described
in the literature [112]. To summarize, clean 90 nm SiOy/p™t Si substrates are treated with
O, plasma for 1.5min. Poly-L-lysine solution (0.1% w/v aqueous solution, Ted Pella) is
drop-cast on the substrate for 5min, then rinsed off with deionized (DI) water. 90% semi-
conducting single-walled carbon nanotube (SWNT') solution (IsoNanotubes-S, Nanolntegris)
is drop-cast on the substrate for 10 min, then rinsed off with DI water. The substrate is
subsequently annealed in forming gas for 1h at 250°C. Metal contacts are patterned by
photolithography and deposited by e-beam evaporation of Ti (5nm)/Au (30nm). The ac-
tive device areas are patterned by photolithography and SWNTs outside the device areas
are etched by O, plasma.

Emitters are dispensed on the devices using glass micropipettes, which are fabricated us-
ing a micropipette puller (P-30, Sutter Instrument) and thin-wall borosilicate glass capillar-
ies with 1 mm outer diameter (B100-75-10, Sutter Instrument or TW100-4, World Precision
Instruments). Emissive materials, which include organic molecules and quantum dots in
this work, are dispensed from solution with a typical concentration around 5-10 mg mL ™! in
chlorobenzene or toluene, except for ionic transition-metal complexes which are dissolved
in acetonitrile. Organic small molecule emitters and metal phthalocyanines are diluted
as dopants in a poly(9-vinylcarbazole) (PVK) polymer host at a relative weight concen-
tration of typically a few percent, except for platinum octaethylporphyrin (PtOEP) and
pentacene which are dispersed in poly(9,9-dioctyl-9H-fluorene-2,7-diyl) (PFO) [130, 155].
Refer to Table 5.1 for more detail. Materials are obtained from Sigma Aldrich (520 nm and
600 nm CdSe/ZnS quantum dots in toluene; 525nm and 630 nm CdSeS/ZnS alloyed quan-
tum dots in toluene; 9,10-diphenylanthracene; 4CzIPN; rubrene; Ir(ppy)s; Ru(bpy)s(PFg)s;
Ru(p—CF3—bpy)s(BF4),; Ir(dth—bpy) (ppy).PFe; Ir(dF —ppy)s(dtb—bpy)]PFg; zinc phthalo-
cyanine; titanyl phthalocyanine; MDMO-PPV: PFV; PDY-132; PFO; PVK; 1000 nm PbS
quantum dots in toluene), Luminescence Technology Corp. (Ir(ppy)s(acac); CzDBA; PtOEP;
Alqs; F8BT; MEH-PPV; FlIrPic; CBP; pentacene), Quantum Solutions (1100 nm and 1200 nm
PbS quantum dots, dissolved in toluene), Ossila (PDPP4T), Strem (Ir(Fppy)s), 1-Material
(P3HT; Y6), Solaris Chem (PTBT), Nano-C (Cs0-PCBM), and Brilliant Matters (ITIC;
PBDB-T).
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Sample fabrication

The “CAL” sample for reflected light imaging is fabricated from 500 nm SiO,/Si substrate.
The substrate is first immersed in 6:1 buffered oxide etch (HF) until the desired oxide thick-
ness is achieved, then rinsed with DI water and dried. Three successive rounds of photolithog-
raphy are performed using a direct-write tool (Heidelberg nPG 101) to pattern each of the
letters. After each photolithography step, the substrate is immersed in 6:1 buffered oxide
etch until the desired oxide thickness is achieved, then rinsed with DI water and dried. The
remaining photoresist is removed with remover PG before continuing onto the subsequent
photolithography step. The etch rates and oxide thicknesses are calibrated and validated by
atomic force microscopy (AFM) measurement.

Device measurement

To drive the devices, pulsed electrical bias is applied using a function generator (33522A, Ag-
ilent) and voltage amplifier, where multiplexing is implemented with a commercial board (EL
Escudo Dos, SparkFun) or solid-state relays. A custom-built square wave generating circuit
controlled by an Arduino microcontroller is used for phase shift-multiplexed measurements
(Figure 5.15). Optical measurements, including direct measurement of EL, reflectance, and
transmittance spectra, are performed using a custom-built micro-photoluminescence setup
in which EL can be collected by a photodiode, camera, or dispersed by a spectrograph (HR-
640, Instruments SA) with a 150 groove per mm grating and detected by a Si charge-coupled
device (CCD) (iDus BEX2-DD, Andor) [39]. For each measurement, the dark background of
the CCD is measured and subtracted from the acquired signal. The instrument sensitivity
as a function of wavelength is determined by measuring the response of a Lambertian light
source generated by illumination from a temperature stabilized lamp (SLS201, ThorLabs)
on a diffuse reflector (Spectralon). Reflected-light spectral imaging is performed using the
same fluorescence microscopy setup, while transmitted-light spectral imaging is performed
using a separate custom-built microscope (Cerna Microscopy Platform, ThorLabs) in which
illumination from the electroluminescent array is defocused at the sample. Imaging mea-
surements are acquired with a CCD camera (Luca-R, Andor). A silver mirror and glass
microscope slide (on part of which the tissue sample in Figure 4 is mounted) are used as
references for calibrating spectral reflectance and transmittance. A low-pass and high-pass
filter were included in the optical path to define the spectral range in the reconstruction
experiments to the wavelength limits shown. Time-resolved EL measurements are acquired
using a Si photodetector (APD410A, ThorLabs) and oscilloscope (TDS-640A, Tektronix),
and time-averaged measurements are acquired using the same detector with a lock-in am-
plifier (SRS-830, Stanford Research Systems). Devices are operated under vacuum at room
temperature. A diffuser is placed above the device array when measuring composite EL
spectra. Hardware control and data acquisition is performed using custom Python software
based on the open-source ScopeFoundry platform. Data is analyzed in Python using the
cvrpy package for numerical optimization.
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7 X 7 emitters
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Device # | Row | Column | Emitter Solution

1 1 1 Ir(ppy)s:PVK (2.9 wt%) 4.7mgmL~" in CB

2 1 2 Ir(Fppy)s:PVK (2.9 wt%) 4.7mgmL~" in CB

3 1 3 ZnPC:PVK (1.2 wt%) 9.2mgmL~" in CB

4 1 4 MDMO-PPV 1.5mgmL~" in toluene

5 1 5 4CzIPN:PVK (2.0 wt%) 4.6mgmL~" in CB

6 1 6 TiOPc:PVK (9.1 wt%) 10mgmL~" in CB

7 1 7 [Ir(dFppy ), (dtbbpy)|PFg 20mgmL~" in acetoni-
trile

8 2 1 520 nm CdSe/ZnS QD 5mgmL~" in toluene

9 2 2 9,10-diphenylanthracene 10mgmL ™" in toluene

10 2 3 630 nm CdSeS/ZnSQD ImgmL~" in toluene

11 2 4 PtOEP:PFO (2.4 wt%) 3mgmL~" in toluene

12 2 5 [Ir(dtbbpy) (ppy )2 PFs 10mgmL~" in acetoni-
trile

13 2 6 600 nm CdSe/ZnS QD 5mgmL ™" in toluene

14 2 7 525 nm CdSeS/ZnS QD ImgmL~" in toluene

15 3 1 PFV 2.5mgmL~" in toluene

16 3 2 Ru(bpy)s(PFg), 5mgmL~" in acetonitrile

17 3 3 FIrPic:CBP (4.8 wt%) 5mgmL " in CB

18 3 4 Y6 (BTP-4F) 9mgmL~" in CB

19 3 5 MEH-PPV 3.3mgmL ™" in toluene

20 3 6 Ru(p—CF3—bpy)s(BF,), 20mgmL~' in acetoni-
trile

21 3 7 PDY-132 (SuperYellow) 2mgmL~" in CB

22 4 1 P3HT 3.5mgmL~" in CB

23 4 2 ITIC 3mgmL~"in CB

24 4 3 CzDBA:PVK (3.6 wt%) 6.3mgmL ™" in CB

25 4 4 PFO 2mgmL~" in CB

26 4 5 Ir(ppy)s(acac):PVK (2.4 wt%) 6.2mgmL~" in CB

27 4 6 ~600nm CdSe/CdS nanorods hexane solution from
Molecular Foundry

28 4 7 ~630nm CdSe/CdS nanorods xylene  solution  from
Molecular Foundry

29 5 1 C60-PCBM:PVK (7.0 wt%) 6.5mgmL~" in CB

30 5 2 PTB7 5mgmL~" in CB
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31 5 3 PBDB-T 5mgmL ' in CB
32 5 4 PDPP4T ImgmL~'in CB
33 5 5 1000nm PbS QD 10mgmL ™' in toluene
34 5 6 1100nm PbS QD ~30mgmL ™' in toluene
35 5 7 1200nm PbS QD ~30mgmL~" in toluene
36 6 1 F8BT 6 mgmL~" in toluene
37 6 2 Algs:PVK (2.9 wt%) 6.2mgmL~" in CB
38 6 3 rubrene:F8BT (6.3 wt%) 5.8mgmL~" in toluene
39 6 4 520nm CdSe/ZnS QD : 630nm | 1.8 mgmL ™"
CdSeS/ZnS QD (56 wt%)
40 6 5 520nm CdSe/ZnS QD : MDMO- | 4.1mgmL~" in toluene
PPV (91 wt%)
41 6 6 pentacene:PFO (9.1 wt%) 2mgmL~" in CB
42 6 7 CBP 5mgmL " in CB
13 7 1 P3HT : MDMO-PPV (71 wt%) | 3.5mgmL * in 33 v/v%
CB/toluene mixture
44 7 2 P3HT : PDY-132 (65 wt%) 3.8mgmL~" in CB
45 7 3 P3HT : MEH-PPV (36 wt%) 42mgmL™" in 20 v/v%
CB/toluene mixture
46 7 4 P3HT : F8BT (24 wt%) 6.3mgmL~" in 20 v/v%
CB/toluene mixture
47 7 5 P3HT : PTB7 (94 wt%) 7.3mgmL " in CB
48 7 6 Ir(ppy)s(acac) (1 wt%):PVK (37 | 1.5mgmL ™" in 9.1 v/v%
wt%): 630nm CdSeS/ZnS QD | CB/toluene mixture
(62 wt%)
49 7 7 P3HT : PBDB-T (56 wt%) 3.4mgmL~" in CB

Table 5.1: Emitters drop-cast on the 7 x 7 array shown in Figure 5.1b and Figure 5.6, as
well as each drop-cast solution composition (which the other tables of emitter arrays also

draw from).
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Weight percent in the emitter column refers to the relative percentage of the first mate-
rial in the solid film formed from the binary blend solution. For small molecules diluted in
polymer solutions, the dopant molecule is indicated first and the host polymer is indicated
second. The solution column indicates the concentration of the liquid solution from which
the emissive layer was drop-cast.

Abbreviations: ZnPC = zinc phthalocyanine. TiOPc = titanyl phthalocyanine. QD =
quantum dot. PFO = poly(9,9-dioctyl-9H-fluorene-2,7-diyl). CB = chlorobenzene.
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Electroluminescence spectra for the emitters in Table 5.1 are shown above in panel (a).
Selected electroluminescence spectra highlighting blends of different materials are shown
above in panel (b). ‘#’s in the legend correspond to the solution number in Table 5.1.
Spectra of the mixtures resemble the spectra of the constituent emitters.



CHAPTER 5. COMPRESSIVE SPECTROSCOPY WITH MULTICOLORED
ELECTROLUMINESCENT ARRAYS 123

Figure 5.1 emitters

ID Emitter

1 FIrPic:CBP

2 9,10-diphenylanthracene
3 PFO

4 Ir(Fppy);:PVK

5 Ir(ppy)3:PVK

6 [Ir(dFppy),(dtbbpy)|PFg
7 4CzIPN:PVK

8 Ir(ppy)q(acac):PVK

9 Algs:PVK

10 520nm CdSe/ZnS QD
11 pentacene:PFO

12 CzDBA:PVK

13 TiOPc:PVK

14 PFV

15 F8BT

16 rubrene:F8BT

17 [Ir(dtbbpy) (ppy)2|PFe
18 PDY-132 (SuperYellow)
19 MDMO-PPV

20 MEH-PPV

21 | ~ 600nm CdSe/CdS nanorods
22 CBP

23 600 nm CdSe/ZnS QD
24 Ru(bpy)3(PFg)s

25 630nm CdSe/ZnS QD
26 | ~ 630nm CdSe/CdS nanorods
27 PtOEP:PFO

28 ZnPC:PVK

29 P3HT:F8BT

30 P3HT

31 P3HT:-MEH-PPV
32 C60-PCBM:PVK

33 PBDB-T

34 ITIC

35 PTB7

Table 5.2: Emitters shown in Figure 5.1f, in order from shortest to longest peak wavelength.
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Figure 5.10 emitters

Device # Emitter
1 [Ir(dtbbpy)(ppy)2]PFe
2 [Ir(dFppy),(dtbbpy)|PFg
3 630nm CdSeS/ZnS QD
4 ZmPC:PVK
5 PDY-132 (SuperYellow)
6 MDMO-PPV
7 PtOEP:PFO
8 4CzIPN:PVK
9 Ir(ppy)s:PVK
10 PFO
11 AlgzPVK
12 pentacene:PFO
13 F8BT
14 MEH-PPV
15 P3HT
16 Ru(bpy)3(PFe),
17 P3HT:MEH-PPV
18 C60-PCBM:PVK
19 Ir(Fppy)s:PVK
20 P3HT:F8BT
21 PTB7
2 [Fr(dFppy)(dtbbpy)PTg
23 Ir(ppy)s:PVK
24 TiOPc:PVK
25 PFO
26 rubrene:F8BT
27 ITIC
28 PBDB-T
29 ~ 600 nm CdSe/CdS nanorods
30 ~ 630 nm CdSe/CdS nanorods

Table 5.3: Emitters used for spectral reconstruction in Figure 5.10.
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Note that some emitters are repeated; however, they still contribute beneficially to spec-
tral reconstruction due to device-to-device variations in EL spectra (for example, variations
in the thickness of the particular drop-cast film, which can affect the film properties and
light outcoupling), in addition to contributing more data points.
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Figure 5.19 emitters

Device #

Emitter

Ir(Fppy)s:PVK

Ru(bpy)s(PFg)s

MEH-PPV

C60-PCBM:PVK

Ir(ppy)s(acac):PVK

P3HT

Ir(Fppy);:PVK

PFO

[Ir(dtbbpy) (ppy)2]PF6

Ir(ppy)q(acac):PVK

= =
D a3 o o k| w| o=

ZnPC:PVK

—
[\

P3HT

—_
w

MEH-PPV

—_
N

MEH-PPV

15

C60-PCBM:PVK

Table 5.4: Emitters used for spectral reconstruction in Figure 5.19d.

The EL spectra are plotted below:
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Due to natural variations in drop-casting, different films of the same emitter (particu-
larly in the case of polymer emitters) can exhibit different spectra, which we can leverage
to generate more variations in EL spectra for the same number of materials. Thus, a large
number of different emitting materials need not be obtained depending on the spectral range
of interest. As an example, below are the EL spectra of drop-cast MEH-PPV films on three
devices from the above list:
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Comparison of reconstructive spectral imaging approaches

Approach rer] | g [ oot [P i
Single nanowire [120] 500-630 nm 15nm 20 x 10 75 pm
Photonic crystal slab [138] 550-750 nm 1nm 10 x 10 0.21mm
Fabry-Perot filters [139] 450-650 nm 10 nm 1920 x 1080 -
Filter array [140] 400-700 nm 5nm 640 x 480 ~1cm
2D material junction [141] 405-845 nm 3nm 12 x 10 22 pm
2D material junction [142] 1.15-1.47 pm 20nm ~ 250 x 200 6 pm
Liquid crystal filters [118] 500-710 nm 10nm 400 x 400 -
LED array [145] 450-690 nm 30nm 256 x 256 -
This work up to 400-1400 nm 10 nm 1000 x 1000 <lcm

Table 5.5: Due to the different approaches to reconstructive spectral imaging referenced
in the table, the metrics are not necessarily directly comparable between references. The
footprint refers to the chip or device size for approaches relying on custom or newly fabricated
materials or devices. The pixel number refers to the image size reported in the main work
and may not be the defining limit.
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Chapter 6

An electroluminescent device for
single quantum dot emission

6.1 Introduction

Scaling the dimensions of light sources is important for technological applications ranging
from augmented reality to quantum science, where electrically driven light emission from
micro- to nano-scale devices is highly desirable [156-158]. In the extreme limit, light emis-
sion may be achieved from single semiconductor nanostructures, offering a potential avenue
towards compact, electrically triggered single-photon sources for quantum technologies [159,
160]. However, conventional light-emitting diodes (LEDs) can be difficult to scale to ultra-
small dimensions. Devices based on self-assembled quantum dots suffer from nonradiative
losses owing to deleterious effects of fabrication processes as the active area is scaled down,
and it is difficult to design device structures which can selectively inject current in sub-
micron active regions [158]. LEDs based on organic materials are typically fabricated by
shadow masking, which limits the size of an individual light emitting device to microscale
dimensions, and in general rely on inherently macroscale device structures which preclude the
exploration of light emission at the nanoscale. Here, we describe an electroluminescent device
structure in which the light emitting region can be scaled from the macroscale to nanoscale
with minimal modification of the fabrication process. Using this device, we demonstrate
highly reproducible, electrically generated light emission from single colloidal quantum dots
using single carbon nanotubes (CNTs) as nanoscale contacts to single luminescent entities.

Previous work has shown that conventional vertically layered light-emitting diodes can be
used to generate light emission from a collection of single molecules or colloidal quantum dots
[161, 162]. In these device structures, the emitters are typically embedded in a host matrix
at extremely low concentrations, rendering it difficult to control the positions of emitters in
both the vertical and lateral dimensions due to the finite thickness of the host matrix which
serves as the active layer of the device. The insulating nature of the host matrix also prevents
direct and uniform charge injection into the emitters, which can lead to background emission
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from adjacent material layers in addition to reduced injection efficiency [163]. Furthermore,
the sandwiched nature of the device structure hinders efficient optical access and coupling
since the emitters are located between two electrode layers. Alternatively, it is possible
to generate electroluminescence (EL) from single nanocrystals using metal electrodes with
nanometer-scale gaps [164, 165], but these devices require intricate nanofabrication processes
which typically suffer from poor yield and are difficult to scale reliably. Single-molecule
light-emitting devices have been similarly demonstrated using nanogapped electrodes formed
by graphene or carbon nanotube contacts, but the positioning of a molecule between two
separate electrodes is challenging [166, 167].

Our approach offers an alternate strategy based on a light-emitting device with a sin-
gle charge injecting contact. We have previously shown that a pulsed-driven, metal-oxide-
semiconductor (MOS) capacitor device can be used to generate EL from material systems
across the entire range of dimensions, including molecules, quantum dots, nanowires, two-
dimensional semiconductors, and bulk materials [12, 53, 168, 169]. In the case of nanoma-
terials, bright light emission was demonstrated using capacitors in which networks of CNT's
serve as spatially dense nanoscale contacts from which bipolar charge can be injected into
luminescent materials with band gap energies spanning infrared to ultraviolet wavelengths.
Such a device is unique in its requirement for only a single charge injection contact, in
contrast to other light-emitting devices which require separate electron- and hole-injecting
contacts with work functions appropriately engineered for the emitting entity. Furthermore,
the emissive layer need not be uniform or possess any particular thickness, allowing freeform
deposition of the desired emitters. This device concept can thus be easily leveraged to
generate electroluminescence from individual particles placed on a single plane on a silicon
substrate.

6.2 Results and Discussion

Figure 6.1a depicts the structure of the two-terminal pulsed electroluminescent device, which
consists of colloidal quantum dots on carbon nanotube contacts which sit atop a silicon
dioxide/silicon substrate. The mechanism of such a device has been described previously
[12]. During periods of steady-state positive or negative back-gate voltage, negative or
positive charge is accumulated in the active material, respectively. When the polarity of
the gate voltage rapidly switches sign, the opposite charge carrier is injected before the
existing charge carrier in the material can exit, allowing for exciton formation and radiative
recombination. Previous demonstrations of this device structure used random networks of
single-walled carbon nanotubes which were assembled from solution onto a functionalized
substrate [53]. Using this method, nanotubes are randomly oriented on the substrate, with
the average density of nanotubes on the surface depending on the self-assembly time. The
average nanotube-nanotube spacing in electrically percolating networks is no more than
several hundred nanometers as a result of the short lengths of the nanotubes, which are
several micrometers long or less [170, 171]. Here, we use aligned arrays of CNTs grown by
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chemical vapor deposition (CVD) instead of randomly assembled carbon nanotube networks
as contacts to the luminescent emitters. By tuning the CVD growth process via control
of the catalyst thickness, sparsely spaced nanotubes with relatively long lengths can be
obtained. The use of these nanotube arrays enables the creation of MOS capacitor devices
with single quantum dot emission resolvable by widefield imaging, while simultaneously
reducing parasitic series resistances that arise from abundant nanotube-nanotube junctions
in the earlier micrometer-scale, self-assembled carbon nanotube networks. Representative
dimensional characteristics of an as-grown nanotube array on quartz substrate are shown in
the scanning electron microscopy (SEM) image in Figure 6.1c.

Figure 6.1: Concept of a single quantum dot light-emitting device. (a) Schematic of
a device structure used to obtain light emission from single quantum dots by applying pulsed
voltage across a capacitor with a carbon nanotube top contact, silicon dioxide dielectric, and
silicon back-gate contact. (b) Optical micrograph of several devices fabricated on a substrate
with markers to aid subsequent location of single quantum dots (scale bar: 100 pm). (¢) SEM
image of individual nanotubes in an aligned carbon nanotube array grown on quartz (scale
bar: 5um). (d) AFM image of individual nanotubes transferred from quartz to a SiO,/Si
substrate (scale bar: 1pm).

To briefly summarize the device fabrication process, aligned CNT arrays are first trans-
ferred to a silicon dioxide/p™™ silicon substrate (Figure 6.1d) via a dry transfer process
described in more detail in the Methods section [172]. Metal contacts for wire-bond con-
nections are then patterned and deposited on the CNTs. The active area of the device is
defined by a second photolithography step in which CNTs outside the active area are etched
away by O, plasma, thus allowing a device to contact only a single nanotube if so desired.
Due to lithographic patterning of the metal/carbon nanotube electrodes, many devices can
be fabricated in parallel (Figure 6.1b). Finally, the emitters are spin-coated on top of the
substrate from a solution which is dilute enough to yield the deposition of isolated single
emitters. In this work, we use colloidally synthesized CdSe/CdZnSe/ZnSeS quantum dots
with peak photoluminescence (PL) emission around 620 nm at room temperature, where the
solution is diluted by several orders of magnitude before spin-coating. Device fabrication is
completed after the emitter deposition step, and light emission can be observed promptly
by applying pulsed voltage between the top metal contact and back gate p™ silicon.

As shown in Figure 6.2a, the density of light-emitting spots decreases as the density of
quantum dots decreases due to fewer quantum dots contacting carbon nanotubes. By spin-
coating an appropriately dilute concentration of quantum dots for the particular density
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of CNT array used, we can observe electroluminescence from single isolated emitting spots
(Figure 6.2a, panel iii). Many of these spots show temporal intensity fluctuations in which
the emission turns off and on transiently over time (Figure 6.6f), as illustrated by successive
frames of electroluminescence images captured in real time (Figure 6.2¢). In this example, we
observe the electroluminescence from different quantum dots contacting a single nanotube
turning on and off as time elapses. The emission intermittency suggests that these spots
represent emission from single quantum dots, which are known to exhibit characteristic
‘blinking’ at the single dot level due to non-radiative Auger processes [173, 174]. In general,
the yield of these devices is high: single blinking electroluminescent spots were observed from
every device tested so long as carbon nanotubes were successfully transferred to the region of
the substrate where the devices were fabricated and measured. Due to the manual transfer
process, the transfer of CNTs from the quartz growth substrate to target silicon wafer is
not always successful, especially near the edges of the relatively small substrates used. As
expected, the number of emitting spots increases as the concentration of the spin-coated
quantum dot solution increases, and as the line density of the aligned carbon nanotube
array increases (Figure 6.2).

From atomic force microscopy (AFM) measurements, the areal density of quantum dots
is found to vary linearly with the concentration of the spin-coated solution, allowing control
of the average number of dots deposited on the surface of the device as shown in Figure 6.3.
There is a concomitant decrease in the photoluminescence signal as the quantum density
decreases, with the total photoluminescence at one spot varying similarly linearly with con-
centration until there is on average no more than one quantum dot excited by the laser with
spot size around 5 pum. From correlated AFM and widefield photoluminescence imaging, we
can identify the location of single quantum dots (Figure 6.4a), for which a representative
photoluminescence spectrum at room temperature is shown in Figure 6.4c.

The density of single quantum dot emission spots in this scheme depends on the likelihood
of a quantum dot landing on a CNT. In a purely random deposition process in which there are
Ng dots (of diameter 20 nm) per pm? on a substrate with a line density of pc nanotubes per
pm, the probability that at least one quantum dot lands on a nanotube is roughly 1—(1—p)™e,
where p = p¢ /50 is the probability of a quantum dot landing on a nanotube (assuming each
dot is deposited independently of one another and ignoring size exclusion effects). This event
occurs with 50% probability if Ng = 11 pm ™2 when pc = 3pm ™! for example. In the event
this case happens, we would have the opportunity to observe quantum dot EL, although not
necessarily from individually resolvable quantum dots given the optical diffraction limit. The
probability of having no more than one dot-on-nanotube per 1 pm length along the axis of the
aligned CNT array is (1 — p)V¥e + Nop(1 — p)Ne~! & 86% for the same example parameters.
If we now consider an aligned CNT array with a sparser line density of pc = 0.1 pm™!, then
the probability of the opportunity for EL is 2% and the probability of having no more than
one dot-on-nanotube is 99.97%), i.e. a greater density of quantum dots should be deposited
to be able to observe quantum dot EL. By scanning fifty 1 pm? areas, one spot with possible
EL would be expected, and the spot would be extremely likely to represent emission from a
single quantum dot. In practice, the quantum dot spin-coating process may not be uniformly
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Figure 6.2: Emission area control by emitter density and carbon nanotube density.
(a) Electroluminescence images of devices with decreasing quantum dot surface density from
panel i to iii. Measurements were performed at room temperature. (b) Electroluminescence
image of a device with a sparse array of carbon nanotubes. (c¢) Electroluminescence images
captured over time (in chronological order from panel i to vi) show multiple blinking quantum
dot emission spots along a single carbon nanotube. Measurements were performed at 4 K.
Scale bars: 20 pm.

random and depending on the processing conditions and surface chemistries, quantum dots
may be more or less likely to deposit on or near CNT's, biasing the optimal concentration for
observing likely single quantum dot emission. Examples of electroluminescence from devices
with different quantum dot and carbon nanotube density are shown in Figure 6.2, in which
the likelihood of single quantum dot emission is controlled by adjusting both the emitter
and contact density. With direct nano-patterning techniques, deterministic placement of
quantum dot emitters could be achieved in the future, thereby avoiding the current method
of probabilistic fabrication.

Figure 6.5 shows operating characteristics of the device. The emission intensity from
individual dots increases with the peak voltage of the pulsed square wave applied to the
device (Figure 6.5b). In correspondence with previous work on pulsed electroluminescent
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Figure 6.3: AFM images of quantum dot surface coverage from high to low density (a-d), in
which samples b, ¢, and d were produced by spin-coating quantum dot solutions with 10x
lower concentration each time. (e) Photoluminescence image of single quantum dots on a
SiO4/Si substrate, obtained using a 450 nm LED and longpass filter. (f) Photoluminescence
signal from samples with different surface densities of quantum dots fabricated by spin-
coating different dilutions of quantum dot solutions. Dilutions 1-4 correspond to the sample
preparations in panels a-d. The photoluminescence signal decreases correspondingly around
10x after each dilution step.

MOS capacitor devices [98], the emission intensity is also found to increase generally with the
slew rate and frequency of the pulsed waveform (Figure 6.5a), although the exact shape of the
waveform applied at the device depends on bandwidth and parasitics in the equipment and
device connections, which are fed externally through a cryostat in which EL measurements



CHAPTER 6. AN ELECTROLUMINESCENT DEVICE FOR SINGLE QUANTUM
DOT EMISSION 133

\ 4

—_
o
T
1

PL (normalized)
o o
o o

1.85 195 205 215
Energy (eV)

Figure 6.4: (a) Photoluminescence image of quantum dots on a SiO,/Si substrate with
coordinate marker to aid identification and physical confirmation of of emitting spots in
subsequent AFM imaging (scale bar: 20 pm). Inset shows photoluminescence of three quan-
tum dots of interest. The AFM image of these three quantum dots, showing the same
spatial arrangement, is shown on the right. (b) Photoluminescence image of several sparsely
arranged quantum dots on a SiO,/Si substrate (scale bar: 20 pm) and (c¢) the photolumines-
cence spectrum of one of the dots at room temperature.

are performed in vacuum. Based on these trends, we operated a device with a custom GaN-
based circuit board in which moderately high voltage pulses can be applied with a faster
slew rate than that of the combination of the function generator and voltage amplifier used
earlier (Figure 6.9).

Images of electroluminescence from the device driven under these conditions show that
it is possible to obtain quantum dot emission using square wave voltages with amplitudes of
only a few volts. In addition to shortening the slew time of the pulse, the operating voltage
of the device could be potentially reduced even further by thinning down the gate oxide
thickness as shown previously [98], similar to scaling trends for MOS transistors. We note
that pulsed, alternating current voltages have previously applied to obtain electrolumines-
cence from single molecules by temporally separating electron and hole injection processes,
albeit using a different device structure which is fabricated in a highly specific manner to
the molecules investigated (Ag nanoclusters) and exhibits poor spectral control [175, 176].
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Figure 6.5: Device characterization. Electroluminescence intensity for varying (a) func-
tion generator slew time and (b) amplitude of square wave gate voltage from a custom pulsed
voltage board. The data point at 10 ns slew time corresponds to sine wave excitation. Data
were measured at 20V in (a) and 100kHz in (b).

Quantum dot electroluminescence can be obtained from these devices at temperatures
ranging from room temperature down to cryogenic temperatures. At low temperature (near
4K), we captured the spectrum of emission from a single blinking spot and found a fairly
sharp electroluminescence spectrum with a narrowed linewidth typical of single quantum
dot emission (Figure 6.6d) [177, 178]. The electroluminescence spectrum is consistent with
measurements of single quantum dot photoluminescence spectra at cryogenic temperature
(Figure 6.6¢), and is also noticeably sharper than other single-dot electroluminescence spec-
tra previously reported in the literature [161]. For comparison, in a device with an ensemble
film of quantum dots, the electroluminescence spectrum remains broad from room tempera-
ture down to cryogenic temperatures due to inhomogeneous broadening from polydispersity
in the colloidally synthesized solution of quantum dots (Figures 6.6a-b, 6.7). Finally, we
performed AFM imaging on the devices to verify physically the presence of single quantum
dots on carbon nanotubes which yield emission spots. To aid the location of specific emis-
sion points from electroluminescence imaging, the silicon dioxide/silicon substrate on which
the devices are fabricated is pre-patterned with a grid of coordinate markers (Figure 6.1b).
Figure 6.6e shows the electroluminescence image of a single emitting spot as well as the
corresponding AFM image from that region. A quantum dot is found along the CNT from
which electroluminescence is observed, thus confirming that EL can be obtained from single
quantum dots using single CN'T contacts.
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Figure 6.6: Single quantum dot emission. (a) Photoluminescence and (b) electrolumi-
nescence spectrum of a film of quantum dots at room temperature. (¢) Photoluminescence
and (b) electroluminescence spectrum of single quantum dots at cryogenic temperature. (e)
AFM image of a single quantum dot on a carbon nanotube contact with no nearby quantum
dots on the substrate (scale bar: 1pm). Inset shows the electroluminescence image from
the quantum dot in the AFM scan. (f) Fluctuation in electroluminescence intensity as a
function of time for the emitting spot shown in the inset.

6.3 Conclusion

The device platform presented in this work presents a means by which electrically driven
light emission can be achieved from nanoscale emitters down to single particles. While here
we focus on large core-shell quantum dots, the device could be extended to study emission
from other luminescent entities like single molecules for which molecular optoelectronic de-
vices are difficult to construct or rely on highly specific chemistry or emission physics [179].
The ability to perform single-particle measurements may also reveal information useful to
the design of micro- and macro-scale light-emitting devices with ensemble films. Although
the performance of alternating current-driven light-emitting capacitors has been previously
studied and high efficiencies obtained for organic emissive layers [53, 127], the performance of
these devices with films of colloidal quantum dots could still be markedly improved towards
applications in quantum dot-based displays and lighting. To this end, single-particle spectro-
scopic studies could provide insights on fundamental performance-limiting factors, including
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Figure 6.7: (a) Photoluminescence and (b) electroluminescence spectrum of a thin film of
quantum dots at 4 K. The film was deposited by spin-casting the stock solution of quantum
dots at 4000 rpm on the device substrate.

correlations between quantum yield, lifetime, and blinking in individual nanocrystals under
the influence of high electric fields, heating, charging, and other effects [180-182]. Careful
statistical characterization of heterogeneity in individual nanocrystal properties could guide
routes of future material and device optimization [142, 183].

From an engineering perspective, such a platform opens up plentiful opportunities for
design of integrated nanoscale light-emitting devices in the future. For instance, single
quantum dots could be deterministically placed on single carbon nanotube contacts in order
to achieve light emission from defined, localized spots in a scalable manner. With more pre-
cise fabrication, regular arrays of single quantum dots with desired spatial patterns could be
envisaged, opening up avenues towards the fabrication of unusually designed optoelectronic
devices at the nanoscale [184]. Since no processing steps are required after deposition of
the luminescent material, single particle emitters could be patterned through a variety of
top-down or bottom-up techniques [185-187]. A relatively simpler approach might consist
of depositing a monolayer of quantum dots on top of an insulating masking layer patterned
by e-beam lithography, in which the masking layer contains line openings of nanometer-scale
width in which only single quantum dots can contact the underlying CNT. Because the de-
vice is patterned by conventional lithographic processes, the locations of carbon nanotube
contacts can be defined beforehand, thereby pre-constraining the emission locations along
a single lateral dimension and allowing the active area to be easily defined to individual
nanotubes. As such, the device provides a viable route towards individually addressable,
electrically pumped point emitters, unlike other approaches which use microscale or larger
electrical contacts which cannot inject current into only a single quantum dot due to the
inability to confine electrical current at the nanoscale [161, 162]. Finally, exploration of more
nuanced properties of light emission (e.g. single-photon emission purity) from these devices
could inform their potential functional use for quantum optic and other yet to be explored
nanoscale optoelectronic applications [159, 188].
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6.4 Methods

Growth of aligned carbon nanotube arrays

Carbon nanotube samples were graciously provided by Qing Lin from H.-S. Philip Wong’s
group at Stanford University. The CNT arrays are grown by a previously reported chem-
ical vapor deposition process [189]; for this work, growth is conducted on annealed quartz
substrates starting with approximately 2.5 A or 6.5 A thick patterned Fe catalyst (produc-
ing a CNT density that is around 1 CNT/10pm or 2-5 CNT/pm with CNT length around
30-100 pm or 30 pm, respectively).

100 pm 10 pm

Figure 6.8: Representative SEM images of CVD-grown aligned carbon nanotube arrays with
high density, at (a) low and (b) high magnification. The catalyst is patterned into 5 pm wide
strips with around 100 pm spacing.

Device fabrication

Aligned CNT arrays are transferred to a 50 nm silicon dioxide/p™* silicon substrate (which
is pre-patterned with metal alignment markers) using a PVA-based transfer process. In this
transfer process, a 10 wt% solution of poly(vinyl alcohol) (PVA; MW 13,000-23,000, 87-89%
hydrolyzed) is drop-cast on the quartz substrate with as-grown CNTs. After waiting 5 min,
the substrate is heated at 60°C for 10min. Thermal release tape (Revalpha 3198MS) is
pressed onto the quartz/PVA substrate and the tape with attached PVA is peeled off of the
quartz substrate. The tape with PVA film is then pressed onto the target silicon substrate,
which is then placed on a hot plate at 130 °C to release the tape. The PVA film is dissolved
in deionized (DI) water at 60 °C for 10 min, leaving behind a transferred array of CNTs on
the silicon substrate.
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Metal contacts are patterned by photolithography using a direct-write tool (Heidelberg
pPG 101) and deposited by e-beam evaporation of Ti (3nm)/Au (30 nm), followed by liftoff
in 60°C acetone. The contacts are patterned such that the aligned carbon nanotube arrays
are perpendicular to the metal line contacts. The active area of the device is defined by a
second photolithography step and CNTs outside the active area are removed by O, plasma
treatment. A tri-layer photolithographic process consisting of methyl methacrylate (MMA)
EL9 (170°C, 5min bake)/LOR-5A (170°C, 5min bake)/S1818 (100°C, 2min bake) was
used, in which the photoresist is developed in MF-26A followed by acetone to transfer the
pattern to the MMA layer. An optional annealing step (300 °C for 1h in air) reduces surface
residue from the fabrication process. A solution of colloidal quantum dots (CdSe/CdZnSe
(4.5nm)/ZnSeS (4.5nm), 85 mgmL ) is diluted up to 50,000 times in octane (> 99%) and
spin-coated on top of the substrate at 4000 rpm. Wire-bond connections are made to the
metal contacts for application of electrical bias.

Device measurement

Pulsed voltages are applied using a function generator (33522A, Agilent) and voltage ampli-
fier (Model 2340, Tegam) or a custom switching board (CoolGaN 600V half-bridge evalu-
ation board with GaN EiceDRIVER) as diagrammed in Figure 6.9. Optical measurements
are performed using a custom-built micro-photoluminescence (PL) setup in which PL/EL
is imaged by an electron-multiplying charge-coupled device (CCD) (Luca, Andor) or dis-
persed by a spectrograph (Shamrock 500i, Andor) with a 1501/mm grating and detected
by a Si CCD (Newton 971, Andor). The dark background of the CCD is subtracted from
the acquired signal for each measurement. Devices are operated under vacuum in a closed-
cycle cryostat (Cryostation s200, Montana Instruments) at temperatures ranging from room
temperature down to 4 K. Measurements are performed using a 50x objective (NA=0.42).
Hardware control and data acquisition are performed using custom Python software based
on the open-source ScopeFoundry platform.
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Figure 6.9: Diagram of a half-bridge circuit board (EVAL_1EDF_G1_HB_GAN, Infineon)
used to output pulsed voltages to the electroluminescence device (DUT) at a frequency
dictated by the pulse generator with peak-to-peak voltage determined by Vj,, — Vj,_ as
supplied by a DC power source. The offset voltage depends on the voltage reference set by
the parallel resistor/capacitor voltage divider.
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Chapter 7

Conclusion

Throughout the course of this thesis, we have investigated a singular light-emitting device
structure based on a metal-oxide-semiconductor capacitor. Although seemingly simple in
design, its operation is subtly complex and its tunable characteristics give way to varied
avenues of exploration in other areas of optoelectronic engineering. Many questions still
remain, particularly if practical use is to be obtained from such a device. At present, its
efficiency compares to that of its direct-current light-emitting diode counterparts for several
organic materials, suggesting that its performance is not necessarily out of practical scope.
However, the performance metrics vary widely by choice of emissive material, and it remains
to be seen whether its performance could be improved for key materials of emerging interest,
such as colloidal quantum dots. To this end, finer-grained characterization would provide
more insight — for instance, super-resolved or near-field scanning optical measurements would
allow the emission distance from individual carbon nanotube contacts to be determined
experimentally. Such a result might suggest yet another geometric reformulation of the
metal-semiconductor contact, perhaps with three-dimensional structure across the emissive
film, to enable brighter and more efficient emission.

As a light source, another critical factor is the stability of light emission, with regards to
both spectrum and intensity. While not included in the scope of this thesis, we have found
that the stability of light emission tends to worsen with increasing material energy gap, akin
to the worse lifetimes of blue (organic) LEDs; as such, themes pertinent to the engineering
of conventional devices may find relevance to the devices considered here. Emission from
these devices can be sustained with a half life lasting half a day or so, depending on the
material and driving conditions, but new strategies are necessary to establish better stability
at biases required for bright emission. If accomplished, realistic applications of the platform
can be more reasonably envisioned. For example, the manually pipetted multicolored arrays
demonstrated in this work could be upgraded to hundreds of colors or miniaturized to even
smaller footprints using automated microdispensing techniques or robotic pipetting systems
with higher precision and accuracy.

While we focus mostly on the visible spectrum in this work due to its easily accessible na-
ture, with only sparing mentions to the ultraviolet and infrared regime, the potential spectral
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breadth of the device is perhaps one of its stronger suits due to its ability to inject charge
in a dopant-free and contact-independent manner. To this end, it is worthy to consider
the possibility of light emission at more extreme wavelengths in the ultraviolet and infrared
regime which lie farther past the edges of the visible spectrum. Light-emitting devices in
these regimes remain lesser developed and offer ripe opportunities in applications beyond
visual displays and lighting. Wider spectral control would elevate the proof-of-concept exam-
ples in the later chapters by making truly broad spectrum compact spectral measurements
possible, or by enabling fast, triggerable sources of light at wavelengths relevant for photonic
applications. Besides light emission, the pulsed-driven nanoscale contacts shown here may
find relevance to other physical phenomena requiring facile charge injection or high localized
electric fields. While the fate of the devices discussed in this body of work remains uncer-
tain, it is the hope that at the very least, some enjoyable scientific entertainment has been
provided through the array of experiments presented here.
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