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Abstract—Spectral characteristics of atwo-section laser structure with &-doping active regions are studied the-
oretically. The wide range of tuning of the lasing wavelength is primarily related to specific characteristics of
the gain spectra of n-i—p-i crystals. the dependence of the effective band-gap width of the superlattice on the
level of excitation, the character of variation of the overlap integrals of the electron and hole wave functions,
and broadening of the electronic spectra due to fluctuations of the electrostatic potential. Depending on the
pumping currents in sections of the laser structure, the lasing wavelength can be tuned over a wide spectral
range of the IR region in regimes of cw lasing, the transient regime, and the regime of regular pulsations. In the
regime of self-sustaining pulsations, lasing isalso possible at two wavel engths spaced well apart. © 2003 MAIK

“ Nauka/lInterperiodica” .

INTRODUCTION

Systems of optical information processing and spec-
tral analysis need sources of laser emission tunableina
wide spectral range. Great possibilities for controlling
the emission wavelength are displayed by injection
lasers, which are convenient in operation [1]. In partic-
ular, laser diodes based on nonuniformly pumped
asymmetric quantum-well heterostructures made it
possible to realize quasi-cw spectral tuning of laser
emission to within 22 nm in the range of 8 um [2].
Wavelength tuning under nonuniform excitation of
multisection lasers is based on variation of the cavity
finesse, which entails a change in position of the gain
maximum.

In choosing parameters of asymmetric quantum-
well laser heterostructures, one can control, in a wide
range, the gain spectrum and, correspondingly, the tun-
ing curves of sources for diode laser spectroscopy [3].
Onthisbasis, one can also create new generators of reg-
ular light pulsesfor integral optics, rangefinding, detec-
tor calibration, monitoring of information storage, and
automatic control.

Dynamic tuning of the pulsed-laser emission spec-
trum (sweeping) is most efficient for active mediawith
wide, homogeneously broadened gain bands [4]. In
such cases, awide range of spectral tuning isensured at
high radiance of the laser emission with smooth varia-
tion of the integrated power. Sweep lasing has been
achieved in such active media as dye solutions [5] and
crystals with color centers [6]. Pulsed lasers based on
these active media, due to the short durations of lasing
(of the order of 10-1075 s), require rates of controlling
the selective-loss spectrum of the cavity that are higher

than 10° cm!/us. An increase in the rate of sweeping
and the search for new principles of dynamic tuning of
the lasing spectrum are also important from the view-
point of development of rapid methods of spectroscopic
measurements.

Among broadband laser systems are structures
based on doping superlattices, or n—i—p-i crystals [7,
8]. The power and spectral characteristics of these sys-
tems are readjusted due to transformation of the elec-
tronic spectrum in the process of excitation and emis-
sion [9]. Considerable opportunities arise under non-
uniform excitation of atwo-section laser structure with
a 0-doped n-i—p-i crystal [10-12]. In this paper, we
discuss various modes of operation of such lasers and
analyze the laser wavelength-sweeping process in a
wide range of the IR spectrum.

TUNING OF THE GAIN SPECTRUM

Tuning of the energy and spectral characteristicsin
doping semiconductor superlattices is mainly condi-
tioned by variations of the depth of the potential relief
(2AV) and, correspondingly, the effective width of the

band gap (E, ) with increasing excitation power. Thus,

to achieve awidetuning range, it is necessary to choose
structures with high values of 2AV and short superlat-
tice periods. The values of 2AV in d-doping n—i—p-i-
crystals, compared with ordinary doping superlattices
(with the same periods), are larger [7, 8]. In addition,
due to the larger overlap of electron and hole wave
functionsin the structures with d-doping layers, afairly
high gain may be achieved at relatively low levels of
excitation of the crystal [13, 14].
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Fig. 1. Thedoping profiles Ny(2) and N4(2) (a) and band dia-

gram (b) of a GaAs-based &-doping superlattice. Also
shown are the energy levels of electrons and heavy holes, as
well as the band edges of the emitters E. and E,, .
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Fig. 2. The gain spectrain the first r k;(A) (1) and second
I,k (M) (2) sections and the spectra of the total gain k(\)
(3) forr; =0.7 and r, = 0.3 and different two-dimensional
electron concentrations: (a) n,; =8.2 x 1012 cm2, ny = 0.5 x
102 cm™2and (b) Ny = ny = 4.9 x 10'2 cm 2.

Now consider a GaAs-based four-period &-doping
n-i—p—i superlattice with equal surface concentrations
of donor and acceptor impurities (Nyd, = N,d, = 10'3
cm~2) and with an undoped region with width d, =9 nm.
The band diagram of such a structure is shown sche-
matically in Fig. 1. The superlattice period is of the
order of d=d, +d, + 2d, =20 nm. In the |aser structure,
two nonuniformly excited sections can be distin-
guished, with one (or both) of them being capable of
amplifying the light.

The calculation of the potentia-energy profile,
guantum-dimensional energy levels, and wave func-
tions of electrons and holes was performed by solving
numerically and self-consistently the Schrodinger and
Poisson equations with allowance for charge-carrier
screening effects, band-gap narrowing, and impurity
density fluctuations[9]. The gain spectrum and the rate
of spontaneous radiative recombination were calcu-
lated using the model of direct transitions and Gaussian
tails of the density of states. The procedure of account-
ing for the effects of broadening of the electronic spec-
trum and cal cul ation of the emission spectra of the dop-
ing superlattices is described in more detail in [15].
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The tuning range of the lasing wavelength for a
given gain at the maximum of the resulting gain spec-
trum k(M) of atwo-section laser depends on the values
of therdlative lengths of the nonuniformly excited parts
of the activeregionr, andr, (r, +r, = 1),

K(A) = rika(A) + 12K (M),

wherek, and k, are the gain factors of the first and sec-
ond sections. In this case, the resulting gain factor k(A)
at the maximum of the gain spectrum should be equal,
in the cw lasing mode, to the loss factor k;.

Figure 2 shows the gain spectra at different levels of
excitation of the laser structure [10]. For a given loss
factor, the greatest lasing wavelength is reached at
equal two-dimensional electron densities n; and n,,
respectively, in the first and second sections of the
structure (Fig. 2b). In this case, the light isamplified in
both laser sections. As the electron concentration in the
amplifying section increases, the excitation level of the
second section [to meet the threshold condition
K..x(A) = k; should become |ower and the wavelength at
the maximum of the resulting gain spectrum decreases.

The tuning range of the emission wavelength islim-
ited by the greatest admissible value of the density of
theinjection current j ... in theamplifying section of the
diode. For a specified j .., a greater tuning range of the
emission wavelength can be achieved by increasing the
length of the amplifying section [10]. As seen from
Fig. 3a, for j,,..« =300 A/cm? withr, = 0.5, 0.6, and 0.7,
the tuning range equals 33, 48, and 63 nm, respectively.

It is noteworthy that, at large values of r, for tuning
the maximum of the gain spectrum toward shorter
wavelengths, the excitation levels of the absorbing sec-
tion should be sufficiently low and, correspondingly,
the radiative lifetimes of nonequilibrium current carri-
ers prove to be rather long (up to 1 ps and longer;
Fig. 3b). In this case, the lasing is achieved at low den-
sities of the pumping current in the absorbing section of
the diode (below 0.1 A/cm?). To eliminate the effects of
saturation in the absorbing section and the subsequent
changes in the gain spectrum, it is necessary to reduce
the effective lifetime of the nonequilibrium carriersin
this section with a corresponding increase in the cur-
rent.

This can be done by introducing additional struc-
tural defects through ion implantation or irradiation by
fast particles [16]. Heavy-ion irradiation renders the
material amorphous along the ion tracks and, at small
irradiation doses, createsin the semiconductor matrices
local regions with a sufficiently high nonradiative
recombination rate. In particular, the irradiation of
GaAswith high-energy oxygenions creates an efficient
channel of nonradiative recombination, which
decreasesthe electron lifetime down to several picosec-
onds for irradiation doses above 10'2 cm= [17, 18]. It
has also been noted that implantation does not notice-
ably change the structure and shape of luminescence
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bands and does not induce new emission lines. How-
ever, irradiation by electrons affects the photolumines-
cence spectra of GaAs [19]. A decrease in the current-
carrier lifetime in atwo-section laser diode can aso be
achieved at a sufficiently high potential gradient [20].

THE STABILITY OF STEADY-STATE
LASING

The lasing dynamics of a two-component injection
laser, with emission that propagates aong the
waveguide part of the structure passing successively
through regions of the active layer with different levels
of excitation, is described, in the single-mode approxi-
mation, by the following system of rate equations [21]:

dn, _ j; R
dt —ed n, VGiS
dn, _ j, R,
dt - ed nz VgGZSv (1)
ds _
gt Vo(riGy +1,G,—k)S+B(r Ry +1,R,),

where j, and j, are the current densities; R, and R, are
the rates of spontaneous recombination; n, and n, are
the quantum yields of luminescencein sections / and 2;
Vg is the group velocity of light in the crystal; G, =
k/(1+¢,S and G, = k)/(1 + &,5) arethe mode gain and
absorption coefficients in the corresponding sections,
respectively; €, and €, are the parameters of nonlinear
gain and absorption, respectively; and [ takes into
account the contribution of spontaneous transitions to
the lasing mode. The photon density Sand volume con-
centrations of the current carriersn, and n, in sections|
and Il are normalized here to the superlattice period d.

Let us analyze stahility of the steady-state solution
of the system of equations (1). In view of the smallness
of the contribution of spontaneous emission to the las-
ing mode, we will restrict our analysis to the approxi-
mation of self-excitation (3 = 0). To examine the stabil-
ity by the Lyapunov method, we have to find the roots
of the characteristic equation,

-0,—x 0 —V,Gi(1-¢4)
0 —0,—-x v G,(1-¢&,) | = 0. 2)
VgriGiSvr,G,S  —83-x

Here, we used the notations G; = aG;(n,, S/on;, 6; =
IR /M)/ON +VGiS & =51 +¢9),i=1,2;and
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Fig. 3. Variation of the pumping current density j (a) and
radiative lifetime T (b) upon wavelength tuning at the max-
imum of the resultant gain spectrum for r; = (1) 0.5, (2) 0.6,

and (3) 0.7. The arrows show the directions of change of |
and T in thefirst (1) and second (I1) laser sections.

B; = vy(r,&,G, + r,&,G,). Caculation of determinant
(2) leads to the third-order equation with respect to x:

x>+ x(8, + 6, + 6;)
+X[F +F,+0,0,+ (6, +0,)0]
+(0,F, +8,F,; +6,0,0;) = 0.

3)

Here, F, = v o r,G{Gi(1 —&)Sandi = 1, 2.

The steady-state solution to the system of equa-
tions (1) is stable when two conditions are satisfied.
First, the free term of Eq. (3) should be positive and,
second, the condition

0,0,(0,+6,) +0,F, +6,F,
+0;5[F +F,+(0,+6,)(8,+6,+863)] >0

should be satisfied.

Analysisof condition (4) showsthat thelasing mode
becomes unstable and, in particular, self-sustained
oscillations arisein the presence of absorption in one of
the sections, for example, insection 11 (G, <0). In addi-
tion, since the condition of stability (4) involves posi-
tive terms with a cubic dependence on the photon den-
sity Sand negative terms with only a quadratic depen-
dence, it is evident that self-oscillations are absent at a
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sufficiently high photon density. At small S, inequality
(4) is aso valid. Therefore, self-sustained oscillations
are possible only within acertain range of pumping cur-
rent in the sections.

Self-sustained oscillations of the laser emission
intensity can be observed if the magnitude of the differ-
ential parameter dG,/0n, islarge and the absorbing sec-
tion Il is characterized by a small time constant t,,
which istheinverse of d(R,/n,)/0n,. Since the lumines-
cence quantum yield in the absorbing section equals

Ro(Nny)
e (%)
M2 Ra(Nz) + No/Ty
the expression for 1, has the form
1/1, = OR,/ON, + 1/T, 5. (6)

Here 1, specifies the current-carrier lifetime with
respect to nonradiative recombination.

As was mentioned above, because of the spacing
between the potential wells for electrons and holes, the
doping superlattice in the absorbing section exhibits a
longer radiative lifetime of the current carriers at the
low excitation level needed for lasing in the short-
wavelength region of tuning. Thus, with no additional
measuresfor reducing the carrier lifetimein the absorb-
ing section, steady-state lasing is realized only with a
reverse current in this section, which correspondsto the
reverse bias and to depletion of the carriers. However,
when a nonradiative recombination channel is intro-
duced, e.g., by the implantation of oxygen ions, the
nonradiative recombination begins to predominate. As
a result, the lifetime of the nonequilibrium carriers in
the absorbing section drops in accordance with Eqg. (6)
and the lasing wavelength can be tuned with direct
injection current in both sections.

The calculations of the regions of different lasing
regimes of the two-section laser, based on an analysis
of stahility conditions[12], show that, for the nonradi-
aivelifetimet,, = 1 ns, thefreeterm of Eq. (3) appears
to be positive in awide range of pumping currents and
condition (4) for stable steady-state lasing may be eas-
ily satisfied. Atr, = 0.7, the spectral tuning range of the
steady-state lasing may reach 30 nm (from 1053 to
1083 nm).

LASING DYNAMICS

Considerabletuning of thelasing wavelength is pos-
sible only in the pulsed mode. Dynamic processes in
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the two-section laser are studied here on the basis of the
following system of equations[11, 22]:

dn _ Ji R(n) ki, A) o
dt ~ed QZ 1+£StOt
Ki(n;, A @
e gzrl_,(_nus ) ngISj+BZriRi(ni)-

The subscript | = 1, 2 isrelated to the first and second
sections of the laser. Note that, in the non-stationary
regime, several modes are generated, and, thus, a set of
photon densities § for N modes (j =1, ..., N) is present
in the system of rate equations. The resultant photon
density S, is determined as a sum of all the modes S,

J. S;, and the average value of the wavelength of
lasing emission is determined as

Z)\,Sj(t)
0= "5 m
We also assume, for simplicity, that €, = €, = €. The
luminescence quantum yield in the first section n, is
assumed to be unity, while, in the second part of the
diode, n, was calculated using Eq. (5).

Analysis of the lasing dynamics showed that, in a
two-section laser based on a 6-doping superlattice, one
can effect three ways of tuning the emission wave-
length. One way is realized in the regime of self-sus-
tained emission pulsations [12]. A regime of persistent
pulsations of emission arises when the steady-state
solution of the system of rate equations (1) is unstable.
The range of pumping currents within which self-mod-
ulated pulsations of the emission arise is limited from
above by the stability boundary and from below by the
threshold currents. The shortest lasing wavelength of
self-sustained pulsations of emissionisachieved at low
currents in the absorbing section j,. For high values of
j2, the greatest wavelength of persistent pulsations is
realized.

Figure 4 shows the time dependences of the electron
concentrationsin the amplifying (n,) and absorbing (n,)
sections of the laser and of the total photon density S,
after applying astep of pumping current specifying two
different steady-state emission wavelengths of regular
pulses. The losses introduced by the absorbing section
favor accumulation of the current carriersin the bands.
The emission pulse arising bleaches the absorbing sec-
tion, thus sharply reducing the total losses. As aresult,
the accumulated inverted population is utilized for gen-
eration of a strong emission peak. After quenching of
lasing, the population n, increases due to injection
while the concentration n, drops due to nonradiative
recombination, and then the process is repeated anew.
Figure 4d shows that, as the current in the absorbing

®)
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Fig. 4. Regime of self-sustained emission pulsationsin atwo-section laser. (a), (c) The time dependence of atwo-dimensional con-
centration of electronsninthefirst (1) and second (2) laser sections; (b), (d) time dependence of thetotal photon density S,;. Current

densitiesin the sections: (a, b) j; = 300 A/cm?” and j, = 10 A/cm?; (c, d) j; = 200 A/cm? and j, = 390 A/cm?. The figures on the peaks
of S(t) correspond to the average wavel ength of the laser emission pulses A4, (innm); k=50cm ™, 1., =1ns,e=5x 1078 cm?,

andr; =0.7.
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Fig. 5. (a ¢) Time dependence of the two-dimensional electron concentration n in the first (1) and second (2) laser sections;
(b, d) time dependence of the total photon density S(t). Current densities in the sections: (a, b) j; = 500 Alcm?, j» =30 Alcm?;
(c,d)j; = 100 A/cm? andj, = 700 A/cm?. The figures on the peaks of Soi(t) correspond to the average wavelength of the laser emis-
sion pulses A, (innm); k, =50cm™, T, =1ns,e=5x 1078 cm?, andr, =0.7.
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Fig. 6. Mode composition of the emission S(A) at different
timest = (a) 3.19, (b) 3.26, and (c) 3.47ns; j; = 500 A/cm?,
j,=20A/cm?, k=50cm™!, e=5x 10718 cm’, andr; = 0.7.
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section of the laser increases, the repetition rate and
amplitude of the laser emission pulses decrease. Thus,
the lasing wavelength can be tuned in the range of
1017-1062 nm in a dynamic regime by adjusting the
current in the sections.

Note that, in the regime of self-sustained pul sations
in a two-section laser based on a doping superlattice,
the generation of twinned spectrally spaced pulses is
possible (Fig. 4b). The appearance of a long-wave-
length emission pulseimmediately after afirst powerful
short-wavelength pulse is explained in the following
way [12]. After the end of the first emission pulse, the
density of nonequilibrium carriersin the absorbing sec-
tion increases while that in the amplifying section
drops. The resultant gain factor in the short-wavel ength
region appears to be small, with its maximum shifted
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toward longer wavelengths. If the total gain factor in a
certain wavel ength range turns out to be higher than the
loss factor, then the lasing of along-wavelength emis-
sion pulse occurs. In this case, the absorbing section
introduces a kind of time-dependent “dynamic losses”
(roks(A, t) < 0) [23]. For the laser structure under study
in the regime of self-sustained pulsations of emission,
the lasing of twinned pulses occurs at the wavel engths
of 1018 and 1054 nm. The pulse width, in this case, is
approximately equal to 30 ps.

Another way of tuning of the lasing wavelengthin a
two-section laser based on a &-doping superlattice is
related to changes of the wavelength in the first relax-
ation peak upon variation of the pumping currents in
the first and second sections of the diode [11]. Asfol-
lows from calculations, the greatest range of spectral
tuning in thefirst relaxation peak isachieved for current
densities corresponding to the range of the stable
steady-state lasing.

The shortest tuning wavelength is realized at low
currents in the absorbing section of the structure and at
high currents in the amplifying section. In the absence
of a nonradiative recombination channel (t,, — ),
the longest wavelength in the first relaxation peak is
reached at equal current densitiesin both laser sections,
while, when nonradiative centers are introduced, the
densities of injection currents in the sections under
these lasing conditions become different.

The dynamics of variation of the two-dimensional
electron densities in the first and second laser sections
and of the total photon density upon application of the
pumping current step is shown in Fig. 5. Asis seen, the
average wavelength in the first relaxation peak may
vary within the wavelength range 1016-1080 nm in
dependence on the amplitude of pumping currents.
Similar estimates made for two-section lasers with an
active medium based on bulk semiconductors yield a
tuning range of less than 10 nm [22].

As is seen from Fig. 5b, the laser may generate a
succession of pulses with wavelength increasing from
1016 to 1058 nm, similarly to a sweep laser [4-6, 23],
which may be considered as one more way to tune the
lasing wavelength [11]. A wider range and smoother
tuning of the wavelength in time can be obtained with-
out introducing an additional recombination channel
into one of the laser sections [11]. In particular, for a
luminescence quantum yield in the absorbing laser sec-
tion n, = 1, the tuning range of the lasing wavelength
may reach 73 nm (from awavelength of 1007 nmin the
first relaxation peak to 1080 nm in the steady-state
regime). The tuning range also depends on the relative
lengths of the laser sections. For given injection cur-
rentsin the sections, the wavel ength tuning range varies
from69 nmatr, =0.6to 63 nmat r, = 0.7 and reaches
its maximum, of the order of 73 nm, at r, = 0.65.

Figure 6 shows the mode composition of the emis-
sion at different times. In the caculations, the inter-
mode spacing was assumed to be 1.4 meV, which cor-
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responded to the cavity length ~100 pum. The set of las-
ing modes is seen to vary noticeably in time. The
average values of the lasing wavelengths at the
momentst = 3.19, 3.26, and 3.47 ns are equal, respec-
tively, to 1017, 1055, and 1075 nm.

CONCLUSIONS

Thus, depending on the pumping currentsin the sec-
tions of alaser structure based on a d-doping superlat-
tice, one can obtain tuning of the emission wavelength
in awide spectral range in the regimes of steady-state
lasing, transient process, and regular pulsations. In the
regime of self-sustained pulsations, laser emission at
two widely spaced wavelengths is also possible. In
GaAs-based structures, the tuning range in the vicinity
of 1 um reaches 70 nm.
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