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We report a bright cadmium-free, InP-based quantum dot light-emitting diode (QD-LED) with

efficient green emission. A maximum brightness close to 700 cd/m2 together with a relatively low

turn-on voltage of 4.5 V has been achieved. With the design of a loosely packed QD layer resulting

in the direct contact of poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine] (poly-TPD)

and 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) in the device, a ternary

complementary white QD-LED consisting of blue component (poly-TPD), green component

(QDs), and red component (exciplex formed at the interface between poly-TPD and TPBi) has

been demonstrated. The resulting white QD-LED shows an excellent color rendering index of 95.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4769347]

Colloidal quantum dot light-emitting devices (QD-LEDs)

have generated considerable interest for applications such as

flat panel displays with improved color saturation and lighting

sources with high color rendering index (CRI).1–9 The electro-
luminescence (EL) spectrum of OD-LEDs is generally narrow

and can be conveniently changed from blue to red by tuning

the size of quantum dots. To date, the performance of QD-

LEDs is good enough to be compared with organic light-

emitting diode (OLEDs) and GaN-based LEDs. However, the

serious drawback of the present colloidal QD-LED technology

is that it is heavily dependent on cadmium-based quantum

dots, which has severely hindered the commercialization of the

QD-LED technology.10,11 Indium phosphide is considered as

the ideal alternative, which offers a similar emission spectrum

but without intrinsic toxicity.12–18 Previous studies have dem-

onstrated that InP-based quantum dots can be well used in QD-

LEDs.19–21 However, the overall performance for InP-based

QD-LEDs has been low. On the other hand, the QD-LEDs with

efficient white emission have rarely been reported. At present,

it is almost impossible to obtain high-performance white QD-

LEDs only by mixing blue-, green-, and red-emitting QDs as

white emissive layer due to the low efficiency for the blue

QDs.2,7 Currently, some research groups demonstrated that the

combination of emission of organic molecules and QDs is quite

promising for fabricating high-performance white hybrid QD-

LEDs.1,22,23 Nevertheless, much work is further needed in

hybrid QD-LED research for improved performance.

Here, we report green InP-based QD-LEDs with a maxi-

mum brightness close to 700 cd/m2, accompanied with a rel-

atively low turn-on voltage of 4.5 V, which is the best

performance ever reported for InP-based QD LEDs. Mean-

while, with the fabrication of a loosely packed QD layer to

form some direct contact between the hole-transporting layer

poly[N,N0-bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine]

(poly-TPD) and electron-blocking layer 2,20,200-(1,3,5-benzi-

netriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), we dem-

onstrated a ternary complementary white QD-LED with the

blue emission from poly-TPD, green emission from QDs,

and the red exciplex emission between poly-TPD and TPBi.

The resulting ternary complementary white QD-LEDs show

good photometric performance with a high CRI of 95 and a

moderate low correlated color temperature (CCT) of 4710 K.

For the present work, the InP–ZnSeS core-shell struc-

tured QDs used here were prepared by a modified literature

procedure.21 A typical procedure is given as follows: 1 ml

of indium oleate (In(OA)3) solution, 0.25 ml of zinc oleate

(Zn(OA)2) solution, and 7.5 ml of octadecene (ODE) were

loaded into 3-necked round flask and degassed. Subsequently,

0.1 mmol of tris(trimethylsilyl)phosphine ((TMS)3 P) in 1 ml

of ODE was injected at an elevated temperature (�150 �C)

under Ar atmosphere. Next, the mixture was quickly heated

up to 300 �C with strong agitation for 10 min. After that, 5 ml

of Zn(OA)2 solution, and 0.1 mmol of selenium (Se) and

1.9 mmol of sulphur (S) dissolved in 2 ml of trioctylphosphine

(TOP) were sequentially added into the reaction system which

was cooled down to 220 �C beforehand, and then were repeat-

edly heated up to 300 �C. Finally, the cadmium-free QDs con-

sisting of InP cores coated with ZnSeS composition gradient

shells were obtained and these QDs exhibited a narrow size

distribution with an average diameter of �4 nm. Using the

resulting green-emitting InP-based QDs, we succeeded in fab-

ricating the QD-LED devices with a multilayer structure

of ITO/poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)

(PEDOT:PSS)/poly-TPD/QDs/TPBi/LiF/Al. The LED output

spectrum was recorded at the bias voltage of 6.5 V. Figure 1(a)
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shows a clear green emission peaking at 550 nm with a full

width at half maximum (FWHM) of 55 nm. The weak emis-

sion in the blue-wavelength region is from poly-TPD. The

emission from poly-TPD can be changed by controlling the

hole-transporting layer (poly-TPD) and electron-transporting

layer (TPBi) thicknesses in the device. Figure 1(b) presents the

output performance of the optimized QD-LEDs. Its maximum

brightness is close to 700 cd/m2 and the external quantum effi-

ciency (EQE) is 0.26%, which are significantly improved com-

pared to the previously reported values (i.e., the maximum

brightness and EQE were around 16 cd/m2 and 0.008%,

respectively).21 The inset of Figure 1(b) shows the structure of

these QD-LEDs tested.

A QD-free LED processing with the structure of ITO/

PEDOT:PSS/poly-TPD/TPBi/LiF/Al was also fabricated

for comparison. Interestingly, we observed that, besides the

blue poly-TPD emission, a strong red emission peaking at

�620 nm appeared (Figure 2(a)). This red emission is attrib-

uted to an exciplex formed at the interface between poly-

TPD and TPBi. Such exciplex is a kind of excited state

complex formed between the donor and the acceptor, which

are in the excited state and the other in the ground state,

respectively. A similar exciplex emission formed between

hole-transporting layer and polyfluorenes is previously

reported by Li et al.24 From the energy levels of poly-TPD

and TPBi shown in Figure 2(b), it can be found that the

energy gap between the HOMO of poly-TPD (�5.2 eV) and

the LUMO of TPBi (�3.2 eV) is �2.0 eV, which is perfectly

matching the red emission band. In our case, the exciplex

emission shows a strong voltage-dependence. At low bias

(5 V), the EL spectrum is clearly dominated by emission from

the poly-TPD due to most of the excitons are formed inside

the bulk of the poly-TPD and there is no exciplex emission

observed. As the applied voltage is increased, the recombina-

tion region of excitons shifts toward the interface of poly-

TPD and TPBi, where the exciplex emission occurred and its

relative contribution enhances compared with the blue emis-

sion of ploy-TPD. Such red emission from charge-transfer

(CT) exciplexes formed at the interface between poly-TPD

and TPBi can be utilized for white QD-LEDs.

To combine the green (QDs), blue (poly-TPD), red

(exciplex) emission for a white LED, we fabricated the QD-

LED with loosely packed QD film where there are some

space between the adjacent QDs to facilitate a direct contact

of poly-TPD and TPBi (Figure 3(a)). The loosely packed QD

layer was obtained by reducing the concentration of QDs

and increasing the speed rate of spin-coating. Figure 3(b)

shows the atomic force microscope (AFM) images of loosely

packed QD layer deposited onto a 40 nm thick poly-TPD

layer annealed at 110 �C, and voids between QDs can be

clearly observed in the corresponding inset. The LED output

spectrum recorded at the bias voltage of 15 V exhibits a

broadband coverage over the entire visible wavelength

range, and main emission peaks can be observed in the spec-

trum (Figure 3(c)). The green emission of QDs is spectrally

complementary to the blue emission from poly-TPD and the

red emission from the exciplex of poly-TPD and TPBi for

white light generation. The CIE coordinates of the InP-based

QD-LED is (0.349, 0.342), which is close to the balanced

white coordinates (Figure 3(d)). In addition, the white light

of the QD-LED is characterized with a high CRI of 95 and a

moderate CCT of 4710 K. The CRI is significantly higher

than that of most of solid-state white LEDs. An image of the

white QD-LED output was recorded at a luminance of

322 cd/m2 (inset of Figure 3(d)), which displays bright and

uniform white emission.

FIG. 1. (a) EL spectrum and (b) current-

voltage and brightness-voltage proper-

ties of QD-LEDs. Inset: the structure of

the InP-based QD-LEDs.

FIG. 2. (a) EL spectra of the device

without QDs for different applied bias.

(b) Energy band diagram of the devices

without QDs. The theoretical values for

the valence (or HOMO) and conduction

bands (or LUMO) for individual layers

were obtained from Ref. 25.
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The spectral power distribution of the ternary comple-

mentary QD-LEDs presented herein also exhibits a distinctive

voltage dependence. Figure 4(a) shows the EL spectrum color

shift in the QD-LED at the low applied bias (12 V) and high

applied bias (16 V). With increasing bias, we observe a rapid

increase of the red spectral component in the EL spectrum

relative to the initially dominant blue and green spectral com-

ponents. This evolution of spectral features with the increas-

ing bias is consistent with that of the devices without QDs

(Figure 2(a)). It can be seen that the blue spectral component

from poly-TPD enhances relatively faster with the increasing

bias compared with the green emission from QDs. This indi-

cates that more excitons are harvested in poly-TPD possibly

due to the reduced exciton confinement effect26,27 of poly-

TPD on the QD layer as the driving voltage increases. The

color coordinates for the QD-LEDs under different bias con-

ditions (12–16 V) have been calculated in the present study

and presented in the CIE 1931 color diagram in Figure 4(b).

The chromaticity calculation suggests that it is possible to

tune the desired color coordinates of the three emissive com-

plements in the QD-LED by adjusting the bias voltage.

In summary, the InP-based QD-LEDs with efficient

green emission have been fabricated in the work. Addition-

ally, with the design of a loosely packed QD layer resulting

in the direct contact of poly-TPD and TPBi, a ternary comple-

mentary white QD-LED consisting of blue component (poly-

TPD), green component (QDs), and red component (exciplex

formed at the interface between poly-TPD and TPBi) has

been demonstrated with a high color rendering index of 95.

Realistic progress towards the practical application in white

QD-LEDs using InP-based QDs has been achieved. Further-

more, the sucesssful realization of the ternary complementary

white QD-LEDs may provide a promising strategy for design

and fabrication of high-peformance optoelectronic devices

with multi-color components.
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