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For asymmetric multiple-quantum-well heterostructures based on Ga;.,InAs,Sb; /Al,Ga;. As,Sb.,
semiconductors it is shown that a wide and almost flat waveguide gain spectrum can be obtained over the 2.3-2.84
pm spectral range. Main attention is devoted to the results obtained under study of spectral characteristics of two-,
three- and four- quantum-well structures with active region layers of different widths. Numerical simulation for band
diagrams of the active region and shape of the waveguide gain spectra are performed.
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Introduction are presented.

The GaSb-based quaternary semiconductor alloys
are important materials for lasers emitting in the spectral
range 2-5 pum for trace gas sensing, molecular
spectroscopy, night vision, as well as medical
applications [1, 2]. These structures are also perspective
for long-wavelength photodetectors [3] and
thermophotovoltaic applications. On the basis of
asymmetric ~ multiple quantum  well  (QW)
heterostructures with inhomogeneous excitation of
quantum wells it is possible to realize wide and nearly
flat gain spectra [4-7]. The main principals of
engineering of such structures for GaAs/AlGaAs
semiconductor system were shown in the papers [4-6].

In the present work results of numerical simulation
of energy band diagrams and gain spectra for the
asymmetric quantum well heterostructures based on
Gay 6Ing 40AS0.36Sb 64/ Al 35Gag 65A50,03Sboo7  compound

I. Theoretical Consideration

In quantum well heterostructures generation wavelength
corresponding to the interband optical transitions
depends on the width and component composition of the
active and barrier layers, as well as on excitation level
of semiconductor. Usually gain coefficient is calculated
in model of direct optical transitions in view of
polarization dependence of probability of interband
optical transition and taking into account spectral
broadening of emission lines due to finiteness of the
intrasubband carrier relaxation time [8]. For a QW with
the width d, the gain coefficient K at the frequency v is
described by the relation [8, 9]

A E_ —AF
K(v)= ol m. || 1-exp| =~— | |f.(E_)f. (E. . )a.(E )L(hv—E_)dE_ , 1
0= 3T 1o B2 () (B0 L v, ), )
where f, and f; are the Fermi-Dirac distribution functions m, m, m,
for electrons end holes, E,,; and E,,; are the energies of Eni=E,+ (hv - Eg)+ m. E., _;Evin’
the subband levels associated with direct optical ¢ e ¢ )
transitions Evni = EVO + mri (hV _Eg)+&Ecn - mri Evin!
vil mviL c

E ., u E,, —conduction-band bottom and valence band
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Table 1.

Input parameters for Gag ¢Ing 40As0365b¢ 64 and Aly35Gag ssAS 035bg 97 semiconductors

E, eV | AE,eV | AE, eV

mc/mo m;,/mo m,/mo mhi/mo m;L/I’I’Io

Gay 6Iny.40AS80365bo.64 0,369

0,033 0,289 0,030 0,039 0,092

Al() 35Ga0 65ASO 035b0 97 1,167 0,519 0,279

0,075 0,295 0,058

top energy, AF=F-F), is the quasi-Fermi level difference
between quasi-Fermi levels for electrons F, and holes F,
v is the velocity of light in the crystal, p is the mode
density of electromagnetic field, m,,=m.m,; /(m.+m,;)
are the reduced masses containing transverse effective
masses for heavy (i=h) and light (i=[) holes, L(hv-E.,) —
Gaussian function which define the shape of the emission
line. The summation in (1) is made with respect to the
quantum number n and states of heavy and light holes
(i=h, ). Integration in (1) is performed within the limits
of the energy /v,;, from which optical transitions begin
for subbands with the quantum number #, to the energy
equal to the band gap in emitters.

Energy levels subbands in quantum well are given as
follows [10]:

)
m EOO Kd,, _1\n+l
Ecv,n :E:i/,nnz n+g S eKd +( 1)n+1 ’ (3)
t\m, U, e (1)

where k = \/2mcv‘b (U0 -E. . ) / i, U, is potential barrier

height, » is the quantum numbers of subbands, m,, and
mey,, are the effective masses for electrons (cv=c), heavy
(cv=h) and light (cv=I) holes in quantum wells and
barrier layers correspondingly, d and d, are the
thicknesses of the quantum wells and barrier layers,

Ly

cv,n T 2
2m,

in case of infinite potential barriers height.

Thus the radiation is not entirely localized in the
active layers because of their small thicknesses, we
calculated the waveguide gain g(hv) =TK(v), where I’
is the optical confinement factor. The optical
confinement factor for the j-th quantum well of
multilayer quantum well heterostructures for radiation of
the TE- and TM-polarization can be evaluated in
equivalent three-layer waveguide model [11]

2 1/2 2 2
SEROIE
d(e, —2,)\ & 2n
1—‘TM - 3/2 B
2 €, Sj ( 7\.)
do— 2 |& |5 (X~
d(e, &)\ & )\ & 2n

Radiation wavelength A is determined by narrow
band semiconductor energy gap width. As an effective

n’are define the energy levels subbands

Q)

active area permittivity ¢, use variables ¢, =d™' I e(z)dz
for the TE and ¢, =d’1j8’1(z)dz TM modes. Total
waveguide

gain of multilayer heterostructure on
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Fig. 1. (a) Distribution of doping impurity

concentrations in the laser diode with 2 QWs, (b)
Band diagram E(z) under the forward bias 0.51 " and
(¢) TE mode waveguide gain spectra g(A) for the
quantum well widths 10 (gj9) and 14 nm (g;4) and
total gain g,,. Fe and Fh are the electron and hole
quasi-Fermi levels, Ec and Ev are the conduction and
valence band edge energies.
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frequency v is set by expression
g(v):Zgj(v) :ZFJKJ(V)’ ®)
J ]

The basic equation system for -calculations of
electrophysical parameters of QW heterostructures
includes the Poisson and current continuity equations
defining electrostatic potential ¢ and electronic j, and
holes j, currents [10].

FoR0) e
=% (p—n+N,-N,
0z° €€, (p =N,
Jj .
—c — eR’ = n < . 6
0z Je = He 0z ©
i, : F
L _eR, — —n
0z B = HaP 0z

where n and p are electron and hole concentrations; N,
and N, are concentrations of ionized acceptors and

N, (10"8e¢m™?
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Fig.2. (a) Distribution of doping impurity

concentrations in the laser diode with 3 QWs, (b)
Band diagram E(z) under the forward bias 0.55 V" and
(¢) TE mode waveguide gain spectra g(A) for the
quantum well widths 9 (go), 10 (g19) and 14 nm (g4)
and total gain g,,,. Fe and Fh are the electron and hole
quasi-Fermi levels, Ec and Ev are the conduction and
valence band edge energies.
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donors; € — dielectric constant; R is the recombination
rate; L and L, are the electron and hole mobilities.

II. Results of the Numerical Calculations

To receive a flat spectrum of the gain in a wide
wavelength interval, the control of the excitation level of
each QWs is necessary. For obtaining the conditions of
non-uniform excitation of the active region, definite
doping of the barrier layers with donors and acceptors
must be accomplished [4-6]. We consider performances
of heterostructures with quantum wells of a different
width for which optical wave lengths transitions to levels
of heavy and light holes of different quantum wells will
be a little separated and cover all desired wave length
range.

The band diagrams and gain spectra of the

N, (10'8%c¢m™
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Fig.3. (a) Distribution of doping impurity

concentrations in the laser diode with 4 QWs, (b)
Band diagram E(z) under the forward bias 0.66 V and
(c) TE mode waveguide gain spectra g(A) for the
quantum well widths 7 (g7), 8 (gs), 10 (g1o) and
14 nm (g,4) and total gain g,,. Fe and Fh are the
electron and holes quasi-Fermi levels, Ec and Ev are
the conduction and valence band edge energies.
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asymmetric two-, three- and four-QW heterostructure is
shown in Figs. 1-3. For calculations values of the
effective energy band gap E,, effective masses of
electrons and holes for Gagglng40Aso36Sbogs and
Al 35Gag ¢5AS.03Sbg o7 semiconductors are taken from data
in[1, 2, 12] and presented in Table 1.

For the two-QW heterostructure we used QWs with
10 and 14 nm widths which amplify radiation near 2.57
and 2.76 um correspondingly. It is seen in Fig. 1 that the
waveguide gain spectrum is flat in 2.6-2.8 um range for
the loss coefficient equal to 40 cm™. The excitation level
of QWs is controlled by the width and doping of the
barrier layer between QWs.

If we add 9 nm QW for the three- QW
heterostructure and select excitation level to enhance
radiation near 2.48, 2.60 and 2.78 um for the 9, 10 and
l4nm QWs correspondingly, the waveguide gain
spectrum is flat near the 2.52-2.82 pum (See Fig. 2).

To achieve nearly flat gain spectrum for the four-
QW heterostructure we used QWs with 7, 8, 10 and
14 nm widths which amplifies radiation near 2.37, 2.48,

2.56, and 2.8 um correspondingly. It is seen in Fig. 3 that
the range of gain tuning for this structure reaches up to
540 nm. The waveguide gain spectrum is nearly flat on
the interval of 2.30-2.84 um with deviations less than
Scm™.

Thus, selecting the parameters of the barriers, QW
widths and the excitation levels in the
Ga, 4InAs,Sb;.,/AlyGa, As,Sby, asymmetric multiple-
quantum-well heterostructures with inhomogeneous
excitation of quantum wells it is possible to receive wide
and almost flat waveguide gain spectrum over the range
of 2.30-2.84 um. Described sources allow realizing
double- and multifrequency modules which can be used
for special purposes of coherent light spectroscopy,
chemical analysis, metrology, and environment
monitoring.

The authors are also thankful to Dr. A.A. Afonenko
for his attention in the work and grateful discussions.
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HIupoxui i I0CKUI XBUJIEBII — MiJICUJIEHHS CIEKTPY B ACMMETPHUYHIi

CKJIaJHIil KBaHTOBIM siMi rerepocTpykrypu Ga;In,As,Sb;.,/Al\Ga;(As,Sb;.,

binopyceruti depoicasnuil ynieepcumem, gyn. Hezaegicimocmi. 4, 220030, Binopyce, e-mail: ushakovdv@bsu.by

Jnst  acuMeTpuuHO! CKJIagHOI KBAaHTOBOI SIMM, CTBOPEHOI Ha TIe€TepOCTPYKTYpHHX HAMIBIIPOBIIHHKAX
Ga,In,As,Sb;.,/Al,Ga,; As,Sb,., moka3aHo, 10 MPHUPICT CHEKTpa IIHPOKO i IIOCKOTO XBHJIEBOLY MOXKeE OyTH
onepkanuii B obnacti 2,3-2,84 uM crexTpaipHUX JiHIA. ['0N0BHA yBara npUIUIAEThCS Pe3ysIbTaTaMi, OJepKaHUM
[IPY BUBUCHHI CIICKTPAIBHUX XapaKTEPUCTUK ABO-, TPHO- 1 YOTUPUPO3MIPHOI pO3MipHOi KBAHTOBOI SIMU 3 aKTHBHUMH
mrapaMu pisHOi mmpuHHU. [IpencraBieHo MaTeMaTW4HAa MOAETh Ul 30HHUX JiarpaM aKTHBHOI AUITHKH 1 GopMu
XBHJIEBOJHUX CIICKTPIB.
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