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A
dvances in colloidal quantum dot
(QD) light-emitting diodes (LEDs)
have led to efficiencies and bright-

ness comparable to and driving voltage
lower than those of organic LEDs (OLEDs),
reaching an apparent limit on internal quan-
tumefficiency (IQE).1�4 Building on achieve-
ments in OLEDs, device architectures in-
volving an organic hole transport layer
(HTL), core/shell (C/S) QD emitters, and an
oxide electron transport layer (ETL) have led
to the best performing QD-LEDs thus far.1�4

One of the most promising architectures is
the organic hole injection layer (HIL), organ-
ic HTL, C/S QDs, and oxide ETL all spin-cast
sequentially on indium tin oxide (ITO) with
a final Al cathode.3�7 This device design,
which we refer to as the “conventional”
device structure, allows convenient and
scalable all solution processing (with the
exception of the electrodes) and the top
inorganic layers may also help to protect
organics underneath. However, efficiencies
of most of these QD-LEDs have remained

modest with maximum external quantum
efficiency (EQE) < 2%. One of the main
reasons for the less-than-ideal performance
is the large offset between HTL Fermi level
and the valence band edge of QDs, leading
to a large hole injection barrier (HIB).7

Furthermore, solubility of organic HTLs in
solvents for QDs can cause damage or
intermixing.8 Recent introduction of the
inverted structure, where ITO is the cathode
and Al the anode with vacuum-deposited
organic HTL and oxide HIL, has alleviated
these problems, rendering efficiencies and
brightness of QD-LEDs comparable to those
of the best phosphorescent OLEDs while
achieving smaller bandwidth and driving
voltage.1,2,9 However, fabrication of QD-LEDs
has become more cumbersome, requiring
both solution and vacuum deposition. More
importantly, nearly ideal IQE being reached1

leaves no obvious room for improvement
other than drastically altering device design
for better light outcoupling then reoptimiz-
ing to achieve high IQEs. Hence, simple
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ABSTRACT Recent advances in colloidal quantum dot light-

emitting diodes (QD-LEDs) have led to efficiencies and brightness

that rival the best organic LEDs. Nearly ideal internal quantum

efficiency being achieved leaves light outcoupling as the only

remaining means to improve external quantum efficiency (EQE)

but that might require radically different device design and

reoptimization. However, the current state-of-the-art QD-LEDs are

based on spherical core/shell QDs, and the effects of shape and

optical anisotropy remain essentially unexplored. Here, we demon-

strate solution-processed, red-emitting double-heterojunction nano-

rod (DHNR)-LEDs with efficient hole transport exhibiting low threshold voltage and high brightness (76 000 cd m�2) and efficiencies (EQE = 12%, current

efficiency = 27.5 cd A�1, and power efficiency = 34.6 lm W�1). EQE exceeding the expected upper limit of∼8% (based on∼20% light outcoupling and

solution photoluminescence quantum yield of∼40%) suggests shape anisotropy and directional band offsets designed into DHNRs play an important role

in enhancing light outcoupling.
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improvements that simultaneously enable solution
deposition and enhanced light extraction are highly
desirable.
Heterostructures based on semiconductor nano-

rods10�16 are an emerging class of materials that
represent a relatively unexplored domain especially
with respect to LED applications. Optical anisotropy of
nanorod heterostructures may provide additional ben-
efits such as polarized light emission.17,18 However,
non-C/S QD-based LEDs have suffered from poor
efficiencies and there have only been a limited number
of studies.17,18 Here, we examine recently developed
double-heterojunction nanorods (DHNRs)19 as the light
emitting layer in LEDs with improved hole injection/
transport. We demonstrate that DHNR-LEDs surpass
C/S QD-LEDs fabricated in the same manner in all
performance metrics examined (EQE, current and
power efficiencies, and brightness). Consideration of
optical anisotropy in improving device characteristics
suggests a fundamentally different and higher effi-
ciency limit to these DHNR-LEDs.

RESULTS AND DISCUSSION

The DHNR, where type II staggered band offset
semiconductors surround a smaller band gap emit-
ter,19 represents an especially interesting platform to
examine how structural, electronic, and optical aniso-
tropies affect device characteristics. A key enabling
feature of DHNRs is that both outer components are
physically in contact with the emitting core (CdS and
ZnSe outer components and CdSe emitting center for
the system examined here), which allows independent
control over the electron and hole processes. This
feature has allowed a reduction in HIB while main-
taining efficient electron injection and a simple re-
placement of C/S QDs with DHNRs into the conven-
tional QD-LED structure has led to significant
improvements.19 However, HIB due to the high HTL
Fermi level and the solvent compatibility issue still

remain significant. Once these shortcomings can be
addressed, DHNRsmay allow shape/optical anisotropy,
directional type II band offset, and rod orientation to
be exploited in enhancing device performance and
enabling new capabilities.
We have introduced 2,3,5,6-tetrafluoro-7,7,8,8-

tetracyanoquinodimethane (F4TCNQ), a well-known
p-dopant for conjugated organics and related mat-
erials,20�22 to reduce HIB and improve IQE while
maintaining convenient solution processing. Figure 1
shows the band diagram, chemical structures of the
key components, device schematic and transmission
electron microscopy (TEM) images of DHNRs and
DHNR-LEDs. The DHNRs consist of seed CdS nanorod
(27.6 nm average length and 4.1 nm average diameter)
with CdSe grown at the tips (average diameter of the
emitter 4.1 nm) and a ∼0.7 nm ZnSe shell mostly
around CdSe as shown in the schematic image. Scan-
ning electron microscopy (SEM) of DHNRs spin-cast
on poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,40-(N-(4-s-
butylphenyl))diphenylamine)] (TFB)/F4TCNQ HTL indi-
cates that DHNRs are primarily oriented parallel to
the device plane (Figure 1e). Naïvely, this orientation
and the double-tipped nature of DHNRs may appear
unfavorable, i.e., vertically aligned single-tipped coun-
terpart can have ZnSe and CdS selectively contact their
corresponding transport layers. However, as discussed
later, parallel orientation of DHNRs can have a pro-
found impact on light outcoupling.
Ultraviolet photoelectron spectroscopy (UPS) indi-

cates a monotonic increase in the ionization potential
of HTL from 5.35 to 5.54 eV with increasing F4TCNQ
doping (Figure 2a), leading to a lowering of HIB
(Figure 2 inset). Key energy levels with different
amounts of F4TCNQ are given in Supporting Informa-
tion Table S1. The reduction in HIB up to 190 meV
is in addition to that provided by the DHNR design
(∼400 meV by injecting holes through ZnSe rather
than CdS). F4TCNQ also improves HTL conductivity to

Figure 1. (a) Energy band diagram of DHNR-LEDs. (b) Chemical structure of TFB and F4TCNQ, and schematic and TEM image
of DHNRs. (c and d) Schematic and cross-sectional TEM image of the DHNR LEDs. (e) SEM image of spin-cast DHNRs on
TFB/F4TCNQ HTL.
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better match ETL, which should help to balance charge
in DHNRs (see Supporting Information Figure S1).
Furthermore, F4TCNQ significantly alters HTL solubility
enabling solutionprocessing. As shown in Figure 2band
Supporting Information Figure S2, the thickness of
pristine TFB film is reduced considerably while F4TCNQ
doped TFB films exhibit a very small thickness change
upon chloroform (solvent for DHNRs) exposure. Aro-
matic amine-containing polymers can be cross-linked
by TCNQ upon electron transfer23 and we suspect that
F4TCNQcauses both hole doping and ionic cross-linking
of TFB. This cross-linking can then explain the improved
solvent resistance of HTL. Interestingly, surface rough-
ness and contact angle remain essentially unchanged

upon F4TCNQ doping (Figures 2c-f), allowing for solu-
tion deposition of DHNRs without drastic changes to
wetting behavior and DHNR orientation.
These advantages afforded by F4TCNQ along with

the benefits of the double heterojunction designed
into DHNRs lead to an exceptional LED performance.
Very narrow (full-width-at-half-maximum of 26 nm)
and bright (76 000 cd m�2) electroluminescence (EL)
without parasitic emission from the transport layers is
observed over the entire operation range with a
threshold voltage (defined here as the voltage neces-
sary to achieve 0.1 cd m�2) of only ∼1.55 V (Figure 3).
The threshold voltage being significantly lower than
that of the band gap of the emitter (∼2 eV) is cur-

Figure 2. (a) Secondary electron cutoff and the highest occupiedmolecular orbital (HOMO) regions of theUPS spectra for HTL
films with indicated TFB/F4TCNQ weight ratios. Inset shows the Fermi level positions (dashed lines) and ionization potentials
(IP) of TFB and TFB with F4TCNQ along with valence band edges of ZnSe and CdS of DHNRs. (b) Thickness change of HTL with
indicated TFB/F4TCNQweight ratios before and after chloroformexposure. (c�f) AFMandwater contact angle (insets) images
of TFB films with 1:0 (c), 1:0.1 (d), 1:0.4 (e), and 1:1 (f) TFB/F4TCNQ weight ratio. The root-mean-square surface roughness of
the F4TCNQ doped TFB films with 1:0, 1:0.1, 1:0.4, and 1:1 weight ratios are 0.26, 0.32, 0.38, and 0.42 nm, respectively. The
corresponding water contact angles are 101�, 101�, 102�, and 103�, respectively. We note that at 1:1 weight ratio, F4TCNQ
appears to have already reached solubility limit, which may explain the slightly larger change in thickness upon solvent
exposure and larger surface roughness.

Figure 3. (a) EL spectra of a DHNR-LED at the indicated applied voltages along with normalized solution PL spectrum of the
DHNRs. Inset shows a comparison of solution PL with low bias EL. (b) Dependence of current and power efficiencies on
luminance and a photograph comparing the brightness of C/S QD-LED and DHNR-LED both operating at 4 V (inset). (c)
External quantum efficiency (EQE) vs current density. Inset shows the dependence of luminance and current density on the
applied voltage.
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rently under debate and may be associated with an
Auger-related process24 or the presence of a charge
prior to biasing due to charge transfer from the
adjacent transport layers.25 While these characteristics
are comparable to the best reported C/S QD-LEDs,
current and power efficiencies of 27.5 cd A�1 and
34.6 lmW�1, respectively, exceed all QD-LEDs of similar
emission wavelength (Table 1). The maximum EQE of
our DHNR-LEDs is found to be 12.05%. EQE vs voltage
plots for various TFB/F4TCNQ ratios examined here are
shown in Supporting Information Figure S3.
A comparison of the average EQE, current and power

efficiencies, and brightness (Figure 4) with respect to
F4TCNQ doping for DHNR- and C/S QD-LEDs (both
fabricated in the same manner in the conventional
structure) demonstrate that our DHNR design is also
critical to the exceptional performance of DHNR-LEDs
rather than improvements afforded by F4TCNQ alone.
Efficiencies of DHNR-LEDs are routinely 2 to 3 times
higher and brighter EL can be readily seen by the
naked eye (Figure 3b inset). Note that EQEs between
2 and 6% of our control C/S QD-LEDs with F4TCNQ are
among the highest reported values for red emitting
QD-LEDs with conventional device structure.3,26 High
efficiencies of DHNR-LEDs are especially impressive
and surprising in that the solution PL QY of DHNRs is
only about half that of C/S QDs. A comparison of PL
spectra of DHNRs and C/S QDs used here (normalized
to absorbance at the excitation wavelength of 400 nm)
alongwith PL spectrumof a reference dye are shown in
Supporting Information Figure S4 to verify that the
DHNRs have same PL QY as ref 19 and that the PL QY of
C/S QDs is about twice as large.
QD-LEDs that require relatively high operating

voltages may have low efficiencies due to high field
induced charge separation reducing PL QYs.27 High

brightness at low voltages (e.g., >10 000 cd m�2 al-
ready at 4 V bias) and therefore low operating field
should contribute to high efficiencies but the stag-
gered band offset between CdS and ZnSe shouldmake
charge separation easier. The rod geometry placing
CdSe emitters relatively far away from each other and
therefore minimizing energy transfer loss (similar to
thick ZnS shell QD-LEDs4 but without compromising
turn-on voltage and power efficiency) is also likely to
contribute to high efficiencies. A comparison of solu-
tion PL with low bias EL (Figure 3a inset) shows good
overlap in peak position and line width supporting
minimized energy transfer loss. However, these bene-
fits alone cannot explain the 12% EQE which appar-
ently exceeds the expected upper limit, suggesting
that DHNRs provide yet additional benefits beyond
improved carrier injection, low operating voltage and
minimized energy transfer losses.
In general, EQE is given by

EQE ¼ (γ� ηγ � qPL)� ηout (1)

The product in the parentheses is the IQE and ηout is
the light outcoupling efficiency.28 IQE is limited by the
charge balance (γ), the radiative exciton production
efficiency (ηγ), and the PLQYof the emitter (qPL). Even if
improvements due to F4TCNQ and the additional
reduction in HIB due to ZnSe of DHNRs allow us to
reach ideal limits for γ and ηγ, qPL = 40%19 and
the assumption of maximum ηout = 20%29 limit the
maximum EQE to 8%, well below our measured 12%. A
histogram of EQEs with and without F4TCNQ shown in
Supporting Information Figure S5 demonstrates that
77% of the devices measured with optimum F4TCNQ
concentrations exhibit EQE > 8%. We believe that
the rod shape and the directional type II band offset
increase ηout limit.

TABLE 1. Comparison of the PL and EL Characteristics of Current-State-of-the-Art of QD-LEDs with Those of DHNR-LEDs
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In OLEDs, several known factors reduce light output
including loss to surface plasmons and waveguide
modes.30 Such losses can be strongly dependent on
the emitter dipole orientation.31,32 For a simple OLED
structure, random dipole orientation leads to ηout e
20%, whereas surface parallel dipoles can theoretically
lead to ηout > 40%.33�35 Given that the majority of
DHNRs lie flat on the substrate (e.g., SEM images of
Figure 1e and Supporting Information Figure S6), we
expect our DHNR-LEDs to fall close to the latter case.
That is, the directionality of the type II staggered band
offset (along the rod axis) between CdS and ZnSe that
anisotropically surround the emitting CdSe center
should induce a transition dipole along the rod axis.
DHNRs lying mostly in-plane should then give rise to
this transition dipole being oriented mainly parallel to
the substrate. In-plane transition dipole orientation is
well-known to reduce light outcoupling losses in
OLEDs33�36 and similar effects should be taking place
for our DHNR-LEDs. Variable angle spectroscopic
ellipsometry31,36 indeed verify optical anisotropy in
DHNR films. The complex refractive index of a DHNR
film obtained from the uniaxial model is shown in
Figure 5a. In particular, the ordinary (in-plane) extinc-
tion ko is significantly larger than the extraordinary
(out-plane) extinction ke. C/S QD films do not exhibit
significant optical anisotropy (Figure 5b). The mea-
sured ko and ke values correspond to an orientation
order parameter [(ke � ko)/(ke þ 2ko)] of �0.47 for
DHNRs and �0.07 for C/S QDs at 610 nm (near the

emission wavelength) indicating that the transition
dipole of DHNRs is nearly parallel to the substrate
whereas that of C/S QDs are essentially randomly
oriented. Therefore, we suggest that parallel orienta-
tion easily achieved for DHNRs and the resulting optical
anisotropy significantly increase the upper limit of ηout,
explaining the observed high EQE of 12%.
Finally, we note that there may be surrounding

induced effects on the EL characteristics of C/S QDs
and DHNRs that can complicate device performance
analysis. For example, nearby metal surfaces and other
factors can alter PL intensity and blinking,37,38 making
it difficult to compare radiative recombination in
devices to solution PL. Amore directly important effect
heremay be the possibility of CdSe QDs being charged
even at zero-bias due to charge transfer from ZnO/Al
layers and there is evidence that EQEs of CdSe-based
C/S QD-LEDs depend on the negative trion PL rather
than the neutral exciton PL QY.25 While existing
charges may help to explain the low, sub-band gap
threshold voltages,1,24 EQEdependence on the trion PL
makes estimates with solution PL inappropriate, even
as an upper limit, in analyzing EQE. However, the
apparent reduction in PL of charged QDs is a topic of
continuing debate,25,39,40 and a recent study has
shown that by suppressing nonradiative Auger recom-
bination, trion PL can be as bright as exciton PLwithout
the undesirable blinking behavior.40 Rod shape41 and
directional type II band offset may help to suppress
Auger recombination and therefore high EL from

Figure 4. Comparison of the average (a) EQE, (b) current efficiency, (c) power efficiency, and (d) peak luminance as a function
of F4TCNQdoping ratio forDHNR-LEDs andC/SQD-LEDs. Eachdatapoint is averagedover 4�6devices per data pointwith the
error bars representing themaximumand theminimumvalues for a given F4TCNQdoping condition. The drop in all values at
1:1 TFB/F4TCNQ ratio for both C/S QD- and DHNR-LEDs likely arises from the solubility limit of F4TCNQ.
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charged DHNRs may be possible. However, it may be
more likely that F4TCNQ is counteracting the charging
effects of ZnO ETL/Al cathode. During the preparation
of this paper we became aware of two recent reports
demonstrating that either using an insulating PMMA
layer between ZnO ETL and the emitting layer42 or
controlling shell thickness43 in C/S QD-LEDs to reduce
charging of QDs can lead to record-breaking LED
performances (e.g., 20.5% EQE and >100 000 cd m�2,
respectively). These results are very impressive but the
introduction of an insulating layer, whether in the form
of a thin film or a shell on individual QDs, may lead to
limitations especially in power efficiency. Our results
using F4TCNQ, if it also acted to counteract charging of
C/S QDs andDHNRs,may be an alternative approach to
this charging problem without compromising power
efficiency (as suggested by the record efficiency of
34.6 lm W�1 for red QD-based LEDs demonstrated
here). Further work along these lines should provide
insights that facilitate new and exciting means of
designing and utilizing double heterojunctions to
manipulate optical processes in colloidal QDs.

CONCLUSION

In summary, we have demonstrated that anisotropic
DHNRs in conjunctionwith anenhancedHTL can lead to
remarkable LED performance in a conventional solution
processed device structure. The benefits of introducing
the hole dopant F4TCNQ in the HTL are multifold
including improvedhole injection/transport and solvent
resistance and, possibly, reduced zero-bias charging of
the emitters without sacrificing power efficiency. The
anisotropic shape and the band offsets designed into
the DHNRs allow improved carrier injection, low operat-
ing voltage, minimized energy transfer losses, and en-
hanced light outcoupling. The DHNR-LEDs achieved
here exhibit maximum brightness of 76 000 cd m�2,
current efficiency of 27.5 cdA�1, and power efficiency of
34.6 lm W�1. A very high EQE of 12% at PL QY of only
40% implies that there is a fundamentally different and
higher efficiency limit to these DHNR-LEDs than other
C/S QD-based LEDs. It is the optical anisotropy of the
DHNRs that should increase the upper limit on light
outcoupling, a newand, until now, unexplored aspect of
these materials and their devices.

METHODS

Materials. Trioctylphosphine oxide (TOPO) (90%), trioctyl-
phosphine (TOP) (90%), oleic acid (OA) (90%), trioctylamine
(TOA) (90%), octadecene (ODE) (90%), 1-octanethiol (98.5%),
CdO (99.5%), Zn acetate (99.99%), S powder (99.998%), and
Se powder (99.99%) were obtained from Sigma-Aldrich.
N-Octadecylphosphonic acid (ODPA) was obtained from PCI
Synthesis. ACS grade chloroform and methanol were obtained

from Fischer Scientific. All chemicals were used as received.
Standard airless techniques were used in all syntheses.

Synthesis of DHNRs. CdS/CdSe/ZnSe DHNRs were synthe-
sized following ref 19. Briefly, CdO powder (0.128 g) and ODPA
(0.668 g) in TOPO (2.0 g) were degassed at 150 �C for 30 min,
then heated to 350 �C for 2 h. TOP:S (2.0 mL of 0.25 M solution)
was quickly injected at 370 �C and stirred for 20 min at 330 �C.
TOP:Se (1.0 mL of 0.25 M solution) was then slowly injected

Figure 5. Ordinary (in-plane) real (no) and imaginary (ko) parts of the refractive index and extraordinary (out-of-plane)
components, ne and ke, measured by variable angle spectroscopic ellipsometry for (a) DHNR and (b) C/S QD films both spin-
cast on Si wafer. SEM images of these two thin film samples used for ellipsometry along with their corresponding solution
absorption spectra are shown in Supporting Information Figure S6.
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(4 mL h�1). After 10 min, the reaction mixture was cooled to
room temperature and the resulting CdS/CdSe nanorods were
precipitated and redissolved in∼4 mL of chloroform. A mixture
of Zn acetate (0.184 g) and OA (1.13 mL) in ODE (6 mL) was
degassed andheated to 250 �C. After 1 h, Zn containing reaction
mixture was cooled to 60 �C and CdS/CdSe nanorod solution
(2 mL) was injected. After heating to 250 �C, TOP:Se (1.0 mL of
0.25 M solution) was slowly injected (4 mL h�1). The reaction
mixture was then heated to 300 �C for 5 min before cooling to
room temperature.

Synthesis of C/S QDs. CdSe/CdS/ZnS C/S QDs were prepared
similar to ref 44. After CdO powder (0.206 g) and OA (2.0 mL)
were degassed in TOA (40 mL) at 150 �C for 30 min and the
mixture heated to 300 �C, TOP:Se (0.4 mL of 1.0 M solution)
was swiftly injected into the reaction mixture. After 45 s,
1-octanethiol (0.21 mL) in TOA (6 mL) was slowly injected
(1 mL min�1). The reaction mixture was then allowed to stir
for 30 min at 300 �C. Sixteen milliliters of Zn-oleate solution,
prepared in a separate flask by stirring Zn acetate (0.92 g) and
OA (3.2 mL) in TOA (20 mL) at 250 �C for 60 min, followed
by 1.12 mL of 1-octanethiol in 6 mL of TOA, was injected at
1 mL min�1. After 30 min, the solution was cooled to room
temperature.

Device Fabrication. LEDs were fabricated on prepatterned
and precleaned ITO on glass substrates (sheet resistance of
15�25 Ω 0�1). PEDOT:PSS (Clevios P VP AI 4083) was spin-
coated onto ITO (4000 rpm) and baked at 120 �C in air (5 min)
and 180 �C in a glovebox (15min). Then, 10mgmL�1 solution of
TFB (H.W. Sands Corp.) in m-xylene or appropriate amount of
F4TCNQ (Sigma-Aldrich) dissolved in 5 mgmL�1 solution of TFB
in m-xylene to achieve desired weight ratios was spin-coated
(3000 rpm) and baked at 180 �C in a glovebox (30 min). DHNRs
(60 mg mL�1) or C/S QDs (30 mg mL�1) in chloroform after
washing twice with 1:1 volume ratio of chloroform and metha-
nol was spin-cast (2000 rpm), then subsequently annealed at
180 �C in a glovebox (30 min). ZnO (∼30 mg mL�1 in butanol,
prepared following ref 19) was then spin-coated (3000 rpm) and
annealed at 100 �C (30min). A 100 nm thick Al cathodewas then
deposited by electron-beam evaporation. LEDs were encapsu-
lated with a cover glass using epoxy (NOA 86) in a glovebox.

Characterization. TEM and SEM images were obtained on
JEOL 2100 Cryo TEM and Hitachi S4800 SEM, respectively. UPS
was performed using He I photon line (hν = 21.2 eV) at ∼10�9

Torr (PHI 5400). Tapping-mode AFM and contact angle mea-
surements were carried out on an Asylum Research MFP-3D
AFM and a Rame-Hart model 500 goniometer/tensiometer,
respectively. LED characteristics were recorded using a Spec-
trascan PR-655 spectroradiometer coupled with a Keithely
2602B source-measure unit. EQE was calculated as the ratio of
the number of photons emitted to the number of electrons
injected. Current and power efficiencies were obtained as the
ratio of the output luminance to the driving current density and
the ratio of the luminous flux output to the driving electrical
power, respectively. All device measurements were performed
in air. UV�vis absorption spectra were obtained with an Agilent
8453 spectrometer. PL spectra were collected with Horiba Jobin
Yvon FluoroMax-3. Ellipsometry of DHNR and C/S QD films on
Si substrates were collected in the wavelength range of
400�900 nm at incidence angles of 50, 60, and 70� on a J. A.
Woollam VASE Ellipsometer. Data analysis was performed using
WVASE32 software. The thicknesses of the films were first
determined using Cauchy model, then Kramers�Kronig consis-
tent model was used to calculate the optical constants. Aniso-
tropic optical constants of the films were obtained using the
uniaxial anisotropic model byminimizing themean square error.
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