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ZnCdSe quantum structures are investigasted for the e ect of exciton
localisation on the potential for opto-electronic applications. The investigation on
ZnCdSe quantum dots as the active material in a laser diode and their temperature
dependece show a transition from 0D-like to 2D-like characteristics limiting their
capabiblity for devices. Furthermore, optimisation of electrical contacts due to a
post-growth increase of the p-type doping level and eÆcient index guiding allowing
a substantial decrease of losses improving the lifetime of laser diodes more than
20 times.
Abstract.

Semiconductor quantum structures have been widely studied for the possibility to engineer electronic and optical properties being essential also for
optimising opto-electronic devices. The fabrication of semiconductor (SC)
light emitters and laser diodes (LDs) gives access to a large eld of applications, e.g. laser TV and polymer optical bre communication technology.
Mixing of suitable discrete laser transitions will allow to cover the whole
color spectrum. Thus, for the implementation of displays, projector devices
and laser televison, blue, green and red emitting LDs are necessary. However,
until now, the development of such devices is prevented by the lack of commercial green-emitting LDs with suÆcient lifetime. Based on GaN and GaAs
blue and red emitting LDs are realised, respectively. Especially, the introduction of zero-dimensional centres for light generation enabled the commercial
breakthrough of UV and blue LDs [1] and lead to signi cant improvements
in GaAs-based LDs [2]. The investigations of proper materials for the greenemitting LDs were focused on ZnCdSe and InGaN due to their optically
properties (e.g., bandgap energy, oscillator strength,). Although electrically
pumped lasing was demonstrated in ZnSe-based quantum structures more
than ten years ago [3], a breakthrough for green LDs was not achieved, yet.
The aim of this paper is to present and evaluate approaches and results
leading to a signi cantly enhanced lifetime of ZnSe-based LDs. As it was
shown by Sony Corp., which still holds the lifetime record of about 500 h
for ZnSe LDs using a ZnCdSe QW as active region [4], the lifetime is limited by heat induced defect generation. In II-VI LDs, the heat production is
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much larger than in III-V LDs, because of the large series resistance, which
originates from the non-ohmic contacts [5]. This heat accelerates the formation of so-called dark-line defects which cause a degradation of the active
area and, hence of the whole device [6]. Thus, novel approaches to increase
the lifetime of ZnSe-based LDs have to reduce the heat generation. Therefore, the whole device has to be improved to reduce the electrical and optical
losses. Introducing quantum dot (QD) ensembles for the active region, novel
contacts, and current- and wave-guiding, we will present improvements on
several areas of ZnCdSe LDs. The impact on heat reduction is discussed and
signi cantly lifetime extension is presented.

1 Quantum Dots in the Active Region: 0D Localisation
and Mobility of Excitons
The active region of a ZnSe-based LD usually consists of single or multilayered stacks of ZnCdSe QWs, where non-radiative processes lead to heat
generation. The in-plane mobility allow charge carriers to migrate to defects,
where their non-radiative recombination contributes to the heating of the
LD.
In recent years, the role of QDs as active region for ZnSe-based LDs
has increased tremendously driven by enhanced linear and nonlinear optical
properties compared to systems of higher dimensionality, and of course, by
improving growth techniques. The introduction of QDs as active regions is advantageously, as it was demonstrated e.g., for red- and near-infrared-emitting
LDs [2]. The extraordinary properties of QDs (e.g. discrete electronic levels,
thermal stability of states, high (excitonic) gain, low density of states) enable
the realisation of new principles in light emitting devices. It is known that
the 3D con nement of carriers and excitons allows zero-phonon lasing [7] and
exciton waveguiding [8], which provides for eÆcient optical con nement in
a narrow spectral range. The enhanced wave-guiding could decrease optical
losses. Therefore, one might expect a lowering of the lasing threshold and consequently a reduction of heat generation in such devices. However, ZnCdSe
LDs with QDs in the active region, as shortly described above, have not been
realised, yet. A possible explaination might be the insuÆcient localisation of
excitons/carriers in such QD structures. Even, for structures showing optically pumped 0D lasing up to RT, insuÆcient p-conductivity of the cladding
layers prevents succesful LD operation [9].
Why does 3D con nement of carriers/excitons not persist at RT in
ZnCdSe QD structures? Therefore, the selforganised growth of II-VI QDs
is evaluated. Due to the lattice mismatch between CdSe and ZnSe (
a/a > 7 %), which is very similar to that of the InAs/GaAs system, and
the respective band discontinuities a growth of type I QD heterostructures
is enabled by selforganised island formation. Generally, high-quality QD
structures have been demonstrated by numbers of research groups and
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commercial companies. Dense arrays of islands (up to several 1010 cm 2 )
with island sizes ranging from about 10 nm to above 100 nm are grown by
MBE in the Stranski-Krastanov mode [10{12].
Using appropriate growth conditions even higher island densities and
smaller island sizes are realised by MBE and MOCVD techniques due to
an inhomogeneous distribution of Cd in the deposited QW [13,14]. These
inhomogeneities are generated by sub-monolayer growth and/or segregation
of Cd during the capping procedure [15]. Such islands formed by Cd-rich

Intensity of an optically pumped laser structure with CdSe/ZnSSe multilayered QDs in the active region. The spectra were recorded at the excitation
densities marked by arrows. The inset shows the threshold density as a function of
temperature. The decrease of characteristic temperatures T0 with increasing temperature re ects the 0D- to 2D-like emission characteristics at low and elevated
temperatures, respectively.
Fig. 1.

regions in a ZnCdSe alloy QW have densities up to 1012 cm 2 . Obviously,
the ZnCdSe system allowes for structures with dense arrays of nm-scaled islands providing 3D con nement for carriers and excitons. QD-like behaviour
of such structures was con rmed e.g. by photo- and cathodoluminescence
investigations performed at lower temperatures.
0D lasing mechanisms in II-VI QD structures have been extensively studied, especially at low temperatures. For an example, excitonic and biexcitonic
gain and zero-phonon lasing are reported. In this way, and especially at low
temperatures it was con rmed that ZnCdSe QDs meet theoretical predictions
for novel laser structures. The large potential o ered by ZnCdSe QDs for LDs
is illustrated by an example, shown in Fig. 1. For a MOCVD-grown multilayered stack of ZnCdSe QDs in a ZnSSe matrix a low threshold density in
optically pumped QD laser is realised. A lasing threshold density well below
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1 kWcm 2 is observed, which is about ve times less than in comparable QW
structures [16]. The low threshold density is attributed to 0D excitons. This
is con rmed by a high characteristic temperature T0 . In ideal QDs an in nite
T0 is expected, whereas in QW lasers T0 is well below 100 K. The observed
decrease in T0 above T = 100 K is attributed to the delocalisation of excitons
and carriers from the QDs. Thermal activation increases the exciton mobility
and enables the transition in higher states, i.e. the QW, resulting in 2D-like
excitons/carriers.
These experiments show, that localisation energy of excitons/carriers up
to room temperature (RT) is problematically in ZnCdSe QD structures.
Hence, it is essential to identify the origin and mechanisms of exciton/carrier
mobility and, possible identifying means to preserve 0D behaviour up to RT.
Such investigations on the localisation and mobility of 0D and 2D excitons
are presented, now. Localisation at interface roughness and uctuations lead
to 0D-like behaviour in QW structures. The in uence of the respective connement potentials on excitons and carriers has been investigated for CdSeand ZnSe based QW structures for more than twenty years. However, the
role of the exciton mobility, even in the case of quasi-3D con nement in QDs,
i.e. for the localisation and delocalisation in 0D-like ZnSe- and CdSe-based
structures, was met with increasing interest in recent years [17,18]. Though
di erent theoretical approaches were introduced to explain such experiments,
the most striking result was the persistent mobility of excitons and carriers
in the presence of 0D localisation sites and, furthermore, even at low temperatures for which an ideal QD behaviour was expected. The mobility is
caused by exciton or carrier transfer processes between QDs. Depending on
the localisation energy of the exciton, such transfer might be more probable
than radiative recombination. Such a behaviour can be described by a mobility edge representing the energy above which transfer and 2D-like behaviour
occur even in QD structures. A trivial example for a mobility edge is given
by the 2D wetting layer state, which is the rst common electronic state for
QDs grown in SK mode. In real QD structures, the mobility edge is observed
well below the wetting layer energy and is attributed to the presence of a
large number of energy states provided by a high-density of QDs.
Therefore, a redistribution of excitons is enabled among the QD ensemble from 0D sites with higher transition energies to 0D sites with smaller
transition energies. At low temperatures the transfer is assigned to tunnel
processes and, hence, is observed particularly in high-density QD ensembles.
With increasing temperature, the di erence between QD groundstate and
barrier energies is decreased by thermal activation of excitons/carriers. Additionally, phonon-assisted escape becomes more probably and supports the
lateral mobility of excitons/carriers.
Such transfer processes lead to a characteristic variation of PL decay
time as a function of the detection energy. The decay time increases with
the detection energy and shows saturation for energies given by QDs with
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large localisation energy for excitons. This behaviour originates from transfer
processes being faster than the radiative decay of 0D excitons in the ZnCdSe
system. Time-resolved investigations allow the determination of the radiative
lifetime and the mobility edge in QD structures [18], as shown for an inhomogeneous broadened ZnCdSe-QD ensemble and a QW in Fig. 2. It is known

Fig. 2. Radiative lifetime and redshift of the mobility edge for (0D-like) quantum
dot and (2D-like) quantum well structures as a function of temperature.

that the radiative transition rate is proportional to the overlap of the carrier
wavefunction. For strongly localised excitons the overlap remains constant.
Hence, the radiative lifetime is expected to be independent of temperature
for QD transitions. This is con rmed for the investigated QD structure. The
QW reference sample shows an pronounced increase of radiative lifetime with
temperature, when the thermal energy overcomes the localisation energy of
excitons in QW inhomogeneities (e.g., islands formed by Cd uctuations or
thickness uctuations of the QW). The temperature dependence of the mobility edge (see Fig. 2) reveals that only a signi cantly reduced amount of
QDs provides 0D-like localisation up to elevated temperatures. Although the
PL is still generated in 0D centres, what is con rmed by a parallel redshift of
the PL maximum and the mobility edge, this pronounced redshift illustrates
that with rising temperature more and more QDs allow the transfer to lower
energy states. In comparison to that, in QW structures the mobility edge
follows the temperature dependence of the bandgap [19].
Finally, the transfer of excitons/carriers between QDs results in a 2Dlike behaviour. 0D-like lasing and the implementation of an excitonic waveguiding are not yet achieved at RT. Therefore, until now, the improvement
of ZnCdSe-based LDs using QDs in the active region is by far not as high as
expected. A signi cant reduction of losses and, thus, a lowering of parasitic
heat generation is not demonstrated. Nevertheless, mechanisms determining
exciton/carrier mobility are identi ed. The suppression of high-density energy states of QDs formed by Cd uctuations is proposed and examined to
reduce carrier mobility [20{23], and thus provide thermally more stable ex-
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citon/carrier localisation. The implementation of such QD structures might
provide the expected properties of the active region, but they are still under
investigation.

2 Optimisation of p-contacts and p-claddings
While the improvement of the active region still su ers from incompatibility
to RT operation, the optimisation of the entire laser structure becomes indispensable. ZnSe-based lasers consist of a separate con nement heterostructure (SCH). The structure is generally grown on n-type GaAs-substrate.
The n-side of the laser comprise ZnSe and ZnSSe bu er layers, a ZnMgSSe
cladding layer and a ZnSSe waveguide. Free electron concentrations range
from 2  1018 cm 3 for binary to 4  1717 cm 3 for quaternary compounds. The
active region is a ZnCdSSe QW, which is followed by a p-ZnSSe waveguide, a
p-ZnMgSSe cladding layer, a p-ZnSSe spacer and the p-contact composed of
ZnSe, ZnSeTe and ZnTe. Free hole concentrations are between 1  1018 cm 3
for binary and 6  1016 cm 3 for quaternary layers. Details of the growth and
design of the laser structures can be found elsewhere [24].
Present issues of LD improvement mainly focus on the poor electrical
characteristics. While the n-type doping levels of the device are suÆciently
high, the p-type doping, in particular of the ZnMgSSe cladding, is still a
limiting factor in the performance of a laser diode. Furthermore, there exist
no ohmic contacts to p-ZnSe due to its large bandgap energy and electron
aÆnity that sum up to 6.7 eV thus exceeding the workfunction of metals [25].
Holes can hence only be injected by tunneling through the Schottky barrier. A
high tunneling rate requires a narrow barrier width. Since the p-type doping
of ZnSe is limited to about 2  1018 cm 3 due to compensation e ects [26],
the achievement of higher acceptor concentration during MBE growth turned
out to be not feasable. Thus, a strongly strained ZnTe/ZnSe-MQW structure
was introduced [27,28]. To avoid strain induced defects and hence stronger
compensation of the nitrogen acceptor in p-ZnSe, it is important to keep the
thickness of the ZnTe-toplayer below 4 nm [29].
Finally, the solution can be either in-di usion of additional acceptors or a
reduction of the compensation level of the nitrogen dopant, which was used
for p-type doping during MBE growth. In-di used additional acceptors must
have less compensation than the built-in nitrogen acceptor. Since both, Li and
N form shallow acceptor states in II-VI compounds, Li3 N is considered as a
promising candidate for co-doping. It was previously shown that ZnSe can be
doped p-type in MOCVD using Li3 N [30]. Nevertheless, the applied growth
temperature of 450 C is too high for laser diodes due to the enhanced di usion
of group II elements at temperatures above 400 C [31]. In this contribution,
the characteristics of structures with post growth applied Li3 N are studied.
Li3 N, Pd and Au are evaporated to form the p-electrode for ZnSe-based devices [32]. The di usion of Li3 N is caused by the heat during metallisation
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and a subsequent rapid thermal annealing at 225 C. In-di usion of Li and
N were proven by secondary ion mass spectroscopy (Fig. 3(a)). A simultaneous increase of the Li and N concentrations in the p-ZnMgSSe cladding of
a LD is observed. The SIMS depth pro les reveal that Li and N di use in
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Depth pro le of a ZnCdSSe laser diode, demonstrating the increase of Li and
N concentration due to indi usion after deposition of a Li3 N/Pd/Au electrode. The
sample structure shown below corresponds to the same depth scaling and indicates
the respective bandgaps (a). Enhancement of the free hole concentration of a p-type
ZnSe:N layer with a p-ZnTe/ZnSe MQW (b).
Fig. 3.

parallel into the p-side of the laser structure (except for a thin layer near the
p-contact). This is a clear indication of complex formation. The ratio of Li
and N lies between 2 and 3 in the entire p-side. Therefore we assume that
Li and N are commonly di using into the lattice as a Lix N-complex. The
concentration of nitrogen in the p-ZnMgSSe cladding is enhanced to values
between 7  1018 cm 3 and 9  1019 cm 3 . A further hint of Lix N-complex
formation is the pronounced improvement of the laser characteristics. Compared to lasers with standard Pd/Au electrodes, a signi cant reduction of the
threshold current density from 250 A/cm2 to below 50 A/cm2 and a decrease
of the operating voltage by 20 % down to 5.5 V accompanied by an increase
of the di erential quantum eÆciency of 50 % lead to a lifetime extension
by more than a factor of 20 with a total cw-lifetime of 9.5 h [33,34]. These
improvements can be explained with an enhanced free hole concentration,
leading to a current guiding below the stripe contact and hence an reduced
threshold current density and a reduced Schottky barrier width lowering the
operation voltage [35]. If Li and N would act as single acceptors, such large
concentration of Li and N show strong compensation e ects [36,37]. Thus, a
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dramatic deterioration of the laser performance would have been expected.
Since the bene t of the Li3 N in-di usion is so obvious, an enhancement of
the free hole concentration is assumed due to Lix N acting as an acceptor
complex.
The increase of the p-type doping level is veri ed independently by C-V
pro ling. Therefore, the free hole concentration of an as grown test structure consisting of a p-ZnSe-layer and a standard ZnTe/ZnSe-MQW contact
structure is compared to a similar structure with an additional in-di used
Li3 N layer. To contact the sample surface, the Li3 N/Pd/Au electrode must
be removed by reactive ion etching after its evaporating and subsequent annealing. For C-V pro ling, mercury is used to create Schottky contacts on
the sample surface. The formation of the Schottky contact was con rmed by
I-V pro ling. While the free hole concentration of the as grown structure is
5  1017 cm 3 , it is increased by more than one order of magnitude after
Li3 N in-di usion to 7  1018 cm 3 (Fig. 3(b)). This demonstrates that the
in-di used Li3 N-complex acts as an acceptor.

3 Optical Con nement
Using the potential of lateral waveguiding in ZnSe-based LDs, losses and thus
heat generation can be further reduced. In gain guided LD structures guiding of the lightwave is achieved in vertical direction by the waveguide layers
which embed the active QW. Lateral guiding arises from the stripe contact
geometry for providing a laterally structured carrier injection (Fig. 4(a)).
To improve the performance of ZnSe-based LDs an additional lateral index
guiding might be introduced to support the gain guiding (Fig. 4(b)). Such an
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Comparison of gain (a) and index guided laser structure created by ion
implantation (b). The insets show the refractive index in the active region and the
cladding. For details see discussion in the text.

Fig. 4.
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optimised guiding of the lightwave can be obtained via laterally structured
ion implantation. Ions with an appropriate energy to generate a maximal
amount of vacancies near the active region are used, because the di usion
of group II components is enhanced by vacancies [31]. Hence the interfaces
between the layers will be intermixed in irradiated regions. Details of the
used implantation technique are described elsewere [38]. The di usion of the
Cd into the waveguide lowers the refractive index of the active region in the
implanted and intermixed parts of the structure. Thereby, a small step of
the refractive index is generated in the lateral direction. Simultaneously, the
intermixing increases the refractive index of the waveguide and cladding in
the implanted and intermixed regions of the structure. A small, negative step
of the refractive index and thus an anti-waveguide is generated below and
above the plane of the active region (Fig. 4(b)). The stripewidth of the laser
is limited by the resist which forms the implantation mask and the intermixing of the stripe edges during ion implantation. Thus, a total stripewidth of
< 5 m can be achieved. Such small stripewidth is necessary for fundamental
optical mode (TEM00 ) emission. In addition to the refractive index variation,
a blocking of the current spread occures due to defects in the intermixed regions (see white arrows in Fig. 4). These defects generate highly resistive
material beneath the stripe. Such lasers are fully index guided. Since both,
the light wave and the current are guided in such structures, losses will be
reduced. Therefore, low threshold current densities and increased di erential
quantum eÆciencies are expected for fully index guided lasers. The obtained
results prove the applicability of ion implantation for ZnSe-based LDs. The
current density is reduced by a factor of three down to 96 A/cm2 and the
di erential quantum eÆcienciy is more than doubled [39,40]. Due to the reduced optical losses, higher modes are suppressed. Finally, the lifetime of LDs
is extended by a factor of up to ve.

4 Conclusions
We have presented that the characteristics of ZnCdSe QDs as material for
the optically activ region are superior to that of corresponding QWs. Due
to thermally activated transfer processes and week localisation these advantages vanish at RT. Since the mobility edge shows a strong redshift, even
deep localising QDs behave 2D-like. Therefore, the increase of thermal stability is the main issue for the future development of ZnCdSe QDs. Using
post growth enhancement of the p-type doping and lateral index guiding,
electrical and optical losses in ZnCdSe QW lasers are reduced. Hence, remarkable low threshold current densities below 50 A/cm2 are obtained. All
these improvements lead to an increase of the cw-lifetime of a factor of more
than 20 demonstrating the optimisation potential of ZnCdSe QW lasers.
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