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1. Introduction

Semiconductor quantum dots (QDs) are a current topic of 
research due to their remarkable properties such as color- 
tunable emission, thermal stability, color purity, and solution 
processability [1, 2]. These characteristics make them excel-
lent candidates for the fabrication of optoelectronic devices, 
photodetectors, light-emitting transistors, displays, and lighting 
sources [3–9]. In the case of lighting sources for displays and 

cell phones, the parameters of brightness and purity of color 
are relevant, because the standards required by industry are 
very high [10, 11]. To satisfy these standards, several works 
have been published about quantum dot light-emitting devices 
(QD-LEDs) made with CdSe/ZnS and CdSe/CdS core-shell 
QDs, those that exhibited luminance above 10 000 Cd m−2 
and high color purity, which is enough for lighting applica-
tions [12–14]. These devices were efficient, because the shell  
of ZnS or CdS helped to confine the electrons into the core  
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Abstract
This work reports the fabrication and characterization of blue–green quantum dot  
light-emitting diodes (QD-LEDs) by using core/shell/shell Cd1−xZnxSe/ZnSe/ZnS quantum 
dots. Poly [(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] 
(PFN) was introduced in order to enhance the electron injection and also acted as a protecting 
layer during the deposition of the cathode (a Field’s metal sheet) on the organic/inorganic 
active layers at low temperature (63 °C). This procedure permitted us to eliminate the process 
of thermal evaporation for the deposition of metallic cathodes, which is typically used in the 
fabrication of OLEDs. The performance of devices made with an aluminum cathode was 
compared with that of devices which employed Field’s metal (FM) as the cathode. We found 
that the luminance and efficiency of devices with FM was ~70% higher with respect to those that 
employed aluminum as the cathode and their consumption of current was similar up to 13 V.  
We also demonstrated that the simultaneous presence of 1,2-ethanedethiol (EDT) and PFN 
enhanced the luminance in our devices and improved the current injection in QD-LEDs.

Hence, the architecture for QD-LEDs presented in this work could be useful for the 
fabrication of low-cost luminescent devices.
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of the CdSe by forming quantum wells, which in turn, avoids 
non-radiative recombination, trap states, and improves emis-
sion stability [15]. However, the shell materials for CdSe have 
some problems, such as a large lattice mismatch (10.6%), 
which introduces dislocations in the crystal lattice at or near 
the interface. In particular, CdS has a small lattice mismatch 
(3.9%), but it is not as good as ZnS to confine excitons in 
the core of the CdSe. Ternary QDs such as Cd1−xZnxSe and 
Cd1−xZnxS have demonstrated superior photoluminescence 
quantum yield (PL QY) and, therefore, some groups have used 
Cd1−xZnxSe and Cd1−xZnxS/ZnS core-shell QDs to fabricate 
high brightness blue and green QD-LEDs [16, 17]. In fact, 
Cd1−xZnxSe QDs can produce different colors by changing 
the ratio of Cd/Zn instead of controlling their size during the 
chemical reaction, as typically done in the synthesis of CdSe 
QDs. This facilitates their fabrication in comparison with 
CdSe [17]. PL QY of quantum dots could be improved not 
only by passivating the surface of the QDs or by isolating 
them from the environment but by covering them with mat-
erials that have a wider band gap than their core. This elimina-
tion of surface defects and effective confinement of excitons 
with wide bandgap semiconductors can be achieved in core/
shell/shell systems. Therefore, these have emerged as impor-
tant candidates as materials for the fabrication of QD-LEDs. 
For example, it has been reported that the synthesis of ZnSe/
CdSe/ZnS QDs with a PL QY of 70% and green QD-LEDs 
were successfully fabricated [19]. Other authors reported the 
use of CdSe/CdS/ZnS for the fabrication of red QD-LEDs with 
brightness as high as ~24 000 Cd m−2 [16]. Although these sys-
tems demonstrated competitive brightness and good efficiency, 
works regarding the use of core/shell/shell QDs for the fabri-
cation of electroluminescent (EL) devices are scarce. On the 
other hand, the selection of the electron transport layer (ETL) 
and the hole transport layer (HTL) is very important to obtain 
a good charge carrier balance in highly efficient QD-LEDs. 
The use of ZnO nanoparticles as the ETL has demonstrated its 
effectiveness for this, since it facilitates the interfacial charge 
transfer, which in turn, improves and stabilizes the emission 
properties of QDs located in the EL layer [20]. In addition, mol-
ecules such as 3,4,5-triphenyl-1,2,4-triazole (TAZ) and tris(8-
hydroxyquinoline) aluminum (Alq3) have been widely used in 
QD-LEDs as ETLs and were deposited by thermal evapora-
tion [12, 19, 21]. Nevertheless, the behavior of polymers as 
the ETL in QD-LEDs has been barely studied, and only P3HT 
has been employed as an ETL and it was mixed with QDs, 
which complicates the fabrication of the device. In this sense, 
Poly [(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-
alt-2,7-(9,9–dioctylfluorene)] (PFN) could be a feasible option 
as an ETL, since it has been used in OLEDs to enhance the 
electron transport properties and to improve current injection 
[22]. Also, PFN has been previously used for the fabrication of 
flexible QD-LEDs, since it helps to reduce the electron injec-
tion barrier into QDs located in the EL layer. Thus, this polymer 
could be useful to enhance the electron transport in our devices 
[23]. In the case of the HTL for QD-LEDs, several successive 
layers of materials are required to get an optimum injection 
of holes. Combinations of organic polymers such as poly(3,4-
ethylenedioxythiopene) polystyrene sulfonate (PEDOT:PSS)/

Poly-TPD and PEDOT:PSS/Poly-TPD/PVK as the HTL in 
QD-LEDs [12, 24, 25] have been reported, but the introduction 
of too many organic layers is not recommended, since they can 
be degraded after a few hours if the QD-LED is not encap-
sulated and they also increase the complexity of fabrication. 
Thus, it is necessary to find an architecture to transport holes 
efficiently in QD-LEDs without needing multiple HTLs.

The commercial competitiveness of QD-LEDs can be 
increased by reducing the cost of fabrication. Most QD-LEDs 
utilize aluminum (Al) cathodes deposited by thermal evapora-
tion [12, 20, 26, 27] and this involves necessarily the use of 
vacuum conditions, which is normally an expensive procedure. 
An alternative to decrease the cost of these devices is using 
low cost cathodes that can be deposited with low-temper ature 
processes [28]. Therefore, this work shows the use of the FM 
alloy (32.5% Bi, 51% In, 16.5% Sn) as the cathode. The FM 
was melted at 70 °C and transferred easily onto the layers of 
polymers and QDs, which form the QD-LED. We also demon-
strate the use of PFN and 1,2-ethanedethiol (EDT) to enhance 
the charge transport properties in blue–green QD-LEDs made 
with core/shell/shell Cd1−xZnxSe/ZnSe/ZnS QDs. The strate-
gies presented here could be useful to improve the charge car-
rier injection as well as to reduce the complexity of fabrication 
and cost of QD-LEDs.

2. Experimental section

2.1. Fabrication of QD-LEDs

The QD-LEDs presented in this work used Cd1−xZnxSe/ZnSe/
ZnS QDs, which were synthesized with the method published 
in [18]. Six devices named S1–S6 were fabricated by using the 
spin-coating technique and the FM as the cathode: indium tin 
oxide (ITO)/PEDOT:PSS (63 nm)/1,2-ethanedethiol (EDT)/
QDs (7 nm)/FM (S1), ITO/PEDOT:PSS (63 nm)/PFN (15 nm)/
FM (S2), ITO/PEDOT:PSS (63 nm)/QDs (7 nm)/PFN (15 nm)/
FM (S3), ITO/PEDOT:PSS (63 nm)/1,2-ethanedethiol/QDs 
(7 nm)/PFN (15 nm)/FM (S4), ITO/PEDOT:PSS (63 nm)/ 
1,2-ethanedethiol/QDs (14 nm)/PFN (15 nm)/FM (S5), ITO/
PEDOT:PSS(63 nm)/1,2-ethanedethiol/QDs (7 nm)/Cs2CO3/
FM (S6). An additional device ITO/PEDOT:PSS (63 nm)/ 
1,2-ethanedethiol/QDs (7 nm)/PFN (15 nm)/Al (100 nm) (S7)  
was fabricated in order to compare the performance of 
the FM cathode with that made of Al. To construct these 
devices, first the HTL poly(3,4-ethylenedioxythiophene) 
poly(styrenesulfonate) (PEDOT:PSS type CLEVIOS PH) 
was spin coated onto ITO at 6000 rpm and dried at 140 °C. 
Later, a monolayer of 1,2-ethanedethiol was deposited using 
1000 rpm and dried at room temperature (devices S1, S4–S7). 
Afterwards, QDs dispersed in hexanes (15 mg ml−1) were 
deposited onto the EDT or PEDOT:PSS layer by using the 
phase separation method reported by Coe-Sullivan et al [29] 
and spin casting at 500 rpm, after which the QD layer was 
dried at 70 °C (devices S1, S3–S7). In the case of device S5, 
the QD layer (~14 nm thick) was deposited by using the same 
procedure and a concentration of 30 mg ml−1 of QDs in hex-
anes. Subsequently, the ETL: PFN dissolved in methanol was 
deposited at 1000 rpm and dried naturally (devices S2–S5, S7) 
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and cesium carbonate (Cs2CO3) dissolved in 2-methoxyeth-
anol was spun onto the films at 1000 rpm and dried at 70 °C 
(device S6). Next, a thin sheet (FM cathode) was transferred 
manually onto the layers of organic/inorganic materials inside 
a glove box. The FM sheet was prepared on a glass substrate, 
which had a rectangular mask made with kapton 3M tape 
5413 (70 µm thick). This mask served as a rectangular mold. 
Subsequently, the glass substrate was heated to 100 °C on a 
hot plate and an FM pellet was put onto the substrate. After 
a few seconds, the FM melted and filled the empty space in 
the mold. After this, we removed the substrate from the hot 
plate for it to cool. Next, we removed the kapton tape from 
the glass substrate and the FM cathode was already formed. 
At this point, the FM cathode can be removed from the glass 
substrate with tweezers and it is ready for manual transfer 
onto the PFN layer. In the case of device S7, its Al cathode 
(100 nm) was deposited through a shadow mask by using 
thermal evaporation at a base pressure of 1.8  ×  10−6 torr and 
a temperature of 32 °C.

2.2. Optical and electrical characterization

PL characterization was performed using a Xenon lamp of 75 W 
excitation power. The fluorescence emission was analyzed with 
a spectrograph Acton SP2300 from Princeton Instruments and 
an R955 photomultiplier tube (Hamamatsu). The system was 
PC controlled and the emission obtained with Spectra-Sense 
software. The current–voltage curves (I–V), luminance–voltage 

(L–V), and current efficiencies were obtained by using a 
Keithley 2400 source measurement unit and a Konica Minolta 
Spectroradiometer Cs-2000. This last equipment also allowed 
us to obtain spectral and color measurements (International 
Commission on Illumination (CIE) coordinates). The emission 
area for each pixel in the QD-LED was 0.09 cm2. All optical 
and electrical characterization was performed at room temper-
ature. The thicknesses of all layers were determined by using a 
KLA Tencor Profilometer (Model D-600)

3. Results and discussion

3.1. Luminance and electrical characteristics of QD-LEDs

A good balance between injected holes and electrons into the 
QD-LED is necessary to increase the rate of exciton forma-
tion, which in turn, generates light. Therefore, it is suitable 
to use materials in QD-LEDs, which facilitate the charge 
transport. In our case, the low work function of FM (4.2 eV) 
facilitates the electron injection. Therefore, it was used in 
all devices as the cathode. In order to elucidate the effect of 
PFN and EDT on the charge transport properties and cur-
rent, some devices were made with/without EDT or PFN. 
Figure 1(a) depicts the average I–V curves of 12 devices fabri-
cated with FM. The current densities measured at the point of 
maximum luminance were 63, 87, 166, 72, and 166 mA cm−2 
for devices S2, S3, S4, S5, and S7, respectively. Device S2 

Figure 1. Devices S2–S5, and S7: (a) I–V curves and (b) luminance curves. Figure (c) shows the I–V curves of devices S1 and S6. Inset in 
figure (b) depicts the energy level diagram of device S4.
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was made with only PFN and it has a maximum luminance of  
10 Cd m−2, see figure  1(b). PFN is typically an ETL and, 
therefore, its EL properties are not good [22]. Consequently, 
the luminance produced by this material was low. When QDs 
are introduced into our devices (see configuration of device 
S3 in figure 1(a)), the total current increased on average ~43% 
from 8 V (compare the black and green curves in figure 1(a)) 
and the luminance increased ~70% from 9 V (compare the 
black and green curves in figure 1(b)). The latter increase is 
due to the green contribution of QDs to the overall emission, 
as will be explained later. The values of current and luminance 
are enhanced even more: 84% and 38%, respectively, when 
EDT is introduced, when we compare the luminance and I–V 
curves of S3 and S4 in figures 1(a) and (b). This means that 
the simultaneous presence of PFN and EDT in S4 produced an 
increase in current and luminance (from 13 V) with respect to 
device S3, which had only PFN and no EDT. The efficiencies 
for S4 and S3 (at 13 V) were 0.071 and 0.051 Cd A−1, respec-
tively. This represents an increase of 40% for efficiency in 
S4 compared to S3. The enhancement in current in device S4 
with respect to S3 could be explained as follows: It has been 
reported that the use of EDT as ligand exchange increases car-
rier mobility in QDs used to fabricate solar cells and improves 
charge transport after photogeneration [30, 31]. This com-
pound forms an interfacial dipole on the layers where it is 
deposited and reduces their work function with respect to the 
vacuum level [30]. In our case, we believe that one extreme 
of EDT with sulfur termination (sulfur and hydrogen (SH) 
radical) is attached to the sulfur extremities of PEDOT:PSS 
and the other extreme of the chain with sulfur termination is 
attached to the QDs. In this way, an effective bridge is formed 
and this facilitates electron transport. In addition, EDT could 
decrease the lowest unoccupied molecular orbital (LUMO) 
level of PEDOT:PSS with respect to vacuum, as observed in 
solar cells, which would increase the potential barrier (see Δϕ 
in inset of figure 1(b)) and would produce a better confine-
ment of electrons and holes in the EL layer of QDs. Another 
possible effect of EDT is the passivation of surface defects 
that in turn would decrease the non-radiative relaxations [32]. 
The quality of the QD layers is also improved with the depo-
sition of EDT onto PEDOT:PSS, since a non-homogenous 
and rough film was observed after the deposition of QDs by 
spin coating when EDT is absent. The improvement in the 
QD film can be explained as follows: It has been reported that 
the roughness of PEDOT:PSS on ITO can decrease from 11 
to 5 nm as the thickness of the PEDOT:PSS increases from 
30 to 50 nm [33]; thus, we expect to have a low roughness 
(<5 nm), because the thickness of our PEDOT:PSS layer 
was 63 nm. EDT is an exchange ligand with two thiols (SH) 
groups, one of which can be attached to the sulfur groups of 
PEDOT:PSS, and then, the EDT layer could create a ‘soft bed 
or template’ for the QDs. Then, it is possible to say that the 
EDT monolayer helps to form a smooth surface prior to the 
deposition of QDs. When the QDs are deposited onto the EDT 
layer, they can each be attached to the SH group located on 
the second extreme of the EDT molecule. This one also serves 
as a spacer for QDs, and can produce a uniform layer of QDs 
homogeneously distributed on the surface of PEDOT:PSS. 

The role of EDT as a molecular spacer among QDs has 
been demonstrated by Xu et al [34]. Thus, EDT permits an 
efficient distribution of QDs on the layer of PEDOT:PSS, 
avoiding conglomeration of QDs, which is detrimental for EL 
and electrical contact. In addition, the effect of the thickness 
of the QD layers on the optical and electrical properties of 
QD-LEDs was studied. According to [18], the average size 
of the QDs is 6.4  ±  0.4 nm. However, there are QDs which 
have a size above 7 nm. Also, we should consider that the 
size of the EDT molecule is ~0.4 nm [35], and then, if this 
molecule is covering the QDs after their deposition onto the 
EDT layer, the size of the QDs could possibly increase to 
~7 nm. Consequently, it was estimated that the thickness of 
the QD monolayer in device S4 could be ~7 nm. Device S5 
contained a thickness of ~14 nm (twice the thickness of S4) 
and it has a maximum luminance of 51 Cd m−2 at 12 V, see 
figure 1(b). The current and luminance of this device (at 13 V)  
were 59% and 57%, respectively, lower compared to S4.  
Compare the curves of current and luminance of devices  
S4 and S5 in figures 1(a) and (b). The performance of device S4  
was better than that of S5 due to a better balanced charge 
recombination. This improvement was probably due to the 
displacement of the recombination zone from the QDs/PFN 
interface to the QD EL layer when the thickness increased 
from 7 to 14 nm. Although the contribution of the green emis-
sion from the QDs to the overall emission increased as the 
thickness was augmented, the luminance of device S5 was 
lower in comparison with S4. This diminution of lumines-
cence could be due to the fact that QDs are more compacted in 
the EL layer of S5 in comparison with S4. Thus, the formation 
of deep mid-bandgap and non-radiative recombination centers 
would be higher in S5 than S4 and those centers can signifi-
cantly quench the EL. In fact, Jeon et al demonstrated that EDT 
promotes the formation of such as quenching centers around 
the QDs surface [36]. Then, if there is an excessive amount 
of QDs linked to EDT in the EL layer of S5 in comparison 
with S4 (we used a QD concentration of 15 and 30 mg ml−1  
to deposit the QD EL layer in S5 and S4, respectively), we 
would expect to have a high presence of defects induced by 
EDT in the EL layer of device S5. Nevertheless, when the 
concentration of QDs is as low as 15 mg ml−1, the problem of 
the quenching of EL by the presence of defects is not present.

The presence of PFN was important to avoid shorts in our 
QD-LEDs. Figure 1(c) shows the I–V curve of devices S1 and 
S6 fabricated without PFN. It is clearly observed that the cur-
rent is very high at low voltages. Thus, these devices had a short 
circuit and they could not emit light. It is also observed that 
device S6 fabricated with a monolayer of Cs2CO3 (this mat erial 
is commonly used in OLEDs to improve electron injection) was 
in short circuit as well, and no light emission was observed. 
These results suggest that the PFN layer is protecting the QDs 
EL layer, since we could deposit the FM cathode onto this last 
layer without creating a short circuit in our devices.

In order to evaluate the performance of FM as an effi-
cient cathode, we fabricated an additional device S7 using 
the same configuration as for device S4, but we employed 
Al as the cathode and it was deposited by thermal evapora-
tion. According to the I–V curves of devices S4 and S7 in 
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figure 1(a), their current is very similar. This occurred, because 
the work function of Al and FM are very similar (4.3 eV for 
Al compared to 4.2 eV for FM). Consequently, the energy bar-
rier for the injection of current through any cathode should be 
similar, see energy-band diagram in figure 1(b). This one was 
drawn by taking the highest occupied molecular orbital and 
LUMO values of PEDOT:PSS and PFN from [17, 37, 38]. 
The position of the conduction and valence band for the core 
of the ternary QDs was taken from [17] and the alignment  
of the conduction and valence bands of CdZnSe/ZnSe and 
ZnSe/ZnS interfaces were determined by using the following 
equations from [39]:

 1. For the CdZnSe/ZnSe interface, the gap difference is 
given by:

E E E E 2.8 2.25 0.55.g g
ZnSe

g
CdZnSe

g→∆ = − ∆ = − =

  Then, the band alignment of the conduction and 
valence bands (band offset) are Ec E0.75 g ∆ = ∆  and 

Ev E0.25 g ∆ = ∆ , that is, Ec 0.41∆ =  and is, Ev 0.14∆ = , 
respectively.

 2. For the ZnSe/Zne interface, the gap difference is given 
by:

E E E E 3.74 2.8 0.94.g g
ZnS

g
ZnSe

g→∆ = − ∆ = − =

  Then, the band alignment of the conduction and 
valence bands (band offset) are Ec E0.80 g  ∆ = ∆  
and Ev E0.20 g  ∆ = ∆ , that is, Ec 0.75 ∆ =  and is, 

Ev 0.19 ∆ = , respectively.

Although the work functions of Al and FM are similar, the 
device with Al supported a higher flux of current through it, 
since device S4 was in short after 13 V and no light emis-
sion was observed. In contrast, the device with Al could 

reach higher values of current (up to 430 mA cm−2 at 15 V). 
However, device S7 had lower luminance compared to S4 
(~57% less), see figure 1(b). Furthermore, the efficiency of the 
device with Al was ~41% more inferior than that of the device 
with FM (0.071 Cd m−2 for S4 compared to 0.042 Cd m−2  
for S7). The EL and CIE coordinates also depend on the mat-
erial used to fabricate the cathode, as explained in the fol-
lowing section.

3.2. EL and color coordinates of QD-LEDs

The EL of QD-LEDs was directly affected by the thick-
ness of the QD EL layer, type of cathode used (Al or FM) 
and the presence of PFN. We compared the PL spectrum of 
QDs dispersed in hexanes with the EL spectra of devices 
S2–S5 to distinguish the contribution of qdS in the overall 
EL of QD-LEDs. Figure  2 shows the normalized PL emis-
sion spectra of the core/shell/shell QDs used to make our 
QD-LEDs, which have an average size of 6.4  ±  0.4 nm [18], 
their emission is green, and they are centered at 550 nm. This 
figure also shows the normalized EL spectra of devices S3–S4 
obtained at 13 V and the ones for S5 and S7 measured at 12 V. 
In order to understand the EL properties of devices fabricated 
in this work, it is necessary to calculate first the energy band 
gap and composition of the Cd1−xZnxSe/ZnSe/ZnS QDs. We 
calculated the percent age of Zn in alloyed QDs with the fol-
lowing equation for ternary alloys [39]:

( ) ( ) ( )= − + − −E x x E xE b x x1 1g
CdZnSe

g
CdSe

g
ZnSe

CdZnSe (1)

where X represents the percentage of Zn, Eg
CdZnSe corresponds 

to the QD bandgap energy (this one is the energy corre-

sponding to the green emission at 550 nm), Eg
CdSe is the energy 

band gap for the binary compound CdSe, Eg
ZnSe is the energy 

band gap for the binary compound ZnSe, and bCdZnSe is the 

Figure 2. Normalized PL spectrum of green core/shell/shell QDs and EL spectra of devices S2–S5, and S7. Inset shows a picture of the FM 
cathode employed in this work.
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bowing parameter. The energy band gap for ZnSe, CdSe, and 
the bowing parameter bCdZnSe were taken from [39]:

E 2.25 eVg
CdZnSe = (2)

=E 1.66 eV.g
CdSe (3)

E 2.69 eVg
ZnSe = (4)

=b 0.33 eV.CdZnSe (5)

If equation (1) is solved for X, we find:

( ) ( ) ( )
=
− − − ± − − − −

x
E E b E E b b E E

b

4

2

g
ZnSe

g
CdSe

CdZnSe g
ZnSe

g
CdSe

CdZnSe
2

CdZnSe g
CdSe

g
CdZnSe

CdZnSe
 (6)

After substituting these values (2)–(5) in equation  (6), we 
obtained: x  =  0.64. This means that 64% was Zn and 36% 
was Cd. Thus, the proportion of elements in the alloyed core 
is Cd:Zn:Se  =  0.36:0.64:1. The value of 0.64 found for Zn 
follows the trend reported in [17], where the concentration of 
Zn in the alloyed QD decreases as the emission wavelength of 
QDs is shifted towards longer wavelengths. We expect to have 
a lower concentration of Zn with respect to the one reported 
in [17] (x  =  0.67 for an emission wavelength of 538 nm), 
because the emission band of Cd1−xZnxSe/ZnSe/ZnS QDs 
used to fabricate the QD-LEDs is centered at 550 nm.

The EL of device S2 (device of reference) without QDs 
shows the blue EL of PFN with two peaks centered at 429 
and 483 nm, see figure 2. When the QDs are added between 
PEDOT:PSSS and PFN (device S3), the EL is slightly broader 
due to the green contribution of QDs, but this one increases 
even more with the presence of EDT and another emission 
band appeared at 520 nm (device S4). Thus, it is clear that the 
green EL emission band of S4 is different to that of QDs in 
hexanes (550 nm), which can be explained as follows: When 
the QDs are dispersed in hexanes, they have a certain inter-
dot distance, which allows the emission at 550 nm. However, 
the inter-dot distance can change when the QDs are already 
deposited onto the PEDOT:PSS/EDT layer due to the pres-
ence of EDT. This molecule can link adjacent QDs, and create 
additional surface states, which are able to emit light by EL. 
As a result, the emission wavelength can be shifted towards 
shorter wavelengths. This effect of EDT to shift the emission 
wavelength has been reported in [33]. Another reason for the 
shift of EL emission compared to PL emission could be the 
charge transfer between the QDs and the electronic states of 
surface ligands located on the surface of QDs. The presence 
of additional electronic states on the surface of QDs could be 
possible, because the PFN layer deposited on the QD layer 
can interact with the surface of QDs. Consequently, other sur-
face states can be created for EL, which in turn, could broaden 
the EL emission band and produce a shift towards shorter 
wavelengths.

If the thickness of the QD layer is increased from 7 to 
14 nm (see device S5 in figure  2), the green emission band 
shifts from 520 to 524 nm and the color of the overall emis-
sion is blue–green (color cyan), because the blue contrib-
ution of PFN decreases and the green contribution of the QDs 
increases at the same time, see figure 2. The possible reason 
for the displacement of the green emission band from 520 to 

524 nm could be the following: the layer of 14 nm in device S5 
was deposited by using a solution with a higher concentration 
of QDs in comparison with the one used to deposit the QD 
EL layer in device S4 (we used a QD concentration of 15 and 
30 mg ml−1 to deposit the QD EL layer in S5 and S4, respec-
tively). Then, we expect that the QDs are more compacted in 
the EL film of S5. As a result, the inter-dot distance should be 
shorter in the QD EL layer of S5 in comparison with that of S4. 
Thus, a stronger electron coupling could occur, which in turn, 
will produce a reduction of the quantum confinement effect, 
and consequently, a red shift will occur. This effect of move-
ment of the emission band due to the change in the inter-dot 
distance has been observed by Xu et al [34]. Device S7 with 
an Al cathode has a blue emission and its spectrum is similar 
to that of device S2. This demonstrates that the QDs are not 
emitting light in device S7. However, there is an increase of 
the luminance in this device with respect to S2. Compare the 
luminance curves of S2 and S7 in figure 1(b). The electrical 
contact between Al and PFN in device S7 is better in com-
parison with that of PFN and FM in device S2. This was due to 
the fact that Al was deposited in high vacuum conditions using 
thermal evaporation in device S7. In contrast, the FM cathode 
was deposited manually and a certain degree of roughness was 
observed on the surface of the FM sheet, see inset of figure 2. 
This means that the electrical contact between PFN and FM 
was not homogeneous. Consequently, the current density and 
luminance values were higher in device S7 with respect to S2. 
Moreover, it is observed that no QD EL was observed in S7. 
To explain the lack of contribution of QDs to the emission of 
S7, we should consider first the following points: (1) The dif-
ferences between devices S2 and S7 are the presence of EDT/
QD layers and the use of Al instead of FM as the cathode, 
(2) the current density and luminance of S7 were higher than 
those of S2, because the electrical contact is better in S7 with 
respect to S2, and (3) the shape of the EL emission of devices 
S2 and S7 is practically the same, and thus, the recombination 
zone should be located in the PFN layer. Based on the last 
three statements, it is possible to say that no emission of QDs 
was observed, because the exciton formation in the PFN layer 
improved in device S7 due to the simultaneous presence of the 
EDT/QD layers and Al cathode. It is common that the holes 
and electron fluxes can be manipulated depending on the 
thickness and number of HTL and ETL layers [40]. Therefore, 
the presence of EDT/QDs probably modified the flux of the 
holes by increasing their mobility. This could occur, because 
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EDT raised the LUMO level of PEDOT:PSS, as depicted in 
the inset of figure  1(b). Consequently, the confinement of 
excitons was enhanced in the PFN layer. Therefore, the elec-
trons and holes did not recombine in the QD layer, since the 
holes reached the PFN layer before the electrons reached the 
QD layer.

The changes in color from the blue to green region were 
visualized in CIE charts. The EL of device S2 with only PFN 
always remained in the blue region, even though the voltage 
was increased from 9 to 15 V, see figure 3(a), where the inset 
in this figure shows the weak blue emission of PFN. Device 
S4 shows a shift from the blue towards the green region as the 
voltage is increased from 8 to 15 V, see figure 3(b). This indi-
cates that PFN is emitting blue light when the device is turned 
on at 8 V and later, the blue emission decreases whereas the 

green emission increases. The inset of figure 3(b) depicts the 
blue–green emission of this device. The green emission of the 
QDs was more prevalent in device S5, since its EL centered at 
524 nm is located in the green region for any applied voltage in 
the range of 10–15 V, see figure 3(c). We associate the change 
of green CIE coordinate in device S4 with respect to that of 
device S5 to the increase in thickness of the QD EL layer from 
7 to 14 nm. Moreover, the green emission band of devices S4 
and S5 was not similar to that of QDs excited by PL, but it was 
broader, see the CIE coordinate for PL of QDs in figure 3(c). 
We associate this effect of broadening and shifting of green 
emission to the donor-assisted optical transitions between the 
conduction band and the trap levels in the band gap of QDs 
as well as to surface states, which resulted from the interac-
tion of the SH extreme of EDT and the surface of the QDs 

Figure 3. CIE coordinates for the EL of: (a) device S2, (b) device S4, (c) device S5, and (d) devices S2–S5 at 12 V. Insets in figures (a)–(c) 
show pictures of EL for devices S2, S4, and S5 respectively.
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[26]. It is worth mentioning that the contact between the FM 
cathode and the PFN layer was not uniform in all areas on 
the pixel where EL was observed. Consequently, some darks 
spots appeared, as observed in the insets of figures 3(a)–(c). 
Moreover, the introduction of EDT was important to obtain 
the green EL of the QDs. Devices S2 and S3 did not have 
this component and their EL was produced in the blue 
region. When EDT is introduced, the green EL of the QDs 
appeared, as observed in the CIE chart for devices S4 and 
S5, see figure 3(d). The green emission band approaches that 
obtained from the PL of QDs as the thickness of the QD layer 
are increased. Compare the CIE coordinates of device S5 with 
the one of QDs in figure 3(c). Also, figure 3 shows that devices 
S2 and S4 showed a notable change in the X coordinate as the 
applied bias increases, while the Y coordinate had only a very 
small change, see figures 3(a) and (b). In the case of device S5, 
the change of coordinate was clearly observed in the Y direc-
tion, see figure 3(c). In order to understand how the displace-
ment of color coordinates occurred in the X or Y directions 
in the CIE chart, the normalized EL spectra of S2, S4, and 

S5 as a function of voltage are presented in figure 4. The EL 
spectra of device S2 always presented a main blue band cen-
tered at 483 nm and two main effects occurred as the voltage 
increased: (1) a diminution of the peak at 429 nm and (2) a 
broadening of the EL spectra towards longer wavelengths (see 
figure 4(a)). Consequently, a slight shift was observed from 
the blue to the blue–green region, see figure 3(a). In the case 
of the EL spectra of device S4, a decrease of the blue peak at 
429 nm is observed again, but the intensity of the band cen-
tered at 520 nm is enhanced as the applied bias increases, see 
figure 4(b). This provoked a displacement of the CIE coordi-
nates from the blue to the green region, as observed in the CIE 
chart of figure 3(b). Furthermore, the EL spectra of device S5 
show a main band centered at 524 nm and it is observed how 
the band at 429 nm diminishes and that at 500 nm is enhanced, 
see figure 4(c). Furthermore, there is a slight broadening of 
the EL spectra towards longer wavelengths. Therefore, the 
color coordinates of S5 were located in the green region at 
high bias, see figure 3(c). Finally, the movement of CIE coor-
dinates of devices S4 and S5 to the green region indicates that 
the recombination zone is moving from the PFN layer towards 
the PEDOT:PSS layer, since both devices presented a diminu-
tion of EL from PFN and an enhancement of the contribution 
of the green component as the operation voltage is raised.

4. Conclusions

We demonstrated the fabrication of blue–green QD-LEDs 
using Cd1−xZnxSe/ZnSe/ZnS QDs. The green EL depended 
on the presence of EDT, which in turn, increased the charge 
transport, formation of excitons, and improved the overall 
luminance. These devices had a cathode of FM, which was 
deposited manually by using a low-temperature process, 
and the introduction of PFN was important to avoid shorts 
between the FM and the layers of QDs. It acted as a protecting 
layer and an ETL at the same time. Thus, our results indicate 
that our method of fabrication could be useful for low-cost 
QD-LEDs and to enhance luminance in this type of device.
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