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Low-threshold electron-beam-pumped green
quantum-well heterostructure semiconductor lasers

M.M. Zverev, D.V. Peregoudov, I.V. Sedova, S.V. Sorokin, S.V. Ivanov, P.S. Kop’ev

Abstract.  The parameters of 494—555-nm Cd(Zn)Se/
ZnMgSSe green lasers with differently designed active
regions pumped by a 8-30-keV electron beam are studied.
The minimum threshold current density (0.6—0.8 A cm > at
room temperature) is obtained for a structure with the active
region consisting of a ZnSe quantum well with a CdSe
fractional monolayer insertion.
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Although electron-beam-pumped semiconductor lasers [1]
have been known for more than three decades, they have
not still been in wide use. This is explained mainly by the
high threshold pump-power density, the high voltage, and
cryogenic cooling, which is often used to provide the
operation of such lasers. The limiting values of the pulse
and mean power in electron-beam-pumped semiconductor
lasers were obtained for the structures in which single
crystals were used as active media. A considerable decrease
in the threshold current density and the operating energy of
the electron beam can be expected when using hetero-
structures similar to those widespread in injection lasers.
Zinc-selenide-based structures are most suitable for the
blue—green spectral region. The possibilities of using them
in electron-beam-pumped lasers were studied insufficiently.

The use of epitaxial ZnSe films on ZnS substrates for
electron-beam-pumped lasers was first reported in [2, 3].
The transverse pumping by a 50-keV electron beam [3]
resulted in lasing with a threshold current density of 4.5 Ax
em 2 (T~ 80 K) and 42 A cm 2 (T'= 300 K). In cooled
(80 K) and transversely pumped lasers on ZnSe films grown
on GaAs substrates using the method of metalorganic
chemical vapour deposition, a threshold current density
of 3.5 A cm~? was achieved upon pumping by 30—45-keV
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electrons [4]. Lasing was attained on ZnSe films and a ZnSe/
ZnSSe superlattice grown by the molecular beam epitaxy
(MBE) method [5]. The threshold current density obtained
in these lasers at room temperature was 5 and 12 A cm 2,
respectively (35-keV transverse pumping). By using multi-
layer ZnCdSe/ZnSe quantum-well (QW) heterostructures in
lasers longitudinally pumped by a scanning electron beam,
an average output power of a few watts was achieved in a
quasi-cw mode at room temperature [6, 7]. The lasing
threshold was > 1 MW cm™? at an electron-beam energy
of 30—70 keV. The use of miniature field-emission electron
sources to pump QW lasers made it possible to achieve
lasing at beam energies of ~ 10 keV in the IR region at
room temperature [8] and in the blue—green region for
samples cooled to cryogenic temperatures [9].

Due to deep cryogenic cooling (down to 20 K), an
extremely low threshold pump-energy density of 450 Wx
cm 2 was achieved for a laser based on a ZnCdSe QW and
pumped by a 5-keV electron beam [10,11]. QW hetero-
structures based on ZnSe with a short-period superlattice
(SL) were used as waveguides and allowed us to obtain
lasing in blue — green lasers at a threshold current density of
~3-35A cm’z, electron-beam energies of 15-30 keV,
and room temperature [12, 13].

This paper presents the results of studying lasing proper-
ties of electron-beam-pumped Cd(Zn)Se/ZnMgSSe hetero-
structures with various types of the active region.

(Zn, Mg)(S, Se) structures for electron-pumped lasers
were grown pseudomorphously on GaAs (001) substrates at
T =270 —-280°C by the MBE method. These structures
contain lower and upper ZngoMg Sy 15S¢pgs cladding
layers with thicknesses # = 0.7 and 0.1—-0.2 um, respec-
tively, a symmetric waveguide in the form of a lattice with
layers 15 A-ZnSy 14S¢.s6 /18 A-ZnSe with a total thickness
of 0.2 um, and the active region in the form of an ordinary
isolated ZnCdSe QW (a first-type structure) or a ZnSe QW
with a depth of 10 nm (a second-type structure) containing a
CdSe fractional monolayer insertion at its centre (Fig. 1).
When being deposited on the ZnSe surface, the CdSe layer
with a nominal thickness of 2.5 monolayers is transformed
into an array of self-organising CdSe-enriched nanoislands
(quantum disks). This is caused by an elastic relaxation of
stresses due to the lattice parameter mismatch (Aa/a ~
7%). Lasing with the extremely low threshold pump
power density (~4 kW cm™) was attained earlier in
optically pumped lasers based on such structures [14].
Specific features of growing the active region on the basis
of CdSe quantum disks by the MBE method are described in
detail in [15].
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Figure 1. Scheme of a semiconductor structure and a ZnSe quantum well Electron energy/kV

with a CdSe fractional monolayer insertion.

The use of an alternately stressed short-period super-
lattice makes it possible to increase the electron confinement
for holes at an optimal optical confinement, to improve the
efficiency of carrier collection and the resistance of the entire
structure to mechanical stresses, and to protect the active
region against penetration and development of extended and
point defects [16].

All measurements were performed at room temperature
under transverse excitation without depositing a reflecting
coating on the crystal faces. The diameter of the pump
pulsed electron beam could be varied in the sample plane. Its
minimum size was 0.3 mm. The electron energy could be
varied from 8 to 30 keV, and the pump pulse duration was
~ 50 ns at a pulse repetition rate of < 10 Hz. The lasing
spectra were recorded with a linear CCD array, which was
fixed at the exit of an MDR-2 monochromator. A calibrated
coaxial FEK-22 photocell was used to measure the light-
pulse profile and the lasing power. The lasing threshold was
determined visually as the appearance of a bright lumines-
cent point at the sample end accompanied by a sharply
narrowed radiation pattern.

The threshold current density as a function of the
electron-beam energy at different resonator lengths was
measured for various structures.

When the electron-beam energy changes from 30 to
8 keV, the threshold current density initially falls and
reaches a minimum at energies of 15-20 keV and then
begins to increase with a further decrease in the beam energy
(Fig. 2). The minimum threshold current density (0.6—
0.8 A cm_z) was obtained for the second-type structure
(L=135mm) at a beam energy of 15—18 keV and a
threshold power density of ~ 10 kW cm 2.

The maximum pulsed output power was 9 W. As the
pump power increased after the maximum output power
had been achieved, a decrease in the latter was observed,
which was evidently caused by a damage in the semi-
conductor structure. For an output power of ~ 0.5 W
(U=20kV) and a pulse repetition rate of 10 Hz, the
former remained unchanged for 30 min. In our experimental
setup, the maximum current from the electron gun falls with
a decrease in the accelerating voltage, and the output lasing
power also depends on the electron-beam energy. For an
accelerating voltage U = 8 kV, the maximum output pulse
power was 0.2 W.

The maximum lasing efficiency defined as the ratio of the
output power emerging through one face to the power of the
pump electron beam was < 1.6 % for all structures and was
reached at electron-beam energies of 17—21 keV. Note that

Figure 2. Threshold current density as a function of the electron-beam
energy for second-type (7, 2, 4) and first-type (3) semiconductor struc-
tures at #=10.1 (/, 2, 3) and 0.2 pm (4) and 2L = 1.35 (1), 0.95 (2),
0.5(3), and 0.62 mm (4).

a considerable fraction of the electron beam was lost in the
substrate, since the electron-beam penetration depth into the
ZnSe crystal at such energies is ~ 1 — 1.5 um [17], which far
exceeds the distance from the active region to the sample
surface (0.2 pm) in the structures studied by us. In order to
utilise the pump energy more efficiently, the structure must
be fitted more precisely to the electron-beam energy. As the
latter decreases resulting in a decrease in the depth of the
excited region, the role of the pump-energy losses in the
structure’s outer layers that face its surface becomes more
significant. When the thickness 4 of the upper cladding
decreases from 0.2 to 0.1 um, the electron-beam energy at
which the minimum threshold current density is observed
falls from 18-20 to 15-16 keV. Thus, using thicker
structures with thinner surface layers can increase the lasing
efficiency.

The lasing wavelength for different structures lies
between 494 and 555 nm, and the linewidth is 2—3 nm
(Fig. 3). For each structure, the wavelength at the peak of
the emission line varies depending on the electron-beam
energy and the resonator length.

The laser radiation pattern is highly asymmetric. The
divergence is > 30° in the plane passing through the axes of
the electron beam and laser resonator. In the plane of the
semiconductor structure, the far-field distribution was quite
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Figure 3. Generation spectra of lasers on first-type (1, 2, 6) and second-
type (3, 4, 5) semiconductor structures.
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complex and consisted of a large number of narrow peaks.
The mean half-width of the radiation pattern for most of
samples was 2°—5° (depending on the pump and resonator
parameters).

Hence, the use of ZnSe-based QW heterostructures with
a SL waveguide, which are pumped by an electron-beam
energy of 8—30 keV, allows lasing to be realised in the
blue—green region at room temperature. The minimum
threshold beam-current density (0.6—0.8 A cm™2) was
observed for a structure with a CdSe fractional monolayer
insertion. The low threshold electron-beam-current densities
obtained experimentally at moderate accelerating voltages
and room temperature make it possible to create compact
sealed-off devices — electron-beam-pumped lasers.
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