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ABSTRACT

Robust, nanoscale light-emitting devices are attractive for emerging photonic and quantum engineering applications. However, conventional
approaches suffer from fabrication challenges or lack the potential to address individual nanostructures, such as quantum dots. In this paper,
we present a device that can produce electrically driven light emission from a single quantum dot using a single carbon nanotube as the
charge injection contact. The device has a metal-oxide-semiconductor capacitor structure and operates based on an unconventional mecha-
nism of electroluminescence, which relies on the use of bipolar voltage pulses. The proposed device can be fabricated in a simple manner
using conventional lithographic processes, offering a scalable approach toward the development of optoelectronic devices at the single dot

level.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0161775

Scaling the dimensions of light sources is important for techno-
logical applications ranging from augmented reality to quantum
science, where electrically driven light emission from micro- to nano-
scale devices is desirable. In the extreme limit, light emission may
be achieved from single semiconductor nanostructures, which could
enable compact, electrically triggered single-photon sources.””
However, conventional light-emitting diode (LED) structures can be
difficult to scale to ultrasmall dimensions. Devices based on self-
assembled quantum dots (QDs) 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 that can selectively
inject current in sub-micron active regions.” LEDs based on organic
materials are typically fabricated using shadow masks, which limits the
size of an individual light emitting device to microscale dimensions
and precludes 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.

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.”” In these
device structures, the emitters are typically embedded in a host matrix
at extremely low concentrations, rendering it difficult to control the
position 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 from adjacent material layers in addition to
reduced injection efficiency.” Furthermore, the sandwiched nature of
the device structure hinders efficient optical access and coupling since
the emitters are located between two electrode layers. Alternatively,
electroluminescence (EL) can be generated from single molecules or
nanocrystals using metal electrodes with nanometer-scale gaps,”'” but
these structures require intricate nanofabrication processes, which
typically suffer from poor yield and are difficult to scale reliably. Single-
molecule light-emitting devices have been demonstrated using nano-
scale gaps between graphene or carbon nanotube electrodes, but
positioning a molecule between two separate contacts is challenging,'""*
This work presents an alternate strategy using a light-emitting
device with a single charge injecting contact. We have previously
shown that pulsed-driven, metal-oxide-semiconductor (MOS) capaci-
tors can be used to generate EL from material systems spanning a
broad range of dimensions, including molecules, quantum dots,
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FIG. 1. (a) Schematic of a single quantum dot light-emitting device in which pulsed voltage is applied 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 coordinate markers, which serve as a reference for the loca-
tion of each device across the chip and aid subsequent location of single quantum dots (scale bar: 100um). In these devices, carbon nanotubes are oriented perpendicularly
to the microfabricated metal electrodes, as indicated by the red dash lines. Carbon nanotubes outside the region near the metal electrode, as indicated by the black dotted
lines, are etched away such that each device is electrically isolated. (c) SEM image of individual nanotubes in an aligned carbon nanotube array grown on quartz (scale bar:

5um).

nanowires, and two-dimensional semiconductors.** For films of col-
loidal quantum dots, bright light emission was demonstrated using
capacitors in which networks of CNTs serve as spatially dense nano-
scale contacts from which bipolar charge can be injected.”” Such a
device is unique in its requirement for only a single charge injection
contact, in contrast to other light-emitting devices, which require sepa-
rate electron- and hole-injecting contacts with work functions appro-
priately engineered for the emitting entity. As a result, the emissive
layer does not need to be uniform or of any particular thickness, which
allows for freeform deposition of emitters. This device concept can,
thus, be used to generate EL directly from individual particles placed
on a single plane on a silicon substrate.

Figure 1(a) depicts the structure of the two-terminal pulsed elec-
troluminescent device, which consists of semiconductor quantum dots
contacting carbon nanotube contacts, which sit atop a silicon dioxide/
silicon substrate. The mechanism of such a device has been described
previously."* 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. Figure 2 shows energy band diagrams
extending laterally across the contact-semiconductor interface at dif-
ferent timepoints during this process. At timepoint (i), electrons accu-
mulate in the semiconducting material as expected for a capacitor
under positive steady-state DC voltage, where the voltage is applied to
the back-gate contact while the top source contact is grounded. At
timepoint (i), the gate voltage instantaneously flips from positive to
negative polarity; however, due to the capacitive nature of the device,
the voltage is first dropped across the resistive contact-semiconductor
interface. Such steep band bending at the contact-semiconductor inter-
face enables tunneling of carriers into the semiconductor. As indicated
by the quasi-Fermi levels, a large population of holes tunnels across
the Schottky contact, which then recombine with electrons exiting the
semiconductor, thereby producing light emission. The opposing pro-
cess occurs at timepoints (iii) and (iv), in which holes accumulated in
the semiconductor recombine with electrons injected by tunneling
across downward bending bands at the semiconductor contact. Light
emission, thus, occurs transiently after each voltage transition, with a
decay time that depends on the material lifetime and device
geometry.”

Previously, EL was demonstrated with this pulsed MOS capacitor
device structure using random networks of single-walled carbon nano-
tubes as contacts.'” In this approach, nanotubes are oriented randomly
on the substrate during the solution assembly process, with the average
density of nanotubes on the surface depending on the self-assembly
time. The average nanotube—-nanotube spacing in electrically percolat-
ing 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.'”'” In this work, we use aligned arrays of CN'Ts grown by
chemical vapor deposition (CVD) as contacts to the emitters. By tun-
ing the CVD growth process via control of the catalyst thickness,
sparsely spaced nanotubes with relatively long lengths can be obtained;
a scanning electron microscopy (SEM) image of an as-grown nano-
tube array on quartz substrate is shown in Fig. 1(c). Using devices
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FIG. 2. Schematic depicting the operation of a pulsed electroluminescent device at
different timepoints of a square wave driving waveform. (a) Light emission occurs at
voltage transients with a decay time that depends on material and device proper-
ties. (b) Energy band diagrams in each panel illustrate the interface between a
charge injecting contact on the left (carbon nanotube) and semiconducting material
(quantum dot) on the right. Electrons are accumulated in the semiconductor at time
(i), which then exit the semiconductor while holes tunnel in at time (ii), allowing for
electron-hole recombination leading to light emission. The reverse process hap-
pens at times (iii) and (iv), respectively. The colored dashed lines show the large
splitting of electron (red) and hole (blue) quasi-Fermi levels.
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fabricated from these nanotube arrays, single quantum dot EL can be
observed by widefield imaging.

To briefly summarize the device fabrication process, aligned
CNT arrays are first transferred to a silicon dioxide/p™ ™ silicon sub-
strate via a dry transfer process described in more detail in the supple-
mentary material'® (Figs. S1 and S2). Metal contacts for wire-bond
connections 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 removed by O, plasma, thus
allowing a device to contact only a single nanotube if so desired. Due
to lithographic patterning of the top electrodes, many devices can be
fabricated in parallel [Fig. 1(b)]. Finally, 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
solution-grown, CdSe-based core-shell quantum dots with peak pho-
toluminescence (PL) emission occurring around 620 nm at room tem-
perature. 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.

The density of light-emitting spots decreases as the concentration
of the spin-coated quantum dot solution decreases and as the line den-
sity of the aligned carbon nanotube array decreases, due to a fewer
number of quantum dots contacting the carbon nanotubes. As shown
in Figs. 3(a) and 3(b), discrete spots of EL are observed along individ-
ual nanotubes by reducing the density of quantum dots deposited.
Based on atomic force microscopy (AFM) and PL measurements, the
areal density of quantum dots on the substrate is found to vary
linearly with concentration of the spin-coated solution, allowing con-
trol of the average number of dots deposited on the surface of the
device. As the QD concentration is reduced, the PL signal decreases
linearly with QD concentration until there is on average no more than
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FIG. 3. Electroluminescence images of devices with (a) high and (b) low quantum dot
surface density on an aligned array of carbon nanotubes. (c) Electroluminescence
images captured over time show multiple blinking quantum dot emission spots along a
single carbon nanotube. The acquisition time of each image is 1 s. A subset of the
continuously acquired images is shown in a chronological order from panel i to vi, with
time intervals on the order of seconds. Scale bars: 20um.

ARTICLE pubs.aip.org/aip/apl

one QD excited by the laser. For relatively dilute QD deposition, the
number of quantum dots deposited in a small region of the substrate
would be approximately Poisson distributed. From correlated AFM
and widefield photoluminescence imaging, we can identify the location
of single quantum dots [Fig. S3(a)], for which a representative photo-
luminescence spectrum at room temperature is shown in Fig. S3(c).

By spin-coating an appropriately dilute concentration of quan-
tum dots and applying a square wave driving waveform across the
device, we can observe EL from single isolated spots. Many of these
spots exhibit intensity fluctuations in which the emission turns on and
off transiently over time [Fig. 4(f)], as illustrated by successive frames
of electroluminescence images captured in real time [Fig. 3(c)]. In this
example, we observe electroluminescence from different quantum dots
contacting a single nanotube which turn on and off as time elapses.
The emission intermittency suggests that these spots represent emis-
sion from single quantum dots, which are known to exhibit character-
istic “blinking” at the single dot level due to non-radiative Auger
processes."”’ In general, the yield of these devices is high: EL from
similarly dilute QD solution was observed from every device tested so
long as carbon nanotubes were properly transferred to the region of
the substrate where the devices were fabricated and measured.

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 is an average of Nq
dots (of diameter 20 nm) in a um? region 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)°, where
P = pc/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 No = 11 um~2 when p. = 3 um™! for example. When this event
happens, we have the opportunity to observe quantum dot EL,
although individual quantum dots are not necessarily resolvable in
optical imaging. The probability of having no more than one dot-on-
nanotube per 1 um length across the axis of the aligned CNT array is
(1 — p)Ne + Nop(1 — p)No™! ~ 86% for the same parameters. For an
aligned CNT array with a sparser line density of p. = 0.1 um™", the
probability of having the opportunity for EL is 2% and the probability
of having no more than one dot-on-nanotube is 99.97%. By imaging
fifty 1 um? areas, one spot with possible EL might be expected, and the
spot would be extremely likely to represent emission from a single
quantum dot. In practice, the QD spin-coating process may not yield
uniformly random QD locations as QDs could be more or less likely
to deposit on CNTs depending on the surface chemistry, biasing the
optimal concentration for observing single quantum dot emission.

Operating characteristics of the device are shown in Fig. 4. The
emission intensity from individual dots increases, on average, with the
peak voltage applied to the device, as well as the slew rate and fre-
quency of the pulsed waveform [Fig. 4(e)], in correspondence with
previous work on pulsed electroluminescence from MOS capacitor
devices."” Tt should be noted that the exact shape of the modulated
waveform applied at the quantum dot device depends on RC parasitics
and bandwidth of the equipment connections. Based on these trends,
we operated a device with a custom circuit board in which moderately
high voltage pulses can be applied with a faster slew rate than that of
the function generator and voltage amplifier used earlier. Images of
electroluminescence from the device driven under these conditions
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FIG. 4. (a) Photoluminescence and (b) electroluminescence spectrum of a film of quantum dots at room temperature. (c) Photoluminescence and (b) electroluminescence
spectrum of single quantum dots at cryogenic temperature. (e) Electroluminescence intensity for varying slew time of a square wave gate voltage applied from a function gener-
ator. The data point at 10° ns slew time corresponds to sine wave excitation. (f) Fluctuation in electroluminescence intensity as a function of time for the emitting spot shown in

the inset.

show that it is possible to obtain quantum dot emission using supply
voltages of only several volts (Fig. S4). It has been previously shown
that electroluminescence can be obtained from single molecules using
alternating current voltages in which the electron and hole injection
processes are temporally separated; however, the device was fabricated
in a highly specific manner to the emitting material investigated (Ag
nanoclusters) and exhibits poor spectral control with broad and highly
variable emission spectra.”"**

Quantum dot electroluminescence can be obtained from pulsed
MOS capacitor devices at temperatures ranging from room tempera-
ture down to cryogenic temperatures. At low temperature (near 4 K),
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 [Fig. 4(d)].”*** The
electroluminescence spectrum is consistent with measurements of sin-
gle quantum dot photoluminescence spectra at cryogenic temperature
[Fig. 4(c)] and is also noticeably sharper than other single-dot electro-
luminescence spectra previously reported in the literature.” For com-
parison, in a device with an ensemble film of quantum dots, the
electroluminescence spectrum remains broad from room temperature
down to cryogenic temperatures due to inhomogeneous broadening
from polydispersity in the colloidally synthesized solution of quantum
dots [Figs. 4(a), 4(b), and S5]. 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 emission points from electroluminescence imaging, the silicon
dioxide/silicon substrate on which the devices are fabricated is pre-

patterned with a grid of gold markers [Fig. 1(b)]. Each marker’s num-
bers denote its horizontal and vertical position on the chip, which
allows for more precise registration of images captured from different
sources and easier correlation between AFM and optical imaging of
quantum dots. Figure S6 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 elec-
troluminescence is observed, thus confirming that EL can be obtained
from single quantum dots using single CNT contacts.

In summary, 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 with visible emission, the device could be
extended to study emission from different quantum dots emitting at
other wavelengths, as well as other luminescent entities like single mole-
cules for which molecular optoelectronic devices are difficult to con-
struct or rely on highly specific chemistry or emission physics.”” The
ability to perform single-particle measurements may also reveal infor-
mation useful to the design of micro- and macro-scale light-emitting
devices with ensemble films, including correlations between quantum
yield, lifetime, and blinking in individual nanocrystals under the influ-
ence of high electric fields, heating, charging, and other effects.”® **
Careful statistical characterization of heterogeneity in individual nano-
crystal properties could guide routes of future material and device opti-
mization.”””” For example, the dependence of EL on the sequence of
positive or negative voltage transitions can provide information about
electron and hole charge injection processes™ (Fig. S7).
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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 and avoid the current method of probabilistic fabri-
cation. Regular arrays of single quantum dots with desired spatial
patterns could be envisaged, opening up avenues toward the fabrica-
tion of unusually designed optoelectronic devices at the nanoscale.””
Since no processing steps are required after deposition of the lumi-
nescent material, single particle emitters could be patterned through
a variety of top-down or bottom-up techniques.”””* A relatively sim-
pler approach might be to deposit 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 device is patterned by conventional
and mature 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 toward individually addressable,
electrically excited point emitters, unlike other approaches, which
use microscale or larger electrical contacts and cannot inject current
into only a single quantum dot due to the inability to confine electri-
cal current at nanoscale dimensions.”” Finally, exploration of higher
order properties of light emission (e.g., single-photon purity) from
these devices could inform their potential functional use for pho-
tonic quantum technologies and other yet to be explored optoelec-
tronic applications.”””

See the supplementary material for Figs. S1-S6 and description
of experimental methods.
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