Evolution of light-current characteristic
shape in high-power semiconductor
quantum well lasers
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The light-current characteristic (LCC) of semiconductor quantum well
lasers is theoretically studied. It is discussed here that, due to internal
optical absorption loss, which depends on the electron and hole
densities in the optical confinement layer, (i) roll-over of the LCC
occurs with increasing injection current, and, (ii) depending on the
parameters of laser structures, the LCC can have two branches,
i.e. the optical emission at two different output powers will be possible
within a certain range of injection currents.

Introduction: We develop a theory of light-current characteristic (LCC)
of semiconductor quantum well (QW) lasers (Fig. 1) in the presence of
internal optical absorption loss, which depends on the carrier density in
the optical confinement layer (OCL) [1]. We show that, depending on
the parameters of laser structures, one of the following two situations
will be realised:

(i) Roll-over of the LCC occurs with increasing injection current, i.e. the
output power first increases, approaches its maximum value, and then
decreases and continuously goes to zero at a certain current, which is
the maximum operating current (Fig. 2, curves 1 and 2).

(i) As in case (i), roll-over of the LCC occurs with increasing injection
current. However, in contrast to case (i), the lasing quenches at a non-
vanishing output power, i.e. while the output power is non-zero at the
maximum operating current, there will be no lasing immediately
beyond this point. In this case, in addition to the rolling-over branch
of the LCC, there will be the second branch of the LCC, i.e. the
second mode of lasing. The threshold for the second branch is higher
than that for the first (conventional) branch and the maximum operating
current is the same as that for the first branch (Fig. 2, curves 3 and 4).
With increasing injection current from the second threshold to the
maximum operating current, the output power of the second mode
increases from zero and approaches the same value as that of the first
mode, i.e. the two branches merge together (Fig. 2, curves 3 and 4).
As in the first mode, there can be no lasing in the second mode
beyond this merging point. Hence, in this case, above the second
lasing threshold and up to the maximum operating current, there are
two possible modes for lasing, i.e. the LCC is two-valued.
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Fig. 1 Schematic energy band diagram of a semiconductor laser with a low-
dimensional active region
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Fig. 2 LCCs of QW laser structures or vy capio (% 10°, cm/s): 1-5, 2-7.5,
3-10, 4-20; vy capro (% 10°, em/s): 1-3, 2-5, 3, 4—10

In this work, we discuss the evolution of the LCC shape from the con-
ventional rolled-over one [the above case (i)] to the two-valued one
[case (ii)], which occurs with varying the QW laser structure parameters.

Theoretical model: Our model is based on the following set of five
steady-state rate equations [2—4]:
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The following quantities are the five unknowns to be found from the
solution of (1)~(5): n°°* and p°" are the densities of electrons and
holes in the OCL, n?% and p?™ are the densities of electrons
and holes in the QWs, and N is the number of photons of stimulated
emission.

In (1)—(5), f, and f, are the occupancies of the states corresponding to
the lower edge of the electron subband and to the upper edge of the hole
subband in a QW. They are related to the electron and hole densities
n?Y and p?¥ in the QWs as follows [5-7]:

fo=1=exp(—n®/NP),  f,=1—exp(—=p®/NP).  (6)

where Nf},’ = m?\a/h T/(mh 2) are the 2D effective densities of states in
the conduction and valence bands in the QWs, mg\ﬁ/h are the electron and
hole effective masses in the QWs, and T is the temperature in units of
energy.

The following parameters enter into (1)—(5): j is the injection current
density, e is the electron charge, Now is the number of QWs, v, capto
and v, cap0 are the capture velocities (measured in cm/s) of electrons
and holes from the OCL, respectively, into an empty (at f,=0 and
5=0) QW, 7, and 7, ., are the thermal escape times of electrons
and holes, respectively, from the QWs to the OCL which can be expressed
in terms of the capture velocities — see [8, 9], Bsp and B,p are the
spontaneous radiative recombination coefficients in the bulk region
(OCL) and 2D region (QWs) measured in cm’/s and cm?/s, respectively,
(see [10, 117 for the expressions for B3p and Byp), ¢, is the group speed of
light, g™ is the maximum modal gain in each QW (see [12] for the
expression for g™™), §= WL, where W is the stripe contact width and L
is the cavity length, the mirror loss f=(2L)™" (R;R>) .

ln(Rle)’l, R, and R, are the mirror reflectivities, and «;, is the
internal optical absorption loss coefficient.

As seen from Fig. 1, the carriers are not directly injected into
a quantum-confined active region of the laser. They are first injected
from the cladding layers into the OCL and then they are captured
from the OCL into the active region. A key component of our theoretical
model is that we do not assume instantaneous capture of carriers from
the OCL into the QWs, i.e. we do not assume that the capture velocities
are infinitely high; instead, we use finite values for them. In fact,
the capture velocities Vv, capto and v, capo may vary in different laser
structures as they depend on the QW depth, i.e. on the compositions
of the QW and OCL materials; they also depend on the QW width.
In [13, 14], we evaluated the electron capture velocity for our experi-
mental laser structures using our theoretical model.
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Another key component of our theoretical model is the internal
optical absorption loss, which depends on the electron and hole densities
in the OCL [15]

OCL OCL OCL OCL
Qjny = ap + r Op,int N + r Tp,int P 5 (7)

where o, and o, are the cross sections of light absorption by
electrons and holes in the OCL, respectively, T is the optical confine-
ment factor in the OCL, and a, is the constant component of the internal
loss coefficient, which is primarily due to light absorption in the
cladding layers.

Owing to the fact that the carrier capture from the OCL into the QWs
is not instantaneous, the densities of these carriers in the OCL are not
pinned — they grow with increasing injection current in the lasing
mode [16, 17]. As a result of this, as seen from (7), the internal
optical loss in the OCL increases as well.

In contrast to [5, 6, 18], wherein charge neutrality was assumed to
hold locally in a low-dimensional active region of the laser, we use
here the condition of global charge neutrality, i.e. the condition of equal-
ity of the total charge of electrons in the OCL and QWs to the total
charge of holes in these two regions [2—4]

e(Nown®™ + bn®") = e(Nowp®™ + bp°ch). ®)

The output optical power as a function of the injection current density
(the LCC) is given as [19]

P(j) =hwcgBN(). )

where o is the angular frequency of the lasing emission and N() is the
number of photons in the lasing mode, which is found from the solution
of the set of rate equations (1)—(5).

In [18], under the condition of local charge neutrality in the active
region, closed-form solutions of the rate equations were obtained and
the following analytical criterion for the appearance of the second
branch of the LCC was derived

OpintVn,capt,0
—_— 10
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Under the condition of global charge neutrality in a QW laser structure,
no closed-form solutions of the set of rate equations (1)—(5) can be
obtained and, correspondingly, no analytical criterion for the appearance
of the second branch of the LCC can be derived. However, the analytical
criterion (10) proved to be helpful also in this case.

Discussion: We solve numerically the set of rate equations (1)—(5) for the
experimental laser heterostructures emitting at 1.01 um. A single strained
QW of 50 A width is made of indium gallium arsenide (InGaAs). The
material of the OCL is GaAs, and the OCL thickness is b= 1.7 um.
The material of the cladding layers is Aly3Gag;As. The cavity length is
L=0.15cm. The cross-sections of light absorption by electrons and
holes in the OCL are o,,, jn=3 107'® cm? and Opint = 1077 ¢m?. The
dopant concentrations in the n- and p-claddings are 5x10' and
3.5x10" ecm™, respectively. The constant component of the internal
loss coefficient is atp=2 cm™'. The spontaneous radiative recombination
coefficient in the OCL material (GaAs) is Byp=2.044 x 107° cm¥s.
The maximum modal gain is g™ =51.89 cm™.

Fig. 2 shows the LCCs calculated at various values of the electron and
hole capture velocities from the OCL into the QW. Curve 1 corresponds
t0 Vycapto =3 % 10° cm/s and Vp.capt,0 = 3 X 10° cm/s; curve 2 corre-
sponds to v, capt0= 7.5 X 10° cm/s and Vp.capt,0 = O X 10° cm/s; curve 3
corresponds to v, capi0 = 10° cm/s and Vp.capt,0 = 10° cm/s; curve 4 corre-
sponds to V,, capt,0 =2 X 10° cm/s and Vp.capt,0 = 10° cm/s. As seen from
Fig. 2, the LCC shape changes with varying the capture velocities.
At relatively low capture velocities (curves 1 and 2), case (i) is realised,
i.e. the output power increases, approaches its maximum value, and then
decreases and continuously goes to zero. As also seen from the figure,
the maximum output optical power increases with increasing capture
velocities.

At high capture velocities (curves 3 and 4 in Fig. 2), case (ii) is
realised, i.e. in addition to the rolling over (conventional) branch of
the LCC, the second branch appears in the LCC. The threshold for
the second branch is higher than that for the first branch. At the
maximum operating current, the two branches merge together.

Immediately beyond the merging point (at which the optical power is
non-zero), there can be no lasing in the structure.

Conclusions: The LCC of semiconductor QW lasers has been theoreti-
cally studied in the presence of internal optical absorption loss, which
depends on the electron and hole densities in the OCL. It has been
shown that depending on the values of the electron and hole capture
velocities from the OCL into the QW, two different shapes of the
LCC can be realised. At low capture velocities, the LCC is single-
branched and rolling over with increasing injection current. At high
capture velocities, the LCC is two-branched — it has the second
branch in addition to the rolling over branch. In contrast to the rolling
over branch, the optical power in the second branch is continuously
increasing with increasing pump current. The two branches merge
together at the maximum operating current beyond which the lasing
quenches in both branches.
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