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Spontaneous emission and lasing gain profiles of semiconductor injection lasers which have Zn-
doped GaAs active regions were experimentally determined, and the tailing phenomenon into the
band gap of these profiles was theoretically explained as a result of relaxation time broadening due
to scattering of electrons and holes. Especially, the tail of the gain profile was found to show a

concave shape, which was better explained by the relaxation time broadening model than by the

band tail state model.

PACS numbers: 42.55.Px, 78.45. + h, 78.55. — m, 78.50.Ge

Spontaneous emission and optical gain profiles of a se-
miconductor injection laser give information about the elec-
tron transition mechanism. So far, tailing phenomena,
which are observed in spontaneous emission and optical gain
profiles, have been considered due to the band tail state
(BTS) broadening into the band gap. Theoretical analysis of
the BTS was given by Kane, Halperin, and Lax."? Analysis
of lasing gain and spontaneous emission profiles were pre-
sented by Lasher, Stern, and Casey based on the BTS mod-
el.*s

However, direct application of the BTS model to injec-
tion lasers with undoped active regions appears to be diffi-

* Presently at Nanao Electric Co. Ltd., Japan.
* Presently at Tohoku University, Japan.
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cult because energy fluctuations due to impurity atoms
should be negligible in an undoped semiconductor crystal.
The effects of measured tailing phenomena on spontaneous
emission from undoped active regions have been well ex-
plained as a result of relaxation time broadening (RTB)
which is characterized by scattering of electrons and
holes.>® So far, this RTB effect has not been taken into ac-
count explicitly in the BTS analysis of the optical transition
of electron.!™

The scattering time of electrons or holes in a heavily
doped p-type GaAs crystal is less than 410~ s, which
gives RTB into the band gap of more than 17 meV taken at
the half-width. Consequently experimentally observed emis-
sion profiles from an impurity doped active region should
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FIG. 1. Spontaneous emission profile from the laser facet. Theoretical pro-
files are calculated by Eqs. (2) and (3). Wy; is the band-gap energy and W, is
the energy difference between the conduction-band edge and the acceptor
level. Parabolic state densities of the conduction and the heavy hole bands
and single energy level acceptor are assumed. The theoretical profiles reveal
tailing phenomena due to the phase relaxation of electrons and holes.

show the RTB effect. In this letter we measure the spontane-
ous emission and lasing gain profiles of transverse junction
stripe (TJS) AlGaAs laser which has a Zn-doped
(N, = 5% 10" ~1x 10" cm™3) active region, and compare
the data with theoretical profiles based on the RTB mod-
el.>'%12In our model the acceptor energy level is assumed to
be discrete and not extended continuously from the valence
band. As a result, our theoretical gain profiles have concave
shapes in the long wavelength region, which is in good agree-
ment with experiment. Such behavior cannot be predicted by
the BTS analysis.

The spontaneous emission profile was measured for a
TJS laser, which oscillates at a wavelength of 844.9 nm and
has a threshold current level of 26 mA at 25 °C. The emission
spectrum shows resonating mode structure with any injec-
tion current level even below the threshold current level. An
envelope profile connecting the peak values of the resonating
modes is given by the circles in Fig. 1. The tailing pheno-
menon is observed in the longer wavelength region.

The gain profiles measured for another TJS sample are
given in Fig. 2. This second TJS sample has almost the same
configuration as the sample in Fig. 1 and has a lasing wave-
length of 840.8 nm and a threshold current level of 25 mA at
20 °C. The gain profiles were determined from output light
intensity at the resonating ( P *)and the nonresonating ( P ~)
wavelength by the following equation'*:

—11/2
a—al"ss—iln(L)=iln((P+/P ) +1), (1)
L R L (P*/P )2 -1

where a is the gain coefficient, @' is the guiding loss in-
cluding the free-carrier absorption and the diffraction loss, L
is cavity length, and R is mirror reflectivity. The resolution
of the monochromator was about 0.01 nm. The measured
gain profiles reveal a concave shape in the longer wavelength
region. This concave shape is clearer in profiles with low
injection current levels.

Theoretical calculations are also given in Figs. 1 and 2.
The gain coefficient « is represented by a linear combination
of electron transition probabilites from conduction band to
heany hole band and from conduction band to acceptor level
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FIG. 2. Gain profiles. The experimental and theoretical profiles show con-
cave shapes in longer wavelength regions than the gain peaks. Threshold
current level of the sample is /;, = 25 mA. In theoretical calculations, vari-
ation of the band gap W, and the injected carrier density » are arbitrarily
chosen to fit the profiles to the experimental data.
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whereg,, is a modified state density function to give parabol-
ic state densities of conduction and heavy hole bands in a
single equation.'® f. and f, are Fermi-Dirac distribution
functions for electrons in conduction and heavy hole bands,
respectively. These two Fermi—Dirac functions are defined
at injected states characterized by two quasi-Fermi levels,
respectively. W,, is the energy difference between an energy
level W, in the conduction band and another energy level
W, in the heavy hole band. 7, is the phase relaxation time of
the electron-hole dipole and is determined by collision times
of the electrons in the conduction band and holes in the
heavy hole band.!®'? The electron transition between the
two bands is characterized by the-electron distribution func-
tion g, (f. — f,) and by the RTB given by a Lorentz func-
tion (fi/7,,)/[(Wy, — fiw)® + (fi/7,,)’]. The second term in
Eq. (2) indicates electron transition between the conduction
band and the acceptor level : 7, is the relaxation time of the
dipole corresponding to the latter transition mechanism. g,
is the parabolic state density of the conduction band. f,, is the
Fermi-Dirac distribution function at the acceptor level
which is assumed to be a single energy level W, and the
electron distribution is characterized same quasi-Fermi as
for the valence band. W, is the band gap and W, is the
energy difference between the conduction band and the ac-

ceptor level. Coefficients 4 and B include the dipole moment

and the field confinement ratio of the active region. The ac-
ceptor density N, is included in B.

The spontaneously emitted optical field experiences las-
ing gain a and guiding loss @' in the active region. Thus,
the light output Q in case of a very low injection state is given
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FIG. 3. Comparison of our theoretical gain profiles based on the RTB mod-
el to the profiles based on the BTS model by Stern in Ref. 4. The profiles by
the BTS model do not show the concave shape which is observed experi-
mentally. In this analysis, 7,, = 7X 107", 7, =1X10" " s, and B/
A =0.11 are assumed with N, = 5x 10" cm—>.
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The spontaneous emission is expressed in terms of
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Numerical examples of the spontaneous emission and
the lasing gain are shown in Figs. 1 and 2 using Egs. (3) and
(2). The value of 4 was determined to 4 = 3.64 X 10~* Jm?
from measurements on another sample with undoped active
region.'! The ratio of B to 4 is determined to B /4 = 1.4 by
best fitting of the experimental data. The acceptor concen-
tration was N, = 7x 10'® cm—>. In Fig. 1 the guiding loss
a'* of this sample is assumed to be 50 cm ™' and the injec-
tion current level / is determined from the ratio of the inject-
ed carrier density n. In this analysis, no energy state lower
than the band gap was assumed except for the single accep-
tor level. However, Fig. 1 shows a continuous tail into the
band gap due to the relaxation phenomena. The relaxation
times can be determined through mobility measurements
and other theoretical considerations about scattering mech-
anisms and are estimated to be 7,, =4Xx 10" sand
Toa =1X 107" s for N, = 7x 10" cm™3.'2!4 The relaxa-
tion times in this case are slightly shorter than for undoped
samples® because of electron and hole versus impurity atom
scattering mechanisms. The theoretical emission profile co-
incides well with the experimental profile using these relaxa-
tion times.

For the theoretical calculations in Fig. 2, the values of
the band gap W and the injected carrier density n were
arbitrarily chosen for each injection level to fit the theoreti-
cal profiles to the experimental data, but the energy-level
difference between the acceptor level and the valence band
was assumed to be constant (W; — W_, = 24 meV). The
theoretical values of lasing gain in Fig. 2 are corrected by
a4 (1/L)In (//R) =60 cm™'. The assumed loss value
a'* in Fig. 2 seems to be smaller than that in Fig. 1. This
difference may be caused by errors in determining the true

3)
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injection levels because our theory does not take into ac-
count carrier leakage phenomena or nonradiative recombin-
ation of electrons.

Our theoretical gain profiles show a concave shape,
which has not been predicted by the BTS model as in Fig.
3.>-° This concave shape indicates that the RTB is wider
than the width of the population inversion characterized by
the positive portion of g, (f. — £, ), then the gain profile be-
comes negative in the band gap due to strong absorption at
higher energy levels where g, (/. — f,) <O.

Such concave shape is not always observed in all types
of injection lasers.'> The shape of the carrier distribution
g.,(f. — f,)is determihed by injected carrier density, loca-
tion of the quasi-Fermi levels, the amount of the effective
masses, and the band gap. In case of AlGaAs lasers, such
concave shape is observed less clearly in lasers with undoped
active regions than in lasers with p-type active re-
gions. 10-12:15

The peak gain given by this RTB model is smaller than
that by the BTS model as shown in Fig. 3. However, we
cannot determine by experiments which model gives more
accurate results on the values of the peak gain, because we do
not know details of the carrier leakage phenomena, the non-
radiative recombination or the field confinement ratio of the
active region in lasers.

In this analysis, we have neglected the broadening due
to the impurity levels for simplicity. The actual impurity
levels should result in broadening to some extent due to over-
lapping of wave functions of impurity atoms and exciton
interactions. For a more accurate calculation of emission
and absorption profiles, the broadened energy states and
higher order collisions of carriers should be taken into ac-
count. However, in this letter, we have demonstrated that
the measured spontaneous emission and gain profiles are ex-
plained better by the RTB model than the BTS model.
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