Asian Journal of Applied Sciences (ISSN: 2321 — 0893)
Volume 02 — Issue 03, June 2014

Simple All-Inorganic Electroluminescent Devices Based on
Type-11 CdTe/CdS/ZnS Core/Shell/Shell Quantum Dots
A, Watts® | A, Waheed® , and M. Green®
(1) British Institute of Technology & E-commerce (BITE), Avicenna House,258-262 Romford Road,

London E7 9HZ, United Kingdom

Email: waheed {at} bite.ac.uk

(2) Department of Physics, King’s College, Strand, London WC2R 2LS, United Kingdom

ABSTRACT--- The purpose of this work is to investigate the basic electrical properties of type —Il CdTe/CdS/ZnS
core/shell/shell quantum dot to explore the use in all- inorganic light emitting diodes towards the application in
optoelectronic devices. It was based on the development of colloidal quantum dots consisting of semiconductor
nanocrystals which provided potential electroluminescence devices. The use of nanocrystals allows the emission
wavelength to be tuned to cover a wide range of wavelengths. Suggestions have been given for the future research in
this direction,
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1. INTRODUCTION

Nanocrystalline semiconductors are the attractive materials for light emitting sources due to their high quantum
efficiencies, narrow line-like emission and tuneability across the visible & near infrared regions of the spectrum. The
similar studies carried out recently included using different methods in the fabrication of nanocrystals (1-5). To date,
however, there have been relatively a few reports about the quantum dots-based all-inorganic light emitting structures
containing type-I1 core/shell/shell quantum dot heterostructures of CdTe/CdS/ZnS . The emission profile in unchanged
and demonstrates that core/shell/she// structures based on aqueously prepared CATE quantum dots have the potential for
practical devices. Semiconductor quantum dots (QDs) are attractive due to their size quantization which manifests itself
in size dependent changes in the optical and electrical properties (6,7). In colloidal quantum dots, the optical and
electronic properties are determined by the quantum confinement effect (8), which is due to the physical confinement of
bulk material through carefully controlled chemical reactions (9). Moreover, the ease of processing nanocrystals is an
advantage in the low cost fabrication of devices via spin casting.

A number of different structures, which make use of semiconductor QDs as a light emitting material, have been
investigated by several groups (6,10). There are three main types of LEDs based on quantum dots, namely (i)self-
assembled(11-13), (ii) colloidal-all inorganic devices in which the active layer comprises a neat film of the emissive
dots, and (iii) hybrid organic-inorganic devices in which the dots are dispersed in a host organic semiconductor matrix. .
The first hybrid LEDs used cadmium selenide (CdSe), but they had low external quantum efficiencies (EQEs) of
between 0.001 and 0.01% and the maximum luminosities of only 100 cd/m , although subsequent optimization of the
device architecture enabled the external quantum efficiencies to reach 0.1%.The device structures improved gradually
until a new device architecture was reported by Coe et al (21) in which a monolayer of CdSe/ZnS dots, formed by
spontaneous phase segregation, was sandwiched between two organic thin films, with external quantum efficiency of up
to 1.1%. The improved performance of these monolayer-based devices was attributed to an improved balance of electron
and hole injection, a major stumbling block previously in the hybrid devices. The CdTe particles, prepared earlier by
aqueous chemistry and capped with simple thiols ligands alone, have been used in hybrid LEDs and in all-inorganic
devices. This was advanced further using CdTe particle layers sandwiched between Indium Tin Oxide (ITO) and
aluminium electrodes deposited by vapour deposition, giving EQE of up to 0.5% in the best possible case. The use of
core/shell particles appears to offer longer device stability, as the shell layers offer protection to oxidation. The carrier
transport properties can give information of the density of the trapping level in thin-film device structures made of QD
composites (14) or conjugated polymers (15), which have been well characterised using space-charge limited models.
The purpose of this work is to characterise the electrical and optical properties of CdTe/CdS/znS core/shell/shell on
different substrates for application to optoelectronic devices(16).
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We in this work have explored the possible use of aquously prepared CdTe/CdS/ZnS quantum dot structures to
prepare a simple all-inorganic light emitting device. CdTe is an important 11-VI semiconductor quantum dot because of
its large exciton Bohr diameter measuring 15 nm (12). We have used a recently developed extension of the route where
several shell layers are deposited onto the emitting core to give a type Il structure (CdTe/CdS/ZnS core/shell/shell). To
our knowledge the type Il quantum dots have not been used in the light-emitting devices preparation. The purpose of this
work is to explore the feasibility, and characterise the electrical & optical properties of CdTe/CdS/ZnS core/shell/shell
QDs on different substrates for application to optoelectronic devices, and compare the results with other devices (17-20).

2. EXPERIMENTAL METHOD

The CdTe quantum dots were prepared by a ‘one pot’ route (16) . The optical absorption and the photo-luminescent
studies were performed on thin film deposited by spin coating over the spectrosil B disks. The device structure consisted
of an emissive CdTe nanocrystal layer sandwiched between (ITO) and a thermally evaporated calcium cathode capped
with aluminium at base pressure of approximately 10° mbar. The anode hole injection performance is improved by
depositing poly-(ethylene dioxythiophene) doped with poly-styrene sulfonic acid (PEDOT:PSS) onto ITO that has been
pre-treated with oxygen plasma at 10 W for 5 min.

The CdTe was deposited by either drop casting or spin coating from a solution. Multilayered devices with either CdTe
and F8BT [poly(9,9-dioctylfluorene-alt-benzothiadiazole)], or CdT were also prepared. The devices were tested at a
vacuum of 10 mbar.

3. RESULTS AND DISCUSSION

Absorption and emission spectra for CdTe in solution/solid are shown in Figure 1, with an absorption edge at about
430 nm. Due to the size restriction, the absorption spectrum in the bulk shifts by more than 1 eV, from 827 nm in CdTe
crystal to 400-500 nm in the clusters (22).
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Figure 1: Absorption Spectrum of Type-1l CdTe/CdS/ZnS Core/Shell/Shell
Qunatum Dots as a Dropast Film

The nanocrystals exhibit multiband absorption spectra with absorption feature up to the near ultra violet range. In
nanocrystals the absorption peaks continually red shift (the reduction of optical absorption) and lose their definition with
each additional monolayer or capping. In type-II QD’s (staggered band alignment) either the valence or the conduction
band of the narrow band gap materials lies outside the band gap of the other material, forming an indirect gap in real
space, which lowers the energy of photoluminescence (PL) emission as in Figure 2 (a).
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Figure 2(a): Photoluminescence Spectra of CdTe /CdS/ZnS as a
Dropcast Film (solid line) and in Solution (Dashed Line)

In this study, we found that the double-capped CdTe yielded featureless absorption spectra. There are several
possibilities for the observation (23). The photoluminescence was red-shifted indicating reduction in quantum
confinement, with increase in the dot size from 537 nm for capped CdTe to 670 nm for double capped Cds/ZnS CdTe,
compared with the previous quantum dot size with a single capping (24). Photoluminescence decay curves allow us to
measure the level of wave function overlap of the charge carriers, since according to Balet et al (25) the wave function

Electroluminescence Intensity (AU)

175 _'\\,44"2"" ...... .............. ............. .............. \ ............ 4
; : : : i\
: 5 : § i
170 Panesmm R s B e \t&‘ ......... =
; |
o LS WS O - R - SONG  JOL. . 1 fl
“llL.
\
T R LR ST < TR NIV . TR, SR 0 1
620 640 660 630 700 720 740

Navelength (nm)

Figure 2(b): Electroluminescence Spectra of CdTe/CdS/ZnS

overlap integral is directly proportional to the radiative lifetime in QD. So with the staggered type-Il we should overlap
integral is directly proportional to the radiative lifetime in QD. So with the staggered type-1l we should expect weaker
overlap between the electron and hole due to larger charge separation resulting in longer lifetime values.

The non-exponential trend has frequently been observed for different kinds of 11-VI nanocrystals (35) including this
work. Recombination carriers from the core/shell -1 and shell-1/shell-2 interfaces are expected to result in the longest
lifetime component in the staggered type-Il due possibly to fast surface/interface trapping processes as suggested by
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Balet et al (25). Our results suggest an increase in the conduction band offset with increase in the shell thickness. A
core/shell -1/shell -2 structure exhibited longer lifetimes than core/shell with the same number of shell -1 monolayers
(26). This long decay time and the PL red shift with the addition of ZnS shell suggest electron wave function leakage
through that shell. The non- exponential (multiexponential) decays in CdTe QDs have been explained in terms of a
variation in the non-radiative decay rates caused by trap states (27). A tendency of increase in PL decay times, with
increase in size, was observed for I1-VI nanocrystals in general (26). In Figure 2(b) the electroluminescence is plotted
versus wavelength (nm), where the emission is centered around = 690 nm which is different from the PL spectrum. This
is due to the lattice strain similar to the findings of Andrew Smith et al (28) in which the nanocrystalline core is
“squeezed” by the double shell CdS/ZnS. This produced the spectral shift(red shift) and extended excited state life time (
by 50 uS) as in Figure 2(c). This large mismatch between the core/shell/shell lattice parameters induces strain at the
core/shell and shell/shell interfaces (29). It has been reported that shells thicker than ~2 monolayers will lead to the
formation of defects , hence decrease in the quantum yield and the stability (30). The staggered configuration results in a
spatial separation of electrons and holes which gives rise to spectral shifting(red shift) towards longer wavelengths (lower
energies). Points of evidence for this red shift ( the reduction of distinct optical absorption) are featured in Figure 1.
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Figure 2(c): Fluorescence Intensity Spectra of CdTe/CdS/ZnS

In Figure.2 (c) a sign of significant increase in excited state life time is exhibited. According to Andrew Smith et al
(28) the largest spectral shifts are observed with very small cores such as 1.8 nm CdTe ( in our case the core was 3.0 nm
CdTe). Kim et al (31) reported that type Il colloidal quantum dots can achieve charge carrier separation with staggard
band offsets for the core and shell . The current-voltage-luminescence ( IVL) behaviour of the devices is shown in
Figure 3 where the current and emitted light intensity are plotted as a function of voltage. The curves span a wide range
from lower to higher voltages in accordance to the uncontrolled thickness of the CdTe QD layer, which was produced by
drop casting on bare oxygen plasma treated ITO. Figures 3 and Figure 4 show a constant trend with regard to the light
emission turn on voltage. Depending upon the method of preparation the junction will turn on (liminate) only when the
ITO is connected as an anode. When the positive terminal of the voltage source was connected to ITO the light intensity
was found to be less compared to when the ITO was connected to the negative terminal. This was the case for the CdTe
QD spun on ITO, whilst the drop casting case produced junctions with forward or reverse bias with gentle heating or
both. The case which produced luminescence with both signs of bias, but not with the same intensity, is the CdTe spun
on ITO with oxygen plasma treatment followed by gentle heating (Figure 5).

In this study there are cases (Figure 3 and Figure 5) similar to those of Hikmet et al (32) on CdSe in which the
devices show a small rectification. The light emission bias (Figure 3) was reversed due to the random orientation effect of
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Figure 3: Current-Voltage-Luminance Plot of ITO/CdTe/CdS/ZnS
Core/Shell/Shell Quantum Dots/Ca-Al
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Figure 4: Current-Voltage-Luminance Plot of ITO/ CdTe/CdS/ZnS
Core/Shell/Shell Quantum Dots/Ca-Al

heat after the drop casting, which is similar to the behaviour of polarity change of frozen junction (33), but dictated by
heating only. The results shown in Figurre 6 are very similar to those by Tesser et al (34). A similar result has been
observed in polymer bilayered devices in which the emission produced is from the layer closest to the cathode (35). It is
known that prototype semiconductor polymer PPV (poly-para-phenylene-vinylene) screens the real characteristics of the
QDs in composite diodes (32). Since the operating voltages (the minimum voltages required) of these devices are lower
than for those of PPV alone (with operating voltages of 7 V) , we can expect that the these devices are lower than for
those of PPV alone (with operating voltages of 7 VV ) , we can expect that the electron affinity of CdTe is to be greater
than that of PPV. These higher electron affinities decrease the ‘turn on voltage’ and leads to a build-up of negative charge
at the polymer/CdTe interface (16). This may be checked by taking the recombination zone away from the electrodes -1
which otherwise could produce quenching. A feature worth mentioning is that under reverse bias, our samples did not
experience dielectric breakdown as in the case reported by Colvin et al (6). The ITO/CdTe QD combination behaved in a
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Figure 5: Current-Voltage-Light Plot of ITO/ CdTe/CdS/ZnS
Core/Shell/Shell Quantum Dots Spin Coated

manner similar to the PEDOT/CdSe combination (36), i.e. light emission is induced at about 3-4.5 V when driven at
positive positive bias and at higher voltage when a negative bias is applied. However, a similar or close value of voltage
was observed in positive or negative bias when spin coating was used. Spin coating of CdTe produced reproducible and
similar turn on voltages within the experimental error . We noticed from the above mentioned results that the efficiency
of luminescence and the ‘turn on’ voltage depend on how the junction is biased, which clearly indicates that the
mechanism at play here is based on injection of holes and electrons into the quantum dots. When the cathode (Ca) is at
positive bias, hole injection becomes more difficult as work function of Ca is about 1.8 eV higher than that of ITO. This
rather low value for luminescence is due to the fact that the emissive CdTe QD layer is next to the metal electrode, which
causes quenching of emission (37). Typical dark current-voltage linear plots are shown in Figure 5. For these diodes
diodes the weakly rectifying ‘turn on’ voltages around 3.5V were observed.
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Figure 6: A Current-Voltage Plot of ITO/ CdTe/CdS/ZnS Core/Shell/Shell/Al

The semi-logarithmic plot in Figure 6 of the I-V characteristics, in forward bias for the same diode, illustrate that there
are two plateaus in the forward bias 1-V curves indicating the deviations from the ideal diode. Under moderate forward
bias (between 1 to 2 V) there exists a near linear region. At higher voltages the current seems to saturate, and with the
series resistance effect it appears to dominate the conduction process in this regime.
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The linear region can assumably be described by the thermionic emission theory, i.e. | = exp(QV/nKT), where ‘Q’ is
the electron charge, ‘K’ the Boltzmann constant, ‘T’ the absolute temperature of the diode, and ‘n’ the diode ideality
factor. This feature of the I-V characteristics suggest that the other current transport mechanism is dominant and hence
the thermionic emission is suppressed. It may be noted that there is more than one slope in the low, medium and high
forward biased regimes (38). This has been oftenly found with nanostructured Schottky devices (39). A linear region in
the low forward bias implies a small contribution of surface/interface traps, whereas in the higher forward bias the
contribution of the surface/ interface traps to the potential is larger. This was reported for CdSe-ZnS QD’s action as the
as the deep electron trap (38). The I-V characteristics of these diodes were plotted on a semi-log scale (Figure7) to
understand more clearly about their electrical properties. At low voltages an ohmic relationship | = V™ is observed. At
higher voltages the current rises quickly with ‘m’ between 2 and 22. These phenomena are the characteristics of space
charge-limited current conduction.
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Figure 7: Semi-Logarithmic Current-Voltage Plot of ITO/ CdTeCdS/ZnS Core/Shell/Shell/Al

Further research predicts that improved performance can be achieved by incorporating nanowires or nanorods (CNT
or Au rods). The red shift of the electroluminescence (EL) spectrum as compared to the photoluminescence (PL)
spectrum is quite common for the nanoparticles (40, 34, 41) and nanorod devices (42). It is attributed to re-absorption of
the EL signal within the nanoparticle layer (40), energy transfer from small to big nanoparticles (40, 34), Stark effect
from high local fields (43), or local heating due to poor thermal conductivity of the emitting layer (41). The fact that EL
(light) is observed in both directions is comparable to light emission from other nanoparticles devices (32). Major
difficulties using the solution — synthesized QDs are caused by their organic constituents, the surfactant molecules for
surface passivation. The organics must be replaced by the short organic pyridine (which may cause frustrating PL
quenching by more than 95 %), or removed during the thin film deposition. This is because they disturb the injection of
the high-field accelerated electrons or carriers and degrade the device in operation (44), or create hypervalent surface
interactions (45) which can be applied to 1V-VI compounds as well as to 1l11-V. This was tested by fabricating Al/Si
NC/AI vertical structure recently by O Lopez-Sanchez (46). In this case the Si surface was passivated with hydrogen
47).

In conclusion the nanocrystal based light emitting diode is better made after the reduction or removal of the
supporting organic layers.
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