Quantum Electronics 50 (7) 683—687 (2020)

©2020 Kvantovaya Elektronika and IOP Publishing Limited

LASERS

https://doi.org/10.1070/QEL17245

Optically pumped semiconductor laser based
on a type-II CdS/ZnSe heterostructure

M.R. Butaev, V.I. Kozlovsky, Ya.K. Skasyrsky

Abstract. An optically pumped semiconductor laser based on a
type-II CdS/ZnSe nanoheterostructure containing 10 quantum
wells (QWs) was studied. The structure was grown by metal-
organic vapour phase epitaxy on a GaAs substrate. The lifetime of
electron-hole pairs at a low pump level was measured by lumines-
cence decay to be ~10 ns. The peak power of the microcavity semi-
conductor laser at room temperature and longitudinal pumping by
a repetitively pulsed N, laser was 7.2 W at a wavelength of 514 nm.
The relatively low laser slope efficiency (0.35%) is explained by
amplified spontaneous emission propagating along the structure.
The peak power and efficiency of the laser in the case of transverse
pumping increase to 70 W and 3.5 %, respectively.

Keywords: MOV PE, semiconductor laser, CdS/ZnSe heterostruc-
ture, quantum wells, optical pumping.

1. Introduction

The development of semiconductor disk lasers (SDLs), or
vertical-external-cavity surface-emitting semiconductor lasers,
in particular, with optical pumping, is related to their ability
to generate high-power radiation in a wide spectral range with
a high (diffraction-limited) beam quality [1—4]. Despite the
fact that the present-day SDL structures are based mainly on
III-V compounds emitting in the near-IR region, the possi-
bility of using various nonlinear effects in their cavities allows
them to operate in the UV [3, 6], visible [3, 4], mid-IR [7], and
terahertz [8] spectral regions.

The aim of the present work is to develop optically pumped
SDLs based on II-VI heterostructures with the fundamental
wavelength in the blue—green spectral range (480—560 nm). In
this case, wavelength conversion to the mid-UV spectral range
(240-280 nm), which is most popular for some applications,
can be achieved by relatively simple intracavity frequency dou-
bling. For this purpose, it is necessary to use resonant periodic
structures of wide-gap compounds as the active laser medium.
The use of the third or fourth harmonic of SDLs based on
IIT-V structures considerably decreases the efficiency of the laser
system as a whole [5, 9].
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Ones of the well-known wide-gap materials correspond-
ing to the mentioned range are ZnSe-based compounds [10],
which were considered at the end of the last century as the
most promising media for blue—green laser diodes (LDs)
[11, 12]. However, the problem of degradation of LDs based
on II-VI compounds is still unsolved. To degradation fac-
tors, apart from those typical for injection lasers, in which it
is necessary to form the p—n junction and reliable contacts,
one assigns insufficiently strong chemical bonds between the
second-group metal atoms and selenium and internal elastic
stresses in quantum wells (QWs) [10, 13, 14]. Only the last fac-
tors can play an important role in degradation of optically
pumped lasers.

An alternative to the structures based on II-VI com-
pounds for the blue—green spectral range are the InGaN/
GaN structures. At present, blue LDs with a power of several
watts are commercially available. However, to fabricate
SDLs, it is necessary either to use a structure with an inte-
grated Bragg mirror or to be able to separate the grown struc-
ture from the substrate (usually from sapphire) and transfer it
to another substrate with a high thermal conductivity, like
diamond or silicon carbide. In both cases, it is necessary to
solve severe technological problems. In contrast to the struc-
tures of nitride compounds, the II- VI structures can be easily
separated from the GaAs growth substrate owing to the exis-
tence of selective etching solutions for GaAs.

In [15, 16] we studied the possibility of using the ZnCdS/
ZnSSe type-1I heterojunction in semiconductor lasers, in par-
ticular, in microcavity laser with electron-beam pumping. It
was suggested that these heterostructures, in contrast to the
previously studied Zn(Cd)Se/Zn(Mg)Se heterostructures
[10, 17], are less susceptible to solid-phase diffusion at epi-
taxial growth temperatures and at intense excitation owing to
the presence of more stable sulphur chemical bonds. At a par-
ticular composition of QWs and barriers, namely, Zng 4Cd ¢S/
7ZnS 063€0 94, all layers of this heterostructure can be almost
completely matched to the GaAs substrate in crystal lattice
parameters, which considerably reduces internal stresses.
Investigations showed that the lasers based on ZnCdS/ZnSSe
heterostructures successfully operate in the blue spectral
region but their wavelength is limited by a value of about 490
nm. The longer-wavelength green region can be reached by
decreasing the Zn concentration in the ZnCdS QW. In this
connection, we are studying the CdS/ZnSe heterostructure as
a potentially active medium for green semiconductor lasers.

Another important advantage of the CdS/ZnSe hetero-
structure is a small jump in the refractive index at the hetero-
interfaces. This makes it possible to weaken an effect of the
cavity mode displacement from the gain peak because of
forming the band gap of the photonic crystal (which is a peri-
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odic structure) and thus to achieve the minimum lasing
threshold attainable in the case of resonant-periodic gain [18].
A potentially useful property is also a low internal absorption
in the case of nonuniform pumping of QWs, which is related
to the specific features of the energy band diagram of the con-
sidered heterostructure. However, it should be noted that this
heterostructure belongs to the type-II heterostructures, which
leads to spatial separation of charge carriers generated by
pumping, because of which the radiative recombination rate
decreases and the lasing threshold may increase.

In the present paper, we report the results of investigation
of a semiconductor laser based on a CdS/ZnSe nanohetero-
structure upon both longitudinal pumping of a microcavity
and transverse pumping of a cleaved-facet cavity by a nitro-
gen laser (337 nm). These results demonstrate the possibility
of using this structure as an active medium of green semicon-
ductor lasers, which is a basis for subsequent development of
SDLs with this structure.

2. Experiment

The CdS/ZnSe nanoheterostructures were grown by metal-
organic vapour-phase deposition in a hydrogen flow at atmo-
spheric pressure in a quartz reactor. The design of the studied
heterostructures is schematically shown in Fig. 1a. As initial
compounds for the growth of the structures we used dimethyl
selenide (CH3),Se, dimethyl cadmium (CH3),Cd, diethyl sul-
fide (C,Hs),S, and diethyl zinc (C,Hs),Zn. The structures
were grown on GaAs substrates disoriented from the (001) to
the (111)A plane by 10°; the substrate temperature was 440 °C.
The thicknesses of layers were controlled during growth by
measuring reflection of the 650-nm LD radiation focused into
a spot 2 mm in diameter on the growth substrate. The thick-
nesses of the ZnSe and CdS layers at control points were 5
and 4 nm, respectively. The thicknesses of the ZnS Se,_, bar-
rier layers between the three-layer QWs were grown to be
86 nm, so that the structure period would be about 100 nm,
which corresponded to achieving resonant-periodic gain, i.e.,
to half of the wavelength inside the laser structure. The first
ZnS Se;_, layer on the growth substrate was approximately
193 nm thick, while the thickness of the last layer was close to
93 nm. However, the thicknesses of the layers could smoothly
vary over the structure surface due to the inhomogeneous
flow of hydrogen with initial components in the reactor.
Elastic stresses caused by QWs were compensated by increas-
ing the sulphur concentration in the barriers to 11%. The
total thickness of the heterostructure with 10 QWs was
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Figure 1. Schematic of (a) the structure and (b) active element with the
microcavity.

approximately 1.2 um. The heterostructures had mirror-
smooth surfaces.

The active element of the microcavity laser (Fig. 1b) was
fabricated as follows. The first dielectric mirror consisting of
11 HfO,-Si0; layer pairs with calculated reflection coeffi-
cient R = 99.5% for wavelength A = 515 nm was deposited on
the structure heated to 200°C. The structure was glued with
this mirror to the sapphire substrate 5 mm thick using
EPOTEK-301 optical epoxy. Then, the GaAs growth sub-
strate was removed and the second dielectric mirror consist-
ing of 12 layer pairs with R =99.5 % at A = 515 nm was depos-
ited on the free surface of the structure without heating. The
thicknesses of the mirrors were approximately 1.7 and 1.8 um,
respectively. The transmission spectra of the mirrors mea-
sured using control glass (mirror 1) and sapphire (mirror 2)
substrates are presented in Fig. 2. The reflection minima
turned out to be shifted from the given wavelength (515 nm).
In addition, heating of the structure considerably increases
the refractive index of HfO,, because of which the minimum
transmission coefficient of mirror 1 was noticeably lower than
that of mirror 2, although the latter had more layer pairs.
From experimental curves, we calculated the transmission
coefficients of mirrors for a plane wave incident from the
structure. These coefficients for a wavelength of 515 nm were
found to be approximately 0.6%. The transmission of the
mirrors at the pump laser wavelength (337 nm) exceeded
80%.
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Figure 2. Transmission spectra of the (/) first and (2) second mirrors
measured with control sapphire and glass substrates, as well as (/' and
2") corresponding calculated transmission spectra for a plane wave inci-
dent on mirrors 1 and 2 from the structure.

It should be noted that the thicknesses of the mirrors and
the glue layer considerably exceed the structure thickness.
This may lead to additional elastic stresses in the structure. As
a result, rare cracks appeared along the [110] and [1-10] direc-
tions as is seen in Fig. 8a for a structure with an area of
1-2cm?.

The microcavity structure was longitudinally excited
through the sapphire substrate by an LGI-21 nitrogen laser or
by a higher-power LGI-503 laser (A = 337 nm). Figure 3 pres-
ents the optical scheme of the laser and the system for measur-
ing the peak power of the pump and laser pulses. We used two
coaxial photoelectric detectors (CPDs) to separately record
the oscillograms of pump and lasing pulses. The peak pump
power was first measured in relative units and then the



Optically pumped semiconductor laser based on a type-I1I CdS/ZnSe heterostructure 685

obtained data were correlated to the measured peak pump
power passed through the lens, sapphire substrate, mirror 1,
and glue layer minus the power passed through the entire
active element. The latter value did not exceed 5% of the inci-
dent power. The delay between the pump and lasing pulses
was corrected taking into account the different lengths of the
used coaxial cables and different distances from the CPDs to
the radiation source. The laser radiation was filtered by TF-5
glass 10 mm thick, which completely cut off the pump radia-
tion. The radiation spectrum was recorded by an MDR-4
monochromator equipped with a linear CCD array.

Lasing in other structures was observed at wavelengths of 519
and 537 nm.

Figure 5 shows the oscillograms of pump and microcavity
laser pulses at a peak pump power /, ~ 1 MW cm2, as well as
of the structure without mirrors at 7, ~ 2 kW cm2. The
FWHM of the pump pulse was ~ 8 ns, and the laser pulse
FWHM was approximately 4 ns. The laser pulse maximum
almost coincided with to the pump pulse maximum. The
spontaneous emission pulse was shifted from the pump pulse
and demonstrated a close-to-exponential decay with a charac-
teristic time of 9.5 ns.
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Figure 3. Optical scheme of the laser.

3. Experimental results and discussion

Figure 4 shows the emission spectra of the M-76 structure
with a microcavity and without mirrors at different pump
levels.
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Figure 4. Emission spectra of the M-76 structure ( /) with a microcavity
and (2) without mirrors at different pump levels: (I) subthreshold, (II)
threshold, and (III) above threshold.

With increasing pump level, the spontaneous emission
spectrum shifts to short wavelengths, which is typical for
type-II heterostructures [15, 19]. The microcavity is actually a
filter for spontaneous emission and transmits its only in eigen-
modes. Because of this, the microcavity spectrum at low
pump levels contains only one mode peaking near 545 nm. At
a higher pump level, spontaneous emission can yield two
modes, near 545 and 515 nm. The lasing threshold is achieved
for the mode peaking at 515 nm. Above the threshold, lasing
is observed in a narrow line with a maximum at 514 nm and a
full width at half maximum (FWHM) smaller than 1 nm.
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Figure 5. Oscillograms of a pump pulse, a microcavity laser pulse upon
peak pump intensity I, ~ | MW cm 2, and a pulse of the structure with-
out mirrors at 7, ~ 2 kW cm~2 on a logarithmic scale. The straight line
corresponds to the exponential luminescence decay with a characteristic
time of 9.5 ns.

The dependence of the laser pulse peak power emitted
from the free microcavity surface on the incident pump power
is presented in Fig. 6. The excited region diameter was
~0.5 mm. At a diameter smaller than 0.5 mm and the maxi-
mum pump power, we observed catastrophic degradation of
the structure. The maximum laser peak power was 3.9 W. In
this case, the power emitted from the sapphire substrate was
3.3 W. The total laser peak power was 7.2 W at a pump pulse
peak power of 2195 W. The lasing threshold determined from
the linear approximation of the dependence of the laser power
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Figure 6. Dependence of the peak laser pulse power on the incident
peak pump power.
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on the pump power was 154 W. From this, the laser slope
efficiency was estimated to be 0.35%. As the excitation spot
size decreased to 300 um and lower pump powers, the effi-
ciency increases to 0.6%. We think that the main reason for
the rather low laser efficiency is the amplified spontaneous
emission propagating along the structure.

Figure 7a shows a photograph of the near-field laser spot
at a small excess over the lasing threshold. One can see that
lasing occurs in separate points with cross sections below
10 um. These points are spatially incoherent with each other
and correspond to independent lasers. The lasing threshold
corresponding to the appearance of bright points in the near-
field zone is ~100 kW cm™.

The far-field intensity distribution of such lasers is axi-
ally symmetric with a characteristic angular divergence of
10°. This distribution photographed with a digital camera
without objective at a distance of 10 cm from the structure is
shown in Fig. 7c. However, in addition to the laser radia-
tion, we observe intense amplified spontaneous emission
propagating at a large angle to the normal to the microcav-
ity. This emission was recorded on a paper sheet at a dis-
tance of 2 mm from the microcavity surface (Fig. 7b). The
central spot size corresponds to the laser beam divergence,
and the halo around this spot is caused by spontaneous
emission. The spontaneous emission power is comparable to
the laser power.

An additional evidence of the influence of amplified spon-
taneous emission on the laser efficiency is that the pump-to-
laser power conversion efficiency increases in the case of
transverse pumping of the structure. In these experiments, the
upper microcavity mirror was etched away with hydrofluoric
acid. The cavity was formed by the cleavages appeared as a
result of aforementioned cracking of the structure. A photo-
graph of the near-field radiation of the cracked structure
excited by a pump beam ~1.5 mm in diameter is presented in
Fig. 8a. One can see that intense radiation is emitted from
cleavages in the region of excitation.

Figure 8b presents a photograph of an emitting active ele-
ment excited by a nitrogen laser. The active element is
mounted on a sapphire disc 20 mm in diameter, whose sur-
faces are perpendicular to the photograph plane. The struc-
ture is mounted on the right side of the disk, and pumping
occurs from the left through the sapphire disc. Behind the
disc, a white paper sheet is placed parallel to the normal to the
sapphire disk. On this sheet, one can observe the laser radia-
tion under transverse pumping. The maximum measured
power in one direction exceeded 35 W. Assuming that the
power in the opposite direction is approximately the same, we
obtain the laser efficiency to be about 3.5%, which is an order
of magnitude higher than in the case of longitudinal pumping.

Figure 9 shows the spectra of transversely optically
pumped lasers based on two different structures.

1 mm

Figure 7. Photographs of the (a) near-field laser spot, (b) microcavity radiation pattern on a paper sheet placed at a distance of 2 mm from the

microcavity surface, and (c) far-field laser radiation intensity distribution.

Figure 8. Photographs of (a) the near-field radiation of the transversely optically pumped laser and (b) emitting active element (the structure is
mounted on the right surface of the sapphire disc; the pump beam is incident from the left through sapphire; the transversely pumped laser radiation
is observed on a paper sheet placed behind the sapphire disc parallel to the normal to the disc).
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Figure 9. Spectral of transversely optically pumped lasers based on the
M-59 and M-79 structures.

4. Conclusions

We fabricated for the first time a green semiconductor laser
based on the type-II CdS/ZnSe/ZnSSe nanoheterostructure
operating with both longitudinal and transverse pumping of
the microcavity by a nitrogen laser. The investigation results
show that, despite the type II band offset, the studied hetero-
structure is promising for developing optically pumped green
semiconductor lasers. The output power in the case of longi-
tudinal pumping of the microcavity exceeded 7 W. The low
laser efficiency (0.35%) in this geometry is related to the para-
sitic amplification of spontaneous emission along the struc-
ture. The laser power and efficiency increase by an order of
magnitude in the case of transverse pumping of the structure.
Further increase in these parameters can be achieved by
improving the heterostructure quality and optimising the
pumping conditions and the cavity parameters.
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