_ ADVANCED

MATERIALS

the precursors flowed into the heated section, where they quickly reacted to
form NCs. The NC solution was then collected for absorption and photolumi-
nescence measurements.

Optical absorption spectra were acquired using a Hewlett-Packard 8453
diode array spectrometer. Photoluminescence spectra were acquired using a
SPEX Fluorolog 1680 spectrometer, using right-angle collection. Samples were
prepared by diluting the raw NC solutions in hexane. Quantum yields were de-
termined by comparing the integrated emission of a given NC sample solution
with that of an appropriate reference dye [18].
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1.3 um to 1.55 pm Tunable Electroluminescence
from PbSe Quantum Dots Embedded within an
Organic Device**

By Jonathan S. Steckel, Seth Coe-Sullivan, Vladimir Bulovi¢,
and Moungi G. Bawendi*

We demonstrate large area (mm? in size) infrared electrolu-
minescent devices using colloidally grown PbSe quantum dots
(QDs) in organic host materials. By changing the QD size the
electroluminescence is tuned from 4=1.33 to 1.56 um with a
full width at half maximum (FWHM) of <160 nm (< 0.11 eV).
This represents only a portion of the accessible QD tuning
range, as the lowest energy optical absorption peak of our
PbSe solutions can be tuned from 1.1 eV (corresponding to
wavelength A=1.1 um and 2.6 nm diameter QDs) to 0.56 eV
(A=2.2 um, 9.5 nm diameter). Our light emitting device fabri-
cation combines the thin film processing techniques available
to organic materials with the tunable optical properties of
PbSe QDs. Formation of double heterojunction devices is en-
abled by material phase segregation during the spin-coating
step. Such large area emitters in the near infrared have been
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identified as technologically useful for chemical spectroscopy
and sensing, and could be incorporated into on-chip optoelec-
tronic integrated circuits.

Advances in the colloidal synthesis of inorganic nanocrystal
QDs['* have enabled the creation of a wide range of new
nanostructured materials that led to the development of
several emerging technologies. Inorganic nanocrystals have
been used in efficient solar cells,”! light-emitting devices
(LEDs),* and photostable fluorescent tags in biological sys-
tems."*?! In this work, we utilize our previous visible quan-
tum-dot LED (QD-LED) structures with infrared emitting
PbSe nanocrystals to create infrared QD-LEDs with tunable
and narrowband emission.

Established technologies, such as inorganic LEDs, lasers,
photodetectors, and modulators, have been developed and
optimized in the near infrared (NIR) to address the needs of
optical communications, chemical spectroscopy, and chemical
sensing. These devices have high performance and long life-
times, but the associated fabrication and material costs are
high and therefore prohibitive for cost-constrained applica-
tions that require large-area devices. New device paradigms
that use less expensive fabrication processes and materials
would enable the more widespread use of active NIR opto-
electronic devices. Molecular and polymeric organics are
among the materials that, in principle, meet these criteria, but
as yet they are not readily available with efficient tunable
emission beyond the wavelength of A=1 um, even when inor-
ganic complexes are used as the emitter in doped organic
structures.'>'* In this study we generate NIR electrolumines-
cence (EL) using inorganic PbSe nanocrystals in solution pro-
cessible organic structures. Although our reported efficiencies
are low, the demonstrated QD-LEDs are controllably tuned
across the NIR spectrum and have the potential to be further
improved based on the high solution photoluminescence (PL)
efficiencies of the starting materials and our previous stud-
ies!*) of efficient CdSe QD-LEDs.

PbSe is a convenient choice for inorganic semiconductor
QD:s for NIR applications (4>1 um), as the colloidal synthe-
sis is reproducible and yields nanocrystals with narrow size
distributions. In addition, the exciton Bohr radius is large
(46 nm),!"! leading to strong confinement of QD excitons
throughout the synthetically accessible range of 2 nm to
10 nm (corresponding to absorption peaks A=1.0um (1.2 eV)
to 1>2.4 um (<0.5 eV), respectively). Figure 1a shows typi-
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cal absorption and emission spectra for dgore =5.0£0.5 nm di-
ameter PbSe QDs, while Figure 1b depicts an ordered layer of
deore =4.0£0.5 nm diameter QDs imaged by high-resolution
transmission electron microscopy (HRTEM), showing in the
inset an enlarged view of the atomic planes from two QDs.
The narrow lowest energy absorption peaks in Figure 2 dem-
onstrate consistently narrow QD size distributions over the
entire tuning range (0.56 to 1.1 eV). This is also reflected in
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Fig. 2. Absorption spectra of a size series of PbSe nanocrystals ranging from
2.6 nm to 9.5 nm in diameter. The first absorption peaks (particle diameter) are
for a) 1=1.14 uym (dcorg =2.6 nm), b) 1.27 um (3.7 nm), ¢) 1.40 um (4.7 nm),
d) 1.50 pm (5.2 nm), e) 1.60 um (5.7 nm), f) 1.71 um (6.2 nm), g) 1.81 um
(6.6 nm), h) 2.04 um (7.6 nm), and i) 2.21 um (9.5 nm). Core sizes were mea-
sured from TEM images such as in Figure 1b. The uncertainty in measuring the
core diameters is 10 %.

the well-defined secondary absorption peaks corresponding to
higher energy exciton states. The measured'® absolute PL
efficiency (77p) of our PbSe QD solutions ranges from 6 to
20 % and is reduced to 0.5 to 1.5 % when the QDs are in a
thin film, in contrast to relative #py of 10 to 80 % for PbSe
QDs in solution reported by others."”'8 The lack of conveni-
ent luminescent standards in the NIR spectral range could be
responsible for the differences in quantum yield measure-
ments reported in the literature.

Fig. 1. a) Typical absorption (peak at A=1.456 um), photolumi-
nescence (peak at A =1.500 um), and electroluminescence spectra
(peak at A =1.495 um) of dcorg =5.0£0.5 nm diameter PbSe par-
ticles; b) HRTEM image of dcorp=4.0 £0.5 nm diameter PbSe
particles with two enlarged images (inset).
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Our basic synthetic scheme for the colloidal synthesis of
PbSe QDs capped with oleic acid, briefly described by Murray
and co-workers? was optimized to yield consistently narrow
QD size distributions throughout the size tuning range. A
very clean sample of QDs is required if the characteristics of
our devices are not to be dominated by impurities in the start-
ing QD solution. To this end, care was taken at each process-
ing step to remove any unreacted material, and to eliminate
all reaction byproducts after QD growth. To inhibit the oxida-
tion of the PbSe surface, the QDs are processed air-free,
handled in anhydrous solvents, and are stored dry (solvent
free) under a positive pressure of inert gas. Over a period of
14 days, surface oxidation of QDs in solution stored in the
dark can both shift their PL maximum to shorter wavelengths
by more than 100 nm and decrease 7pr. by 30 to 50 % of the
initial value. The decrease in #p. is accelerated when oxygen
is bubbled through a QD solution for 1 min immediately fol-
lowing synthesis or when the solution is stored in air, consis-
tent with a surface oxidation process.

Device fabrication uses QDs processed air-free and dis-
persed in anhydrous chloroform in a nitrogen environment
(<10 ppm O, and H,O). The QD solution is added to a
chloroform solution of a hole transporting organic semicon-
ductor, N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1"-biphe-
nyl)-4,4’-diamine (TPD) or 4,4-bis[N-(1-naphthyl)-N-phenyl-
amino|biphenyl (a-NPD), and is spin cast onto a clean indium
tin oxide (ITO) coated glass substrate. The QDs phase segre-
gate into a monolayer (or sub-monolayer) on the surface of
the organic film (shown in Fig. 3), as described previously.[6’7]
The substrate is then transported into a thermal evaporator
without exposure to air where the electron-transporting layers
(ETL), tris-(8-hydroxyquinoline)aluminum (Alq;) and/or
bathocuproine (BCP), are deposited at <5 x 107 torr. Finally,
the metal cathode (50 nm thick Mg/Ag, 50:1 by weight, 50 nm
Ag cap) is thermally evaporated through a shadow mask to
define 1 mm diameter devices. The assembled device struc-
ture is shown in the inset of Figure 4a. High device yields and
consistent LED performance are standard for devices fabri-
cated in this manner.

Deposition of the hole-transport layer (HTL) and the QD
monolayer relies on a phase segregation process during spin
casting. Indeed, the phase segregation phenomenon could be
a general technique for the formation of QD monolayers on
organic thin film surfaces as it has been observed in spin cast
solutions of (CdSe)ZnS core-shell/tri-n-octylphosphine oxide
(TOPO) capped QDs!®”! and PbSe/oleic acid capped QDs
(this work) with both NPD and TPD in chloroform and chlo-
robenzene. The narrow size distribution of our PbSe QDs
yields hexagonally packed layers with domain sizes of the or-
der of 10000 nm? (~300 QDs per domain), as shown in Fig-
ure 3. QDs have a tendency to pack into regular hexagons, as
seen in the incomplete monolayer of Figure 3b, minimizing
the QD island perimeter while maximizing the interparticle
van der Waals interactions. From the atomic force microscopy
(AFM) image of Figure 3c we measure an average QD cen-
ter-to-center distance of d.io.=6.5+0.5 nm. For this QD sam-
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Fig. 3. AFM images of 5.0£0.5 nm diameter PbSe QDs ordered on the surface
of TPD. Image a) shows that close to full monolayer coverage can be achieved
by varying the spin solution concentrations; b) demonstrates that for the nar-
rowest size distributions of QDs, ordered formation of regular hexagons occurs;
c) depicts a highly ordered, large domain of PbSe QDs, used to measure the
average QD center-to-center distance; d) depicts two close packed QDs sur-
rounded by oleic acid capping molecules, and the distances associated with such
a packing geometry. d is the QD center-to-center spacing, and is measured
by AFM; d.o. is the core diameter, measured by TEM; dgp,. denotes the spacing
distance between QDs, and is calculated as dcioc—deore- Our experiments con-
firm that dgp. is less than twice the length of an oleic acid molecule, indicating
that capping molecules on adjacent QDs interpenetrate each other.

ple, which has a lowest energy peak absorption at A=1.4 um,
TEM measurements of drop cast films show a core diameter
of dcore =4.7£0.4 nm. Since the calculated length of fully ex-
tended oleic acid is 1.8 nm, the d,p.=1.8+0.6 nm spacing be-
tween QDs is consistent with the interpenetration of oleic
acid capping molecules on neighboring QDs (see Fig. 3d).

The NIR EL spectrum of QD-LEDs closely resembles the
PL spectrum of the corresponding QD solution (see Fig. 1a).
The tunability of QD-LED emission as a function of the QD
diameter is shown in Figure 4a, with EL spectral peaks at
A=133 um, 1.42 um, 1.50 um, and 1.56 um. The spectral
FWHM of all four devices is <160 nm (<0.11 eV). The de-
vices also have an emission peak at =530 nm (not shown)
due to exciton recombination within the Alqs; ETL (or
A=405 nm corresponding to TPD EL when BCP is used as
the ETL). We note that the InGaAs photodiode array used to
record all of these spectra has a low detection efficiency for
A>1.6 um, modifying the apparent shape of the 1=1.56 um
emission peak.

The electrical characteristics of all the QD-LEDs of this
study are similar, with a typical performance shown in Fig-
ure 4b. The current density (J) versus voltage (V) plot shows
a linear dependence for V<3 V, and power law dependence,
J~V?, when light is emitted. This is consistent with the prop-
erties of an Alqs/TPD device, though the operating voltage is
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Fig. 4. a) Normalized electroluminescence spectra of a series of QD-LEDs
tuned through the NIR (emission peaks at A=1.33 um, 1.42 um, 1.50 um, and
1.56 um). The spectrum of the device emitting at 1.56 um is asymmetric due to
the quantum efficiency of the cooled InGaAs detector dropping from 90 % to
below 10 % for 1.58 um <1< 1.62 um. The inset shows the general device struc-
ture for all of the QD-LEDs reported in this work. b) External quantum
efficiency and current-voltage plots for a PbSe QD-LED. The peak external
quantum efficiency of 0.001 % is obtained at 37 mA cm™ and 13.3 V. The cur-
rent-voltage characteristics are compared to a control device, which is identical
in structure except that the QD monolayer is omitted. This comparison exem-
plifies the increase in operating voltage that is typical of QD-LEDs.

higher, possibly due to QD charge trapping, realignment of in-
terface dipoles, or charge screening by QDs. The PbSe QD-
LED NIR external quantum efficiency (ygr) is measured to
be 0.001 %, using a silicon wafer to filter out visible emission
from organic EL. The visible emission originates from Alqs
and TPD (when BCP is used as the ETL) and has an external
EL quantum efficiency of 0.1-0.3%. These QD-LEDs demon-
strate the feasibility of generating controllably tunable
A>13 um EL in a large area device, and give us a starting
point in the creation of higher efficiency devices. Based on the
absorption spectra shown in Figure 2, we conclude that this
device platform could be used to generate devices emitting in
the spectral range of 1.2 um <4 <2.2 um (measurement of our
EL spectra are limited to A <1.6 um due to the detector cut-
off).

The low #ngp of our devices is the result of the lowered
quantum efficiency of films of close packed QDs and a device
design that is optimized for visible emission. While PbSe QDs
have been shown to be very efficient NIR emitters in solution,
the #pr drops to 0.5 to 1.5 % in thin film form. This is due to a
reduction in the number of available capping molecules to the
QDs in thin film form, as well as exciton energy transfer with-
in the QD film, both of which have been shown to reduce 7p
in QD solids. Extrapolating from other QD material systems,
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it is reasonable to assume that the development of a core—
shell PbSe QD would result in higher solid state #p;. Our ac-
tive layer thickness and choice of organic semiconductors was
originally designed for visible emitting organic LEDs. For the
long wavelength devices described in this paper, the optical
mode overlap with the emissive QD layer is poor. Designs
using a transparent highly conductive cathode would allow
optimization of the distance between the metal and the emis-
sive QD monolayer without incurring an increase in the oper-
ating voltage."”?"! We further note that the choice of ITO as
the anode in our devices is not ideal, since the transparency of
the 150 nm film is only 70 % at A =1.5 pum.

Previous work has suggested that Forster energy transfer
and direct charge injection are both potential mechanisms for
QD excitation within QD-LEDs.”) (We find that radiative
excitation of the QDs by green Alqs EL (spectral peak at
=530 nm) is a negligible source of QD-NIR emission.””!))
Exciton energy transfer should be possible for excitons creat-
ed in the organic layer close to QDs despite the large capping
group length (~1.8 nm). In contrast, photoconductivity ex-
periments indicate that the 1.8 nm tunnel barrier is sufficient
to reduce direct injection of charge carriers from the semicon-
ducting organics into the QD core by several orders of magni-
tude relative to a QD capped with a shorter chain capping
molecule.” For both mechanisms, however, shorter chain
capping groups would serve to increase the likelihood of QD
excitation. If we assume a Forster energy transfer process, the
energy of the transferred exciton from Alq; molecules to QDs
would initially be 2.4 eV (corresponding to the excited state
of Alqgs). The generated QD exciton would then loose
~1.6 eV before occupying the lowest energy state, from which
QD emission originates. Since PbSe QD #py is constant over
a wide range of excitation wavelengths, PbSe QD-LEDs with
higher power efficiency could be realized if organic transport
materials with smaller optical gaps were utilized.

To accurately measure the efficiency and the EL spectrum
of QD-LED:s it is necessary to maximize the detected NIR
emission and attenuate the emission signal of both organic
and blackbody radiation by using appropriate spectral filters,
detectors, and detection geometry.”® In our quantum efficien-
cy measurements, the NIR signal (1-50 nW) is maximized
using a minimum distance between the emitter and a large
area detector (3 mm distance, 3 mm diameter Newport 818-
IR-C/M germanium detector). The spectral measurements
were performed using an InGaAs photodiode array cooled to
173 K (Roper Scientific OMA V) and monochromator with a
fiber bundle input. The fiber bundle was coupled to the device
substrate to maximize the input signal. For both efficiency
and spectral measurements, the visible emission is filtered out
using a double sided polished, 500 um thick, silicon wafer.
The three lowest order diffraction peaks of Algs (at
A=530 nm, 1060 nm, and 1590 nm) that are otherwise de-
tected by the spectrograph are completely eliminated when
the Si filter is in place. Finally, the possible detection of black-
body radiation must be accounted for. Our 1 mm diameter
devices were run at currents as high as 10 mA and 20 V oper-
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ating voltages, corresponding to 200 mW of peak input electri-
cal power. The power efficiency of these devices is no better
than 0.1 %, implying that 99.9 % of the input power is con-
verted to heat.*! While a large portion of this heat will be lost
to the surrounding air by conduction and convection pro-
cesses, there is no doubt that some device and substrate heat-
ing to above room temperature does occur. Blackbody radia-
tion at 300 K to 350 K has the bulk of its emission in the
A=17 pm range, but a measurable quantity of emission is in
the A=1.1 pm to 1.7 um detection window of Ge and InGaAs
detectors. Our actual detected power in this spectral window
was in all cases greater than 1 nW. A temperature rise of
70°C over the 150 mm? area of our substrates would be re-
quired to generate 1 nW of power in the spectral detection
window. Our device could not support such a rise as the glass
transition temperature of TPD is 65 °C.**! Furthermore, sub-
strate inspection indicates that QD-LEDs are not warm to the
touch during operation. A temperature rise of less than 10°C
corresponds to <20 pW of detectable radiated power, and
thus a <2% error in measurement of QD-LED NIR #g; . This
analysis shows that the detected power is therefore not a re-
sult of either blackbody radiation or visible organic EL, and is
in fact due to the band edge emission from the QDs.

In conclusion, we demonstrate large area NIR EL from
QD-LEDs. The LED emission is tuned from A=1.32 to
1.56 um as the PbSe QD diameter is changed from d.oe =4 to
5 nm, without any modification to the device structure. Pro-
cessing of the colloidally grown semiconductor QDs and the
organic small molecules from the same solvent allows for the
simple fabrication of double heterojunction devices, where
the NIR emissive layer is only one monolayer thick. Using
CdSe QD-LEDs as a model, we expect significant improve-
ment of PbSe QD-LED performance through both device en-
gineering and chemical optimization of the materials.

Experimental

The PbSe nanocrystals are synthesized by injecting a 5 mL solution of 1 M
tri-n-octylphosphine selenide into a round bottom flask containing degassed di-
phenylether (15-25 mL), oleic acid (1-2 mmol), and lead(11) acetate trihydrate
(1 mmol), stirred under argon, at a temperature of 100-180 °C. After injection,
the nucleated particles are grown for 0-5 min. The synthesis is optimized to give
narrow size distributions without further size processing. Different sizes are ob-
tained by changing the injection temperature, the growth time, and the concen-
tration of precursors in the solution. The yield is typically 10-30 % and the par-
ticle size distribution has a standard deviation (o) of ~5-8 %. Oleic acid is the
capping group, as confirmed by "H NMR. In place of the high-melting point sol-
vent (~26.8°C) diphenylether, squalene, dioctylether, or tri-n-octylphosphine,
which are liquids at room temperature, can also be used. For example, direct
substitution of squalene for diphenylether yields larger diameter particles, with
very narrow size distributions. After the reaction is complete anhydrous metha-
nol is added to the growth solution under an inert atmosphere and the particles
are isolated via centrifugation. They are then redispersed in anhydrous tri-
chlorotrifluoroethane and precipitated once more with anhydrous methanol.

After centrifugation the nanocrystals are rinsed with anhydrous methanol and
any excess solvents left behind are removed using vacuum.
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