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ight emitting devices (LEDs) that uti-

lize colloidal quantum dots (QDs) as

luminescent centers have generated
considerable interest for applications such
as thin film displays with improved color
saturation and white lighting with high
color rendering index. These applications,
in particular, require device architectures
suitable for electrically exciting different
color QDs at comparable input powers. To
date, QD-LED demonstrations used semi-
conducting polymers, molecular organics,
and ceramics as charge transport layers,
with each material set bringing both ben-
efits and technical challenges." '° The
present study extends this line of investiga-
tion by considering a series of semiconduct-
ing metal oxides in layered QD-LED
structures.

Recently we demonstrated that metal
oxides can be used as charge transport lay-
ers in air-stable QD-LEDs, noting that the ef-
ficiency of these structures is significantly
reduced by nonradiative processes.' First,
the relatively high carrier concentrations
(typically ~10'/cm?3) in the p- and n-type
metal oxide layers lead to luminescence
quenching of the adjacent QDs due to
the nonradiative energy transfer between
the QDs and the charge-rich metal oxide
films."12 Second, the energy band align-
ment of the component materials impacts
the balance between holes and electrons
injected into the QD layer, influencing the
efficiency of QD-LED operation. For ex-
ample, in the first demonstration of a metal
oxide-based QD-LED structure'® injection
of holes from the p-type NiO into the QD
layer was more difficult than electron injec-
tion from the n-type zinc tin oxide (ZTO)
causing a significant build-up of electrons
at the emissive QD multilayer, located be-
tween the two ceramics. Such charging of
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ABSTRACT We investigate the effect of the electronic energy level positioning, conductivity, and morphology

of metal oxide charge transport layers on the performance of light emitting devices (LEDs) that consist of a

colloidally synthesized quantum dot (QD) luminescent film embedded between electron and hole injecting ceramic

layers. We demonstrate that understanding of these material properties and their effect on charging processes

in QDs enables the systematic design of higher efficiency QD-LEDs and excitation of QDs with different emission

colors using the same device structure.
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the QDs can lead to an increase in the Au-
ger nonradiative recombination’~'° de-
creasing the device efficiency. In this study
we show that p- and n-type inorganic
charge transport thin films can be system-
atically selected to counteract the charging
processes that cause inefficiency in metal-
oxide-based QD-LEDs and demonstrate
red, green, and blue QD emission in all-
inorganic electrically pumped structures.

RESULTS AND DISCUSSION

In a QD-LED structure, layer morphol-
ogy, electronic conductivity, and energy
band alignment with neighboring layers all
affect device performance and can be modi-
fied to improve the device quantum effi-
ciency. Here, we study morphology with
atomic force microscopy (AFM) and X-ray
diffraction (XRD); we determine sheet resis-
tance and carrier concentrations with Van
der Pauw and Hall effect measurements;
and we use ultraviolet photoelectron spec-
troscopy (UPS) to measure the ionization
energy (IE) of the ceramic layers and of the
QD films.

For the UPS measurements, the samples
remain in an inert N, environment prior to
loading into an Omicron NanoTechnology
surface analysis system. Both helium | (21.2
eV) and helium Il (40.8 eV) lines from a
He-discharge lamp are used for sample
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Figure 1. (a) Plot of the He I ultraviolet photoelectron spec-
troscopy (UPS) measurements on NiO, WOs;, ZTO, and ZnS
thin films. (b) Plot of the derivative of the He | UPS spectra
for several QD samples. The first minimum of these curves
(indicated by the dashed lines) corresponds to the ionization
energy of the sample. (c) Atomic force microscopy (AFM)
phase image of the edge of a ZnCdSe QD film stamped onto
an ultrasmooth template stripped Au surface in prepara-
tion for UPS measurements. Individual QDs can be resolved
in this image. (d) Band structure of the measured thin films
are composed from the UPS measurements of the ionization
energy and the optical gap determined by optical absorp-
tion measurements.

excitation. For accuracy, 10 scans with 0.02 eV incre-
ments are taken in succession and averaged. Figure
1a shows the He | spectra for the sputtered, 20 nm
thick ceramic thin films deposited on conductive
ITO, as detailed in the Materials and Methods. The
IE corresponds to the location of the lowest bind-
ing energy inflection point on the UPS data. We mea-
sure IEs of (5.5 = 0.1) eV, (6.3 £ 0.1) eV, (7.3 £ 0.1)
eV, and (8.1 = 0.1) eV for the NiO, WO3, ZnO, and
SnO;, films, respectively. We note that the cosput-
tered ZnO and SnO, film (ZTO) has an ionization en-
ergy of (7.7 = 0.1) eV, in between that of the con-
stituent ZnO and SnO, films.

To clearly show the IE values of different QDs, Fig-
ure 1b plots the first derivative of the counts of the He
| UPS spectra versus the binding energy, such that the
local minimum corresponds to the valence band edge.
We find values of (7.1 = 0.2) eV, (6.9 = 0.2) eV, and (6.6
+ 0.1) eV for the ZnCdS, CdSe/ZnS, and ZnCdSe QDs, re-
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spectively. The 6.9 eV value for the core/shell CdSe/
ZnS QD:s likely represents an average of the ZnS shell
and CdSe core contributions to the valence states, which
is in agreement with our UPS measurements of ZnS thin
films, (7.4 £ 0.1) eV, and CdSe QDs, (6.6 = 0.1) eV.

While sample preparation for the metal oxide films
is relatively straightforward, sample preparation to ob-
tain reproducible UPS measurements on QDs is not
trivial, requiring a single complete monolayer of QDs
covering an area at least as large as the He | photon
beam (here, 2 mm in diameter) on a smooth, conduc-
tive substrate. Earlier efforts to prepare films of QDs for
UPS measurements involved surface treatments of the
QDs to promote adhesion to the metal surface.'®”
Here, we demonstrate a novel method for depositing a
monolayer of QDs on a conductive substrate that does
not involve chemical treatment of the QD film, which
could alter the band alignment. A film of template
stripped Au is prepared following the method de-
scribed by Blackstock et al.'® The QD solution is then
spin-cast onto a parylene-coated polydimethylsiloxane
(PDMS) stamp and contact printed' onto the metal
substrate, leaving a single monolayer of QDs on top of
the Au surface. In Figure 1¢, the AFM phase image of the
edge of a stamped QD film highlights the smooth Au
surface and the close-packing of the QD monolayer.
This sample preparation method was used to obtain
the UPS measurements in Figure 1b and could be
implemented with a variety of metal films, having a
range of workfunctions, and QDs with different cap-
ping groups in order to understand the role of the QD/
metal interface on the measured IE values.

The electron affinity (EA) of the materials is calcu-
lated by adding the electron energy band gap of each
film to the measured ionization energy. We determine
the band gaps of the ceramics by measuring the ab-
sorption onset of their thin films on quartz using a CARY
500i spectrophotometer. An approximate band gap of
the QDs is obtained by measuring their photolumines-
cence (PL) spectrum and assuming an additional 100
meV to account for the approximate Stokes shift of the
PL peak with respect to the optical absorption edge.?’
The IE and EA data for materials used in this study are
summarized in Figure 1d.

We next provide examples of how a detailed under-
standing of the structural and electronic properties of
the component metal oxides and the QD emissive lay-
ers is critical to the design and fabrication of efficient
QD-LEDs. While there have been reports of other types
of metal-oxide-based QD-LEDs,?'~% here we focus ex-
clusively on possible improvements to the device archi-
tecture in which QDs are sandwiched between radio
frequency sputtered hole and electron injecting metal
oxide layers. Details regarding the deposition condi-
tions of each layer can be found in the Materials and
Methods, but an overview of the device fabrication is
provided here. All devices use commercial ITO-coated
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Figure 2. Electroluminescence spectra of blue, green, and
red-emitting QDs in metal-oxide based QD-LEDs. WO; hole
injection layer is used for blue and green QD-LEDs, while NiO
was used in red'® QD-LEDs. The spectra are taken at 18, 15,
and 12 V for the blue, green, and red devices, respectively.

glass substrates (produced by Thin Films, Inc.) as the an-
ode. RF magnetron sputtering is chosen as the deposi-
tion method for the metal oxide transport layers since it
is a physical vapor deposition (i.e., nonreactive) tech-
nique that can be performed at low power and at room
temperature. The hole injection layer is deposited first,
followed by the QDs, the electron injection layer, and fi-
nally the cathode (see device schematic in the inset of
Figure 2). QDs are spun-cast onto the hole injection
layer from solution. The thickness of the spin-cast layer
is calibrated to obtain (4+/—1) monolayers of QDs us-
ing AFM measurements. The electron injection layer
(ZTO) is sputter-deposited using Ar plasma to minimize
the O, exposure of the QD film. The top contact is a
100 nm thick film of either sputtered ITO or an evapo-
rated metal (such as Ag, Au, or Al). Each 12 mm by 12
mm substrate has 10 devices (1 mm by 2 mm), which
are defined by the top electrodes. All devices are tested
unpackaged and in air.

Use of QDs as the luminescent color centers in mul-
ticolor displays or mixed color white lighting requires
excitation of red, green, and blue QDs as a minimum.?*
However, the operating efficiency of QD-LEDs with
metal oxide charge transport layers is sensitive to the
QD/metal oxide energy band alignment, making multi-
color QD excitation particularly challenging.

Monochrome light emission across the entire vis-
ible spectrum can be generated with the standard
CdSe/ZnS core—shell QD. However, the luminescence
efficiency of these CdSe/ZnS QDs is not very high in the
deep red or in the blue part of the spectrum.* The
ZnCdSe QDs can be made as efficient deep-red lumo-
phores, and have been used in the initial device dem-
onstration,'® but they are not suitable for wavelengths
shorter than A = 560 nm. Previous work has shown that
stable and efficient blue-emitting QDs can be obtained
with a ZnCdS alloyed core.* The UPS data summarized
in Figure 1d show that the valence band of ZnCdS is at
7.1 eV, which is 0.5 eV lower in energy than the valence
band of the ZnCdSe QDs used in the initial metal oxide-
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based QD-LED device. Since the holes already face a
1.1 eV barrier to injection from NiO into the ZnCdSe
QDs, it is not surprising that we observed no electrolu-
minescence (EL) from blue-emitting ZnCdS QDs when
they replace the red-emitting ZnCdSe QDs in a NiO/QD/
ZTO device structure. To demonstrate that this is, in-
deed, the result of the increased energy band offset, we
replace the NiO layer with a WO; layer that is reported
to improve hole injection? with an IE located 0.8 eV be-
low that of NiO. The EL spectra in Figure 2 show the
blue ZnCdS and green ZnSe/CdS/ZnS QD emission is
made possible by the replacement of NiO with WOs.

These results demonstrate that energy band align-
ment between the metal oxides and the luminescent
QD film is critical for efficient device operation. How-
ever, transport layers can be further improved beyond
energy band alignment with the QDs. As noted earlier,
we identified two important contributors to reduced
device operating efficiency: charging of the QD layer
and the conductivity of the adjacent metal oxide layer.
The ZTO layer already offers favorable band alignment
so we demonstrate changes that can be made to the
ZTO to address these two sources of inefficiency.

Figure 3a presents the cross sectional schematics of
four inorganic QD-LED device architectures. Structures
2—4 indicate different ways to improve the efficiency of
the basic NiO/QD/ZTO device (Structure 1). Current
density versus voltage (J—V) and external quantum ef-
ficiency (EQE) trends for the four structures are shown in
Figure 3b. The series of four devices were fabricated
and tested a total of five times. Each time, the four de-
vices were processed in parallel to ensure uniformity
between layers shared by the four devices. Different
batches of ZnCdSe QDs were used for the five differ-
ent devices series, resulting in some variation in the ab-
solute EQE values. However, the trends in J—V and
EQE remained the same for each series of four devices,
so here we present the EQE data as averages of the five
different device series. The average EQEs are normal-
ized with respect to the average EQE of Structure 1, and
the largest EQE for Structure 4 observed was 0.2%.

The first method for increasing device efficiency is to
decrease the amount of QD luminescence quenching
due to free carriers in the adjacent metal oxide layers.
We are focused on improving the electron transport
layer, which is located on top of the QDs. To reduce
quenching, we deposit a thin, relatively insulating layer
in an Ar environment at low power to avoid additional
damage to the QD film. We choose a 10 nm thick layer
of insulating ZnO on top of the QDs (Structure 2). The
particular growth conditions that enable nearly stochi-
ometric (and therefore insulating) ZnO to be deposited
in an Ar environment are described in detail in the Ma-
terials and Methods. The EQE plot shows that the addi-
tion of the 10 nm-thick ZnO layer correspondingly
boosts EQE by a factor of 2. To confirm that this in-
crease in EQE is related to the decrease in QD lumines-
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Figure 3. (a) Schematics of the NiO-QD-ZTO device structures with modified n-type transport layers. In Structures 2 and 4, a 10
nm-thick layer of ZnO is sputtered on top of the spin-cast QD film. Structures 3 and 4 contain a 15 nm-thick layer of ZnS within
the ZTO. (b) Current density vs voltage (J—V) characteristics of the four structures. The addition of the ZnO layer (dashed versus
solid lines) does not increase the turn on voltage of the devices. The inset plot of the EQE as a function of current density shows sys-
tematic improvement across the four structures. The EQE characteristics for each structure are an average of data from five sets
of devices, with each of the four structures processed in parallel for a given set. (c) Photoluminescence spectra of QDs excited with
a A = 532 nm laser. The film of QDs is spin-cast on either a 40 nm thick layer of sputter deposited ZTO (dashed line) or 10 nm of
ZnO on top of 40 nm of ZTO (solid line). The addition of 10 nm of insulating ZnO doubles the PL response of the QD film. AFM phase
images measurements showing the QDs spin-cast onto the NiO (d), 10 nm of ZnO sputter-deposited on the QD film (e), and 10
nm of ZTO sputter-deposited on the QD film (f).

cence quenching, we spin a highly dilute solution of
QDs to form a submonolayer of QDs on either ZTO or
10 nm-thick film of ZnO on ZTO. Figure 3¢ compares the
photoluminescence (PL) of these two samples with
(solid line) and without (dashed line) a ZnO layer adja-
cent to the QDs. A X = 532 nm laser source is used so
that only the QDs—and not the metal oxides—are op-
tically excited. Consistency between PL measurements
for different samples is ensured by using a microscope
objective to uniformly illuminate and collect lumines-
cence from the entire sample area. The PL spectra re-
veal two times higher QD luminescence intensity over
the integrated area for the sample with the ZnO layer,
indicating that the insertion of this layer reduced the
number of free carriers near the QD layer and the
amount of luminescence quenching.

We note that even though ZnO is an insulating
layer, the turn-on voltage remains 6 V for both Struc-
tures 1 and 2. We attribute this to the fact that the ZnO
does not completely cover the QD layer, as seen by
comparing the AFM phase images of the initial QD film
(Figure 3d), 10 nm of ZnO on top of the QDs (Figure
3e), and 10 nm of ZTO on top of the QDs (Figure 3f).

NTA NS ] ]
@%\&) VOL.3 = NO.11 = WOOD ET AL.

The incomplete ZnO layer enables passage of charge
through the cracks, but still minimizes the concentra-
tion of charge carriers adjacent to the QDs.

The second source of luminescence quenching is
charging of the QD film. Figure 1d shows that there is
no energy barrier to electron injection into the ZnCdSe
QDs from the ZTO, which leads to build-up of electrons
in the QD film. Structure 3 demonstrates that inserting
a 15 nm-thick layer of RF sputtered ZnS within the ZTO
layer improves the EQE by a factor of 5 over that of
Structure 1. As shown in Figure 1d, wide band gap, in-
sulating ceramic ZnS presents a 0.6 eV energy barrier to
electron transport in the ZTO layer, and can be used to
balance the number of electrons and holes arriving at
the QD layer. Since sputtered ZnS does not deposit uni-
formly on the QDs, in order to ensure a smooth and
continuous layer, the ZnS is deposited on top of a low
roughness ZTO film (See Figure 3f) that is deposited on
top of the QD film first (15 nm in thickness). We note
that the insertion of the insulating ZnS layer increases
the turn on of the device from 6 to 11 V (Figure 3b). ZnO
is an insulating layer, but it only offers a 0.3 eV energy
barrier to electron flow in the ZTO and, as described
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above, it does not form a continuous layer across the
QD film. Thus the ZnO layer serves primarily to reduce
QD luminescence quenching, while the ZnS layer limits
QD charging by reducing electron injection into the
QD film. The presence of both a 10 nm-thick ZnO layer
and a 15 nm ZnS layer (Structure 4) results in the most
efficient of the four device structures presented and
again does not further increase the turn on voltage of
the device beyond 11 V.

CONCLUSIONS

In summary, we demonstrate that an understand-
ing of the electronic and structural properties of the
component materials in metal-oxide-based QD-
LEDs enables systematic fabrication of devices that
exhibit increased efficiency and multicolor EL. At the

MATERIALS AND METHODS

The QDs used in this work are the same as those described
in Anikeeva et al.* The red-emitting ZnCdSe cores, synthesized
following the process described in Zhong et al.?® are capped
with oleic acid and have a PL peak at A = 632 nm and a solu-
tion PL quantum yield of 50%. The green-emitting ZnSe/CdSe/
ZnS core-double-shell QDs, passivated with hexylphosphonic
acid and TOPO, are synthesized with a technique similar to those
reported by Ivanov et al.? and Steckel et al.*° and have a PL
peak at A = 540 nm and a solution PL quantum yield of 65%.
The ZnCdS cores are passivated with oleic acid and oleylamine
and are synthesized following the work of Zhong et al3! The PL
peak is at A\ = 460 nm and the solution PL quantum yield is 50%.
The CdSe/ZnS core—shell structures studied with UPS follow
the synthesis in Daboussi et al.>> The QDs are precipitated
from the growth solution using acetone, redispersed in hexane,
precipitated a second time using methanol and butanol, and fi-
nally redispersed in chloroform prior to spin-casting on the
p-type metal oxide layer at 1200 rpm. The solution processing
steps are performed in a N, glovebox.

The ceramic layers are RF magnetron sputtered in a custom-
built system outfitted with US Inc. sources, and the three-inch di-
ameter, hot-pressed targets of NiO, WOs;, ZnO, SnO,, and ZnS
are purchased from Plasmaterials, Inc. The NiO is sputtered at
200 W with a 30:1 Ar/O, volume ratio at 6 mTorr chamber pres-
sure. The WOs is sputtered at 60 W with a 10:1 Ar/O, volume ra-
tio. In the case of WOs;, it is desirable to deposit a layer with
graded conductivity by gradually increasing the O, partial pres-
sure during the deposition process so that the least conductive
part of the WO; layer is closest to the QD layer. This is analogous
to the method for improving the efficiency implemented in
Structure 2, where a layer of 10 nm-thick ZnO is placed be-
tween the ZTO and QD film. To form a highly insulating ZnO
layer, the ZnO target is presputtered to be stochiometric prior
to introducing the sample with the exposed QD film. The ZnO
film is then sputter-deposited at 16 W in an Ar environment at
4 mTorr to prevent damage to the QD layer. While the ZnO be-
comes progressively nonstochiometric during sputtering at
these conditions, we find that a 10 nm-thick layer remains suffi-
ciently insulating and note that the most insulating section of
the ZnO is in contact with the QD layer. The ZTO layer is pre-
pared by cosputtering the ZnO and SnO, at 9 and 15 W, respec-
tively, in a 4 mTorr Ar environment. The ZnS layer is sputtered at
35 W in Ar at 4 mTorr.

Our devices are measured without environmental packag-
ing and in atmospheric conditions. Current J—V characteristics
of the QD-LEDs are recorded using a computer controlled Kei-
thley 2602 current/voltage source-meter. To calculate the EQEs,
the EL from the front face of the device is detected using a cali-
brated Newport 818-UV silicon photodetector at the same time
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same time, this work underscores the importance
of rethinking the design of thin-film QD-LEDs.
Organic-based QD-LEDs hold the record efficiencies
because of the important role of Férster energy
transfer and the need for only a single monolayer
of QDs.? Hybrid QD-LEDs with inorganic and organic
transport layers can benefit from the dual excita-
tion mechanisms of Forster energy transfer and di-
rect charge injection while gaining stability from the
ceramic materials. Systematic improvements to effi-
ciency are possible in the case of inorganic QD-LEDs
that operate via direct charge injection, but ulti-
mately new methods for excitation of colloidal QDs
that reduce nonradiative charging processes and do
not require energy band alignment?' %27 should

be investigated.

that the J—V characteristics are measured. EL spectra are taken
with an Acton spectrometer with bias applied to the device us-
ing the Keithley 2602.
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