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Excitation density distribution in electron-beam-pumped

Z.nSe semiconductor lasers
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O.N. Petrushin, Yu.A. Savel’ev, I.V. Sedova, S.V. Sorokin, M.D. Tarasov, Yu.S. Shigaev

Abstract. The spatial density distribution of the absorbed
energy in ZnSe semiconductor lasers excited by electrons
with energies from 2 keV to 1 MeV is calculated by the
Monte-Carlo method. Approximate analytic expressions
determining the absorbed energy of electrons in ZnSe are
presented. The pump power threshold in a semiconductor
quantum-well ZnSe structure is experimentally determined.
The lasing threshold in such structures is estimated as a
function of the electron energy.
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Electron-beam-pumped semiconductor lasers allow obtain-
ing monochromatic light in a broad spectral range [1]. Until
now they have been fabricated from semiconductor single
crystals and electron beams with the energy E, = 250 — 300
keV have been used to obtain high-power pulsed radiation
[2]. In projection devices based on these lasers, E, was 50—
70 keV [3, 4] and the current density I of electrons was
I>10 A cm 2.

One of the reasons limiting the application of electron-
beam-pumped semiconductor lasers is the high value of E
and the associated bremsstrahlung, whose intensity is
J  EZI[5]. Due to advances in the technology of producing
quantum-well (QW) laser structures [6—9], the lasing thresh-
old has been considerably decreased with respect to the
quantities E, and I to the absolute safety level. Miniature
electron-beam-pumped semiconductor lasers operating at
Ey = 10 keV have been manufactured [6, 7]. A record low
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threshold current density I, = 04 —0.5 Acm > was
achieved at room temperature and E, =8 — 10 keV in
structures with a waveguide in the form of a superlattice
and active region consisting of QWs with a fractional
monolayer insertion of nanoislands enriched with CdSe
[8, 9]. Due to the use of quantum-well multilayer structures
in longitudinally-electron-beam-pumped scan lasers, the
output power of several Watts was achieved and the
working energy was decreased to 30—40 keV at room
temperature [10, 11].

To increase the efficiency of electron-beam-pumped
semiconductor lasers, its multilayer structure should be
matched to the density distribution dE/dx of the absorbed
energy of an electron beam dE/dx over the depth of the
material. At the same time, unlike GaAs and CdS [1, 12],
reliable results on the distribution dE/dx for ZnSe are
scarce. Thus, for example, distributions d£/dx are presented
in relative units with respect to the excitation intensity in
papers [13, 14]. These data are inconsistent with the
experimental dependences of the cathode luminescence
intensity on the electron energy [15] and significantly differ
from those obtained in this paper.

The aim of this work is to refine the dependence
dE/dx = f(E,) and estimate the relation between I; and
dE/dx. In calculations and experiments, we used the same
structure (Fig. 1) as in paper [9]. The 10-keV electron mean
free path in ZnSe is fractions of microns. The experimental
measurement of dE/dx for electrons with this energy
presents some difficulties. Hence, to elucidate the depend-
ence Iy, =f(Ey) in quantum-well electron-beam-pumped
semiconductor lasers, the method is proposed for comparing
experimental results on the excitation of these lasers by
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Figure 1. Scheme of a semiconductor structure: E, is the energy gap
width; e” is the electron beam; PL is the protective layer; SL is the
superlattice; QW is the quantum well; FMI is the fractional monolayer
insertion.
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electrons with a considerably higher energy E, with the
calculations based on a reliable mathematic model, which
makes it possible to determine experimentally the depend-
ence dE/dx.

In experiments we used an accelerator arranged accord-
ing to the scheme in [16], which allowed us to obtain
electron pulses with the current density 7 up to 1 kA cm™>
and the current pulse FWHM ¢;,5 =2.5 ns behind the
accelerating tube window for the electron energy up to
0.4 MeV and the average electron energy Ej ~ 0.3 MeV in
the spectrum.

The electron-beam-pumped semiconductor laser under
study (Fig. 2) is mounted on a copper substrate with a 0.25-
mm gap between 0.4-mm-thick copper plates, which are
non-transparent for electrons. Transverse pumping geom-
etry was used. Light from a Fabry—Perot resonator
obtained by the cleavage method was focused on the input
face of a step multimode silica—polymer optical fibre
connected to the SNFT-8M photomultiplier with a nano-
second time resolution. A small-size Faraday cylinder
measuring the current density and a calorimeter [17]
from foil chromel—copel thermocouples detecting the
dE/dx distribution in the material of this laser were placed
near the laser. The average atomic number of the thermo-
couple material is Z = 28. The total thickness of each pair of
the plates in the weld region was 7 um and their average
mass thickness x was 58 mg cm 2. The accelerator electrons
with the energy E; =0.03 — 0.4 MeV penetrated to the
depth of the calorimeter plates and the semiconductor
material x =850 mg cm > (Fig. 3). In this case, for the
first values of x (x < 116 mg cm ™) corresponding to the
penetration depth of up to 14 um, the distribution dE/dx
was virtually uniform. Knowing the current pulse FWHM,
we can determine the electron-beam power absorbed in the
semiconductor. The electron current density in the sample
plane decreased in vacuum with increasing the distance from
the accelerating tube window.

The interaction of electrons with E, > 0.002 MeV was
calculated by using the Monte-Carlo method according to
the second version of the ELISA program [18]. The previous
version of this program has been used for a long time in
similar calculations with Ey > 0.01 MeV [12]. The second
version of the ELISA program is based on new libraries of
interaction cross sections of 7y quanta, electrons, and
positrons with the matter, including new data on relaxation
of atomic shells. These libraries were developed based on the

Figure 2. Scheme of the experiment: (/) electron-beam-pumped semi-
conductor laser; (2) copper substrate; (3) copper plates; (4) Faraday
cylinder; (5) calorimeter; (6) lens; ( 7) optical fibre.
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Figure 3. Distribution of the absorbed energy of the electron beam with
the current density / = 5.3 A cm ™ in the calorimeter.

EPDL92 and EPDL97 libraries (y quanta) [19, 20], EEDL92
(electrons) [21] and EADL9?2 libraries (relaxation of atomic
shells) [22] distributed by the International Atomic Energy
Agency [23] and on data for electrons and positrons from
the literature.

The method itself was verified by comparing calculated
values of dE/dx in air and in Al, Cu, Au and Pb samples
with the experimental materials [24—27] for monoenergetic
electrons with Ej from 0.02 to 1 MeV. In all the cases, a part
of which is presented in [12], the calculated and experimental
results coincided within +5 % —15 %.

The main part of the semiconductor structure (Fig. 1)
consists of ZnSe (Z = 32) and ZnSSe (Z = 26.7). Calcu-
lations show that at low electron energies (£, = 0.002 MeV),
the quantity dE/dx in the distribution maximum of ZnSSe is
10 % higher than that of ZnSe. When E, is increased, this
discrepancy decreases significantly and for E, = 0.03 MeV it
is less than 5%. Based on this assumption, the absorbed
energy of electrons within the structure containing ZnSe was
calculated by assuming that it consists of pure ZnSe. The
quatity of x was measured in g cm 2, which was previously
used in calculations of dE/dx by the Monte-Carlo method
[28, 29]. To convert the quantity x in centimetres, it is
sufficient to divide it by the density in g cm >, which for
various semiconductor structures can noticeably differ from
the density of the ZnSe single crystal [30].

The distributions dE/dx calculated by using a PC for
0.002 — 0.030-MeV electrons incident along the normal to
the surface of the semiconductor plate are shown in Fig. 4.

After approximations, we obtained that dE/dx can be
represented in the same form as in paper [1]:

dE/dx = (dE/dx)pa, f(S)s M

where (dE/dx) are the energy losses in the distribution
maximum; ¢ = x/xg; x is the material depth from the
semiconductor surface; x; is the quantity proportional to
the free mean path of electrons; f(£) is the density
approximation of the energy losses normalised to unity.
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% 120 where I, (in A cm™?) is the current density of electrons
20 incident along the normal to the surface of the semi-
= conductor material; P, is expressed in W g’l.

; 2 The experiments with the accelerator (Fig. 5) showed
ﬁ 20 3 that the lasing threshold of this structure depended on the
LQTX 4 resonator length L, which indicates the smallness of non-
= resonator losses of light. For L =0.88 mm the lasing
40 5 threshold 7,4 was 5.34+0.8 A cm 2, which corresponds
to the specific energy along the entire depth of the structure
(up to the GaAs substrate) Ey = 5.1 x 1072 +£0.8 x 1072
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Figure 4. Distribution of energy losses over the ZnSe depth for ~ pumped semiconductor laser on the pump current density for the

Ey = 0.002 (1), 0.003 (2), 0.005 (3), 0.007 (4), 0.009 (5), 0.012 (6),
0.018 (7), 0.024 (8) and 0.030 MeV (9).

The quantities entering Eqn (1) were found by using the
method of least squares for 0.002 < E; < 0.03 MeV with the
deviation of no more than +5% from the calculation:

(dE/dx), . = 2.0981E, *6%33, 2)

max

where (dE/dx),,,, is expressed in MeV cm 2 (g electron) ™!
and E, — in MeV,

£(&) =0.52exp (13.94¢ — 93187 + 2067 — 184¢%), (3)

x§ = Ey[0.28(dE/dx) 0] " [1 = (By+3)7"] “)

(xg is taken in g cm™2).
For the electron energies 0.03 < Ey <1 MeV, the
approximation

(dE/dx).. = 0.96E; "% +238 (5)

max
is used instead of (2).

Expressions (1)—(5) allow one to determine the distri-
bution of the absorbed electron energy in ZnSe without
high-power PCs with special software.

By using the above approximation, the pump power
distribution with respect to the crystal depth will be written
in the form:

resonator length L = 0.52 (1) and 0.88 mm (2).

Taking (6) into account, we will calculate to what pump
current density by a monoenergetic electron beam, the
average value Py =2 x 10 W g! corresponds in the
region whose boundaries are determined by the superlattice

(Fig. 1):

S () AP .
plh:TﬁJ (dE/dx),. f()dx. )

R

Here, (for the material density p =527 gem™>) Ax =
3.12x 107* gem™2 is the material thickness occupied by
SL+QW+FMI (Fig. 1); x;, =1.05x 107 gem 2 is the
coordinate of the SL beginning (after the protective 20-nm-
thick layer); x, = 3.32 x 107 g em™> is the coordinate of
the SL end.

According to calculations (Fig. 6), the minimal threshold
current density I,;, =0.7 A cm ™’ necessary to obtain
Py =2x 107 W g_1 corresponds to the electron energy
Ey =0.015 MeV. The increase in the density /4 in the
region of lower electron energies is determined by losses in
the protective layer and its increase in the region of higher
electron energies is related to the decrease in (dE/dx) .-
The calculated threshold current density for the energy
Ey =0.015 MeV agrees satisfactorily with the experimental
quantities [8, 9]. For the electron energy E, = 0.3 MeV,
which is equal to the average electron energy in the
accelerator spectrum, I, =8 A cm > (Fig. 6). The dis-
crepancy with the experimental value (5.3 £ 0.8 A cm™2) is
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Figure 6. Calculated dependence of the threshold current density on the
electron energy.

determined, first of all, by the presence of low-energy
electrons in the accelerator spectrum.

Thus, the E, dependence of the threshold current density
of highly-efficient quantum-well electron-beam-pumped
semiconductor lasers is determined, first of all, by the
spatial distribution of the pump energy. To determine
accurately the excitation density for low values of Ej, it
is necessary to take into account the diffusion of non-
equilibrium carriers, which can change the initial
distributions dE/dx. The effect of the carrier diffusion
will be significant if the diffusion length is comparable
with the penetration depth of electrons into the structure.
The diffusion length in ZnSe structures is ~0.5 pum
(2.6 x 107" gem™?) [31]. In this case, it is necessary to
take into account the carrier diffusion if the pump electron
energy does not exceed 10—20 keV. Then, the above
expressions can be used as initial ones. For higher pump
electron energies, the presented results can be directly used
to estimate the threshold parameters and dimensions of
semiconductor structures made of materials close to ZnSe in
their average atomic number.
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