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Double heterostructures �DHs� consisting of BeZnSeTe active and MgSe/BeZnTe superlattice
cladding layers were fabricated on InP substrates by molecular beam epitaxy. By photoexciting the
DHs, green lasing emissions at 548 nm were obtained at room temperature. The threshold excitation
power density was 70 kW /cm2, from which we estimated the threshold carrier density and
threshold current density assuming a green laser diode �LD� with a BeZnSeTe active layer to be
�1.4–4.6��1018 cm−3 and 0.22–0.73 kA /cm2, respectively. The experiment proved the
applicability of BeZnSeTe as an active layer of green LDs. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3058761�

The green laser diode �LD� is one of the crucial research
topics remaining in the optical device field. Green LDs are
very attractive for laser light sources of the three primary
colors, high luminance laser pointers, and so on. II-VI com-
pound semiconductors are one of the promising materials for
realizing green LDs.

Blue-green ZnCdSe/MgZnSSe II-VI LDs on GaAs sub-
strates were extensively studied in the 1990s. Room-
temperature �RT� continuous wave operations were reported
in 1993.1,2 However, the study and developments were inter-
rupted because the device lifetime could not be extended
beyond 400 h.3 The investigation of the degradation mecha-
nism causing the short lifetime of the LDs clarified that the
degradation could be ascribed to pre-existing microscopic
point defects, such as N-related deep donors in the MgZnSSe
p-cladding layer,4,5 their diffusion induced by compressive
crystal strain in the ZnCdSe active layers,6,7 and electron
leakage into the p-cladding layer.8 The short lifetime as a
result of such defect generation and diffusion is originally
brought about by the weakness in the crystal bonds of the
ZnSe-based II-VI crystals.

On the other hand, we have pointed out different II-VI
compounds such as MgZnCdSe, BeZnTe, and BeZnSeTe
grown on InP substrates.9–13 Especially, BeZnSeTe �Ref. 11�
having direct bandgap energies from 2.1 �590 nm� to 2.7 eV
�460 nm� is a promising active layer material for highly re-
liable yellow-to-green LDs and light emitting diodes �LEDs�.
The inclusion of beryllium chalcogenide components �i.e.,
BeSe and BeTe� into BeZnSeTe contributes to the strength-
ening of the lattice bonds owing to their high cohesive
energy,14 which is effective for preventing defect diffusion,
thereby lengthening the device lifetime. In addition, since the
BeZnSeTe active layer is lattice-matched to the substrates,
the compressive strain effect, which is responsible for en-
hancing the defect diffusion in the conventional ZnSe-based
devices, is eliminated. In fact, we fabricated LEDs having
the BeZnSeTe active layer and achieved yellow-to-
green emissions and long lifetime operations of more than
5000 h.15,16

In this study, we investigated the photopumped lasing
characteristics of BeZnSeTe double heterostructures �DHs�
grown on InP substrates to evaluate the applicability of
BeZnSeTe as the active layer material of green LDs. In the
experiment, green lasing emissions of around 548 nm were
obtained at RT.

BeZnSeTe DHs were fabricated on S-doped �100� InP
substrates by employing double-chamber molecular beam
epitaxy �MBE�. A cross-sectional schematic diagram of the
DH is shown in Fig. 1. The DH was composed of a 100-nm-
thick Be0.13Zn0.87Se0.38Te0.62 active layer sandwiched by
0.2 �m �upper� and 1.2 �m �lower� MgSe /Be0.48Zn0.52Te
�4 ML/4 ML� superlattice �SL� cladding layers,17 and 300
nm Zn0.48Cd0.52Se buffer and 3 nm ZnTe cap layers. After the
growth of InP and InGaAs buffer layers on InP substrates in
the III-V chamber, the II-VI layers were grown in the II-VI
chamber along the following procedure; i.e., Zn flux irradia-
tion onto the InGaAs buffer surface at 240 °C, ZnCdSe low-
temperature buffer growth at 240 °C, ZnCdSe buffer growth
at 280 °C, and other �cladding, active, and cap� layer
growths at 300 °C. Each layer except for the ZnTe cap layer
was grown under the lattice-matching conditions with the
InP substrate. The ZnTe cap layer was introduced to avoid
oxidation of the MgSe/BeZnTe SL upper cladding layer. Al-
though the cap layer has a large lattice-mismatching �3.9%�
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and high absorption coefficient, the influence to the crystal
quality and lasing properties was very low because the layer
thickness was very thin �3 nm�.

The grown wafer was cleaved into rectangular �about 5
� �1–2� mm2� shape for the photopumping measurement.
The sample was excited under frequency-tripled Nd:YAG
�YAG denotes yttrium aluminum garnet� laser light �355 nm�
irradiation at RT. The pulse width was 5 ns and the repetition
rate was 20 Hz. The laser light was focused, using a cylin-
drical lens, onto the sample surface to form a stripe geometry
excitation region. The emission spectra of the light radiated
from the cleaved facet were detected with a multichannel
spectrum analyzer. Typical emission spectra at excitation
power densities of 55.8, 76.6, and 124 kW /cm2 for the 1.85-
mm-cavity-length sample are shown in Fig. 2. Above the
excitation power density of 76.6 kW /cm2, the green lasing
emissions at 548 nm were observed. The lasing light was
polarized in the transverse electric mode. The peak intensity
of the lasing spectrum was plotted as a function of the exci-
tation power density, as shown in Fig. 3. The peak intensity
rapidly increased above 70 kW /cm2. From this, the thresh-
old excitation power density Pth was estimated to be
70 kW /cm2.

The threshold carrier density Nth can be calculated from
the Pth value using

Nth =
�1 − R�Pth

qEp
� �a

ta
�1 − e−�ata�e−�ctc1 +

��c

tc1
�1 − e−�ctc1�

+
��c

tc2
�1 − e−�ctc2�e−�atae−�ctc1� �1�

and

R = �nc − 1�2/�nc + 1�2, �2�

where �a and �c are the carrier lifetimes in the active and
cladding layers, respectively, q is the elementary electric
charge, Ep is the photon energy of the excitation laser �355
nm�, ta, tc1, and tc2 are the layer thicknesses of the active,
upper cladding, and lower cladding layers, �a and �c are the
absorption coefficients of the active and cladding layers, re-
spectively, R is the reflectance at the sample surface �the top
of the upper cladding layer�, and nc is the refractive index of
the upper cladding layer.

In this estimation, it is assumed that the photoexcited
carriers at the active layer and carriers injected into the active
layer after excitation at the cladding layers contribute to las-
ing. Here, the carrier injection efficiency from the cladding
into the active layer is denoted by � in Eq. �1�. In the calcu-
lation, � is assumed to be several values from 0 to 1 because
it is unknown. The internal quantum efficiency of the carrier
excitation by photons is assumed to be 100%. We ignore the
effects of the thin cap layer, the reflection, and the resonance
at the interfaces between the active, cladding, and buffer lay-
ers. �a, �c, and nc are 7.76�104 cm−1, 6.18�104 cm−1,
and 3.43, respectively, which were experimentally estimated
from the results of spectroscopic ellipsometry measurements
of other BeZnSeTe and MgSe/BeZnTe SL samples. �a and �c
are assumed to be 1 ns. Using the above parameters and Eqs.
�1� and �2�, the Nth values are estimated to be 1.4�1018,
3.0�1018, and 4.6�1018 cm−3, respectively, when �=0,
0.5, and 1.

In addition, in order to evaluate the lasing property and
applicability of BeZnSeTe as an active layer of LDs, the
threshold current density Jth assuming a LD structure with a
BeZnSeTe active layer is estimated from the Nth values using

Jth = qNthtlda/�a. �3�

In this estimation, Nth of the LD is assumed to be equal to
that of the DH. This assumption is valid if we can make the
threshold gain of the LD equal to that of the DH, which is
possible by adjusting the waveguide structure �i.e., the opti-
cal confinement factor�, the cavity length, and the reflectance
of the cavity mirror of the LD. In addition, the carrier injec-
tion efficiency into the active layer is assumed to be 100%,
which means there is no radiative/nonradiative recombina-
tion component in any part except for the active layer and no
leakage current from the active to the cladding layers. These
factors are affected by the crystal quality, band discontinui-
ties, and bandgap energy differences in each layer, and can
be removed �or reduced at least� by optimizing the growth
condition and material parameters. In Eq. �3�, tlda is the ac-
tive layer thickness of the LD. tlda and �a are assumed to be
10 nm and 1 ns, respectively. When Nth=1.4�1018 ��=0�,
3.0�1018 �0.5�, and 4.6�1018 cm−3 �1�, Jth is estimated to
be 0.22, 0.48, and 0.73 kA /cm2, respectively. This shows

FIG. 2. Lasing spectra at excitation power densities of 55.8, 76.6, and
124 kW /cm2.

FIG. 3. Peak intensity of lasing spectrum as a function of excitation power
density.
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that Jth is at least less than 0.73 kA /cm2 because � is less
than 1. These values are comparable to those of Jth of com-
mercialized AlGaInP red LDs and less than those of InGaN
blue LDs �Jth�1 kA /cm2�, which indicates the high poten-
tial using BeZnSeTe as an active layer material of green
LDs.

In conclusion, DHs consisting of a BeZnSeTe active and
MgSe/BeZnTe SL cladding layers for photopumping lasing
were fabricated on InP substrates by MBE. By photoexciting
the samples, green lasing emissions at 548 nm were obtained
at RT. The Pth was 70 kW /cm2. Using the Pth value, Nth and
Jth assuming a LD with a BeZnSeTe active layer were esti-
mated to be �1.4–4.6��1018 cm−3 and 0.22–0.73 kA /cm2,
respectively. These results prove that BeZnSeTe is promising
as an active layer of green LDs.
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