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Peculiarities of nonlinear refraction in the active layer of quantum-well heterolasers are established. Effects of spectral
broadening are taken into account, the nonlinear refraction spectrum is calculated, and the nonlinear refraction coefficient is
estimated in the heterostructures in the GaAs—AlGaAs system.
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When studying optical properties of quantum-well
(QW) semiconductor structures it is necessary to take
into account dispersion of light and the nonlinear re-
sponse of the active medium, including effects of gain
saturation and nonlinear refraction [1-4]. The account
of the nonlinear refraction effects is important for se-
lecting optimum conditions of harmonic generation,
parametric excitation of radiation, four-wave mixing
and other nonlinear optical processes.

Previously, exciton effects in the index of refraction
of multiple-QW heterostructures and composite super-
lattices have been considered [5] and the measured op-
tical nonlinear parameters of multiple-QW heterostruc-
tures were compared with the bulk semiconductor data
[6]. The basic laws of absorption saturation and nonlin-
ear refraction in two-dimensional semiconductor sys-
tems are established in [7, 8]. Features of nonlinear op-
tical processes in doped superlattices are described in
[9].

In the present work, effects of nonlinear refraction at
the gain saturation are considered as a result of the pop-
ulation change of the subband energy levels in QW het-
erostructures. Calculations are based on the Kramers—
Kronig relation for the GaAs-AlGaAs laser system,
and the dependence of the refractive index on light in-
tensity is established.
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In QWs in the case of direct optical transitions be-
tween electron and hole subbands, the k-selection rule
is also supplied with the conservation condition of the
subband number. Taking the degree of excitation of a
QW heterostructure as a difference of the quasi-Fermi
levels AF and summing up over all various optical
transitions at a light frequency v, it is possible to calcu-
late the gain spectrum k() and its change at the exci-
tation of nonequilibrium charge carriers [10]. The cal-
culations are carried out in the effective mass approx-
imation taking into account anisotropy of the effective
masses of holes in the QW layer.

The character of spectral broadening at the radia-
tive transitions is very important. Scattering of quasi-
particles on phonons and with each other reduces the
lifetime of nonequilibrium charge carriers. The basic
role is played by collisions hole-to-hole, electron-to-
hole, and hole-to-longitudinal optical phonon, there-
fore, the broadening parameter of the spectral line T';,
is actually determined by time constants of intraband
relaxation of electrons and holes [11].

Changes in the refractive index at the excitation of
the active region of a QW heterostructure will be de-
termined for the stationary conditions. A similar ap-
proach was used for bulk crystals [2] and applied to
two-dimensional semiconductor systems [7-9, 12].

In this case, the rate equation has the form [2]
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where j is the current density in the QW structure, ' is
the injection efficiency, d is the QW width, Ry, is the
spontaneous recombination rate, 7, is the quantum ef-
ficiency of spontaneous emission, A F is the difference
of the quasi-Fermi levels in the QW, T is the crystal
temperature, v is the group velocity of light, & is the
gain coefficient, and U is the radiation density at the
excitation frequency vey.. The spontaneous recombi-
nation rate Ry, is determined as the integration sum of
the spectral spontaneous emission rate 7, (hv) over all
photon energies hv. Here, it is supposed, as a rule, that
hv > EkT. The rate rg,(hv) is simple related to the
gain k(v).

When taking into account the spectral broadening
effects, the gain coefficient is described by the expres-
sion [10]
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Here, A., is the Einstein coefficient for spontaneous
recombination transitions, p(hv) is the density of elec-
tromagnetic modes in the crystal, n = 1,2,... is the
subband quantum number, 7 = h, 1is the index of heavy
and light holes, m,y; is the reduced mass with taking
into account the transverse component of the effective
mass of heavy or light holes, E., = Ecn — Eyn; 1S
the energy of optical transitions, fo(Ecn;) and fu(Eyni)
are the Fermi-Dirac functions for electrons and holes.
Quantum-size energy levels, between which the opti-
cal transitions occur, E.,; and E,,;, are determined by
the ground states E., and FE,, and by dispersion of
the energy spectrum in the subbands of electrons and
holes.

The lower limit of the integration in Eq. (2) is taken
to be equal to the energy of initial transitions through
the ground heavy hole subband hvy, = E; + Eo +
Eyn1. In the general case, the energy bandgap E, can
be a function of the level of excitation of the active re-
gion. The upper integration limit is restricted to the
potential barrier height since the filling of high lying
energy states during the excitation of the heterostruc-
ture changes weakly and optical transitions via them
have a bulk character.

As a form of the spectral broadening function
L(hv — E,), an asymmetric shape of the emission
line is taken, part of which at hv — E.,, > 0 is

represented by the Lorentzian function and another
one at hv — E., < 0 is represented by the Gaus-
sian [10]. Moreover, the equality is supposed of the
spectral broadening parameters T, = 0, Which
determine half-width T, and (In2)'/20,, of the ap-
propriate tails of the spectral broadening form func-
tion.

The quantity «.,;(E,,) characterizes polarization
dispersion of the optical transition probability and de-
pends on the type of mode (TE or TM), kind of holes
(heavy or light), and the optical transition energy [13].
The polarization factor «,,;(E.,) is determined by ori-
entation of the electric field of the light wave and of the
wave vector of holes with respect to the dimensional
quantization axis [10, 12-14].

Depending on the excitation conditions of the active
region, the nonlinear refraction is related to the absorp-
tion saturation, where AF < hvex [7,8], or to the
gain saturation, where AF' > hveye [12]. Further, the
second case will be considered, where the semiconduc-
tor in the initial state is excited, for example, by elec-
tric current. Therefore, the quantity AF' is maximum
(AF = AFyp) at a given j and in the absence of light
flow (U = 0) and approaches hvey. With the growth of
optical excitation.

Increase of the optical excitation power results in
changes in the gain spectrum and, accordingly, in the
refractive index of the active region. Connection be-
tween the changes in the gain coefficient Ak and re-
fractive index An is described by the Kramers—Krénig
relation [8, 15]:
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Here the integral is taken in the principal value sense.
The change An(vy) = n(vy) — no(vp) is determined
at a fixed frequency vg, and Ak(v) = ko(v) — k(v)
covers the whole spectrum of possible frequencies v.
Initial values kg and ng correspond to the absence of
optical excitation (U = 0), i.e. to the initial condition,
where AF = AFy.

Numerical calculations of the characteristics related
to the nonlinear refraction were performed for the QWSs
of widths of 5 and 20 nm in the GaAs-Aly.3Gag.7As
system. It was assumed that 7" = 300 K, E; = 1.42 ¢V,
I'., = 10 meV. By integrating Eq. (3), the values
of the integrand function at energy points from the
singular point with the step of 0.001 eV up to the
height of potential barriers are first calculated and then
they are summed up. Reduction of the step down to
0.0005 and doubling the upper limit of integration have
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Fig. 1. Spectra An(v) for the TM mode at the gain satura-

tion: vU = 1.6-10> (dotted curve), 9.1-102 (solid curve), and

5.1-10% kW/cm? (dashed curve). d = 20 nm, hve,. = 1.524 eV,
AFy = 1.67eV.

in fact no influence upon the results of the calcula-
tions.

As shown earlier, the change in the refractive index
Amn with increasing the radiation density U in the active
region of the undoped QW heterostructure at the ab-
sorption saturation (5 = 0) follows practically a degree
function with the power of 1/2 [16]. For the conditions
of the gain saturation, a linear dependence An(U) is
characteristic (Fig. 1). Assuming An = nyU, one ob-
tains the nonlinear refraction coefficient ns. In partic-
ular, the resonance increase in the refractive index at
the radiation frequency (v = veyxc) in the gain inter-
val is determined by the quantity ny/v of the order
of 4.10~° cm?/kW. Then, the real part of the third-
order complex susceptibility x(® of the QW amplify-
ing medium is estimated [15]:
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Using ng = 3.5, one obtains x(® ~ 3-10~% cm?/V?
which is by magnitude several times less than for the
QW absorbing medium [8].

According to the obtained relation between An and
U, the nonlinear refraction coefficient remains practi-
cally constant up to the levels of excitation of about
200 kW/cm? (Fig. 2). Under these conditions, the
maximum change in the refractive index does not ex-
ceed 10~2. With the increase of the light flow density
vU over 200 kW/cm?, the nonlinear refraction coef-
ficient decreases as well as the module |ns| at the ab-
sorption saturation. However, the change in the refrac-
tive index attains the level of about 5-10~2 for U values
one order of magnitude higher than in the case of the
absorption saturation [16].
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Fig. 2. The dependence of the nonlinear refraction coefficient no

versus the density of radiation U in the absence of spectral broad-

ening (dashed curve) and in the case of the asymmetric broadening

form function with the parameter I',, = 10 meV at the gain sat-

uration (solid curve). d = 5 nm, TE mode, hvex. = 1.524 eV,
hv = 1.55 eV.
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Fig. 3. The dependence of the change in the refractive index An on

the density of radiation U for various photon energies hv: 1.464 eV

(bottom solid curve), 1.544 eV (top solid curve), 1.664 eV (dashed

curve), 1.704 eV (dotted curve), 1.744 eV (broken curve). d =
5nm, TE mode, hvexc = 1.524 eV.

Change in An at different frequencies with the
growth of the density of radiation U for the undoped
active region at the gain saturation is shown in Fig. 3.
Depending on the light frequency v, the change An(U)
may be both monotonous and nonmonotonous. More-
over, not only the absolute value, but also the sign
of An may change. At the gain saturation, where
hvexe < AFy, the value of v may occur in the inter-
val of absorption with the growing U at AF < hw.

The inversion frequency, at which the sign of An
changes, depends on the shape of the broadening form
function, that may be used for experimental determina-
tion of the character of the broadening of spectral lines.
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Fig. 4. The dependence of the change in the refractive index An

on the density of radiation U (a) at the gain saturation (AFy =

1.67 eV, hvexe = 1.524 eV) and (b) at the absorption saturation

(AFy = 0, hvvexe = 1.678 eV) for the undoped QW (solid curve)

and doped active region with the concentration of donors Ny =

2.10'7 cm~2 (dotted curve) and 2-10'® cm~2 (dashed curve). d =
5nm, hv = hvi, = 1.521 eV, TE mode.

As seen from Fig. 1, with growing U the frequency of
inversion is shifted (with respect to E;) to the short-
wavelength region at the gain saturation, while at the
absorption saturation it shifts to the long-wavelength
region [16].

The performed calculations and analysis demon-
strate that the change in the refractive index An with
the increase of the density of radiation U under con-
ditions of the gain saturation follows almost a lin-
ear function and does not practically depend on the
doping level, in contrast to the conditions of the ab-
sorption saturation (Fig. 4) [16]. For taking into ac-
count the influence of the nonlinear gain effects on the
waveguide characteristics of laser heterostructures, the
value of ny /v of the order of 4-10~° cm? /kW can be
used.
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NETIESINE REFRAKCIJA KVANTINESE DUOBESE, ESANT STIPRINIMO |SOTINIMUI
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Santrauka jtaka, rastas netiesinés refrakcijos spektras ir jvertintas heterosan-

IStirtos refrakcijos kvantiniy duobiy heterolazeriy aktyviajame dary netiesinio luZio rodiklis GaAs-AlGaAs sistemoje.
sluoksnyje netiesinés ypatybés. Atsizvelgta | spektro iSplitimo



