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Threshold characteristics of a semiconductor quantum-well laser:
inclusion of global electroneutrality in the structure

Z.N. Sokolova, N.A. Pikhtin, L.S. Tarasov, L.V. Asryan

Abstract. Threshold characteristics of a semiconductor quantum-
well (QW) laser are calculated using the global electroneutrality
condition, which includes charge carriers both in the active and
waveguide regions and thus presents an equality of the total charge
of electrons to the total charge of holes in these two regions. It is
shown that at the lasing threshold, the densities of electrons in the
QW and the waveguide region are not equal to the densities of holes
in these regions, i.e., the local electroneutrality condition is violated
in each of the regions. Depending on the velocities of the carrier
capture from the waveguide region into the QW, the electron den-
sity can be either higher or lower than the hole density (both in the
QW and in the waveguide region). The charge of the carriers of
each sign in the waveguide region is shown to be greater than that
in the QW.

Keywords: semiconductor lasers, quantum wells, electroneutrality
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1. Introduction

In modern semiconductor laser structures, stimulated
emission is generated in a low-dimensional active region
surrounded by a wideband bulk waveguide region (optical
confinement layer, OCL) [1, 2]. In such structures, elec-
trons and holes are first injected from emitters into the
OCL, and then captured by the active region [3]. For a high
output power to be obtained, the threshold current of the
laser structure should be low, and therefore, threshold den-
sities of charge carriers in the active region and the OCL
should be low, too.

In calculating threshold characteristics of heterostructure
lasers, it is generally assumed that densities of electrons and
holes in the active region are equal [4], i.e. there is a local
electroneutrality. In reality, however, due to differences
between electron and hole parameters (primarily between the
parameters that control the capture in a nanosized active
region and the position of sub-bands or size quantization lev-
els therein), the carrier densities in the active region may be
different, which means violation of the local electroneutrality
condition.
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In our paper [5] we calculated threshold characteristics of
a Fabry—Perot cavity planar injection laser at different ratios
between the densities of electrons and holes in a quantum well
(QW).

In this paper, threshold characteristics of a semiconductor
QW laser are calculated using a global electroneutrality con-
dition, which includes charge carriers both in the active region
and the OCL. This condition presents an equality of the total
charge of electrons to the total charge of holes in these two
regions. It is shown that at the lasing threshold, the densities
of electrons in the QW and in the OCL are not equal to the
densities of holes in them. Depending on the velocity of car-
rier capture from the OCL into the QW, the electron density
can be either higher or lower than the hole density (both in the
QW and OCL).

2. Theoretical model

To calculate the characteristics of the laser, we used five
steady-state rate equations [6]:
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[6(61°CT/0t) = 0]

. QW
é + NQW n - NQWUncaptO(l _fn)nOCL

rnesc
~bBypn®p°t = 0 ()
for free holes in the OCL [h(dp°CL/o1) = 0]
. QW
% + NQW% - NQvacelptO(l _][p)pOCL
—bB3DI’lOCLpOCL — 0’ (2)
for electrons confined in the QW (an?V/0r = 0)
QW
Uncapl()(l —ﬁ)”OCL - ’;— - BzD”lQWPQW
nesc
—0u g™ o+ o= DR = 0; (3)
for holes confined in the QW (8p%W/ot = 0)
W
— Bypn™p ™ —

Q
vpcaptO(l _fp)pOCL - pr



778

Z.N. Sokolova, N.A. Pikhtin, I.S. Tarasov, L.V. Asryan

—0u g™ (o + fy— g = 0; (4)

and for photons in the lasing mode (ON/0t = 0)

UngQngax(fn+fp_ 1)]\']_Ugr(ﬂ‘*'afint)]\]: 0. (5)
Here, n°CL and pOCT are the densities of free electrons and
holes in the OCL; nW and pQW are the two-dimensional den-
sities of electrons and holes confined in the QW; N is the num-
ber of stimulated-emission photons; and f, and f;, are the fill-
ing factors (occupancies) of the states corresponding to the
lower edge of the electron quantum-confinement sub-band
and to the upper edge of the hole quantum-confinement sub-
band in the QW.

The occupancies f, and f;, are expressed in terms of two-
dimensional densities of electrons and holes in the QW, n?W
and p?WV, as follows [7, 8]:

QW QW
fo=l—exp(-5) fi=1—exp(-L55). (6)
N2D Jp N2D

where N, 025’ = meQX TI(nh?) are the two-dimensional effective
densities of states in the conduction and valence bands in the
QW; mS}\XI are the effective masses of electrons and holes in
the QW; and T'is the temperature in energy units.

Equations (1)—(5) also include the following parameters: j
is the injection current density; e is the electron charge; Nqw
is the number of identical (having the same width and the
same composition) QWS; 7, ¢, and 7, are the thermal escape
times of electrons and holes from the QW into the OCL;
Uncapto aNd Vet are the capture velocities of electrons and
holes into an empty (at f, = 0 and f, = 0) single QW (cm
s™1); Bsp and B, are the coefficients of spontaneous radiative
recombination in the three-dimensional (OCL) region and in
the two-dimensional (QW) region (cm?s~' and cm? s, respec-
tively, see expressions for Bsp and B,p in [9] and [10]); vy, is
the group velocity of light; g™#* is the maximum gain in each
QW; S = WL; W is the width of the stripe contact; L is the
length of Fabry—Perot cavity; 8 = (1/L)In(1/R) are the losses
associated with the emission output from the cavity; R is the
reflectance of the mirrors; and «;,, is the internal optical loss
coefficient in the laser structure.

In accordance with [6, 11], the thermal escape times of
electrons and holes from the QW into the OCL have the form
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N2 = 2[mO T/(2nh?))*? are the three-dimensional effec-
tive densities of states in the conduction and valence bands in

the OCL; mOS" are the effective masses of electrons and
holes in the OCL; AE, , are the offsets of the edges of the con-
duction and valence bands at a heterojunction between a QW
and OCL; and e and ¢" are, respectively, the energies of
the lower and upper edges of the electron and hole quantum-
confinement sub-bands in QWs.

The capture velocities of electrons and holes (Vg capio and
Vneapto) from the OCL into an empty QW are the charac-
teristics of a QW, depend on its width and depth, i.e. on the
composition of the QW material and its surrounding layers,
and can vary greatly in different laser structures. In papers
[12, 13], we found the electron capture velocities into a single
QW in real laser structures. To do this, we used experimental
laser characteristics and theoretical calculations.

The total capture velocities vy capt and v,y are defined as
follows [6]:

vncapt = UncaptO(l _.fl-’l)’ Upcapt = UpcaptO(l _fp) (9)

The global electroneutrality condition for the OCL and
the QWs is written in the form:

e(NQWnQW + bi’lOCL) = €(NQWpQW + prCL). (10)

3. Discussion of threshold characteristics
of a laser

The set of equations (1)—(5), supplemented with condition
(10), was solved at the lasing threshold when the number of
coherent photons in the cavity can be assumed equal to zero
(N =0). The set was solved numerically for a InGaAs/GaAs/
AlGaAs laser structure comprising a single strained QW
Ing »3Gay 7»As of thickness 80 A. The material of the wave-
guide region (OCL) having a width b = 1.7 um was GaAs;
the emitter material was Al, 3Gag ;As. The lasing wavelength
was equal to 1.044 um. The length of the Fabry—Perot cav-
ity was L = 1.5 mm, the width of the stripe contact was W
= 100 um, the reflectance of the mirrors was R = 0.32, the
mirror loss was 8 = 7.6 cm™!, the temperature was T =
300 K, and the internal optical loss was ¢, = 1 cm™" (in this
paper a;, was considered to be independent of the injection
current). The maximum modal gain in the QW was gma* =
49.1 cm™!. The capture velocities of electrons and holes into
an empty QW, vy cupio and vy capio, Were varied from 10° to
106 cm s,

Using equation (5) with (6) taken into account, the elec-
tron density n?W in the QW can be expressed through the hole
density pQW in the QW as follows [5]:
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Using expression (11) in equations (3) and (4), the densi-
ties of electrons and holes in the OCL, n°“L and p°CL, can
also be expressed through pQ@V. And then using expression
(11) for n2W and thus obtained expressions for n°CL and pOct
in (10), we obtain an equation for one unknown (pQW).
Determining pQW from it, we find nQW, nOCL and pOCcL. The
threshold current density is calculated according to the for-
mula

(11)

Jjin = eNowBap n®VpW + ebByp, nOCtpOct.

(12)
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Figure l1a shows the dependences of the threshold densi-
ties of electrons and holes in the QW on the capture velocity
of holes into an empty QW at electron capture velocities
Vneapto = 10° and 10° cm s7!. One can see that when vy, 0 i
changed by an order of magnitude (from 10° to 10° cm s71),
pV and n®V weakly depend on v,c,p0; at a low capture
velocity of electrons (v cupro = 10° cm s™), the threshold den-
sity of holes in the active region p@W [curve (/)] is higher than
the threshold density of electrons n?Y [curve (2)]; at a high
capture velocity of electrons (v eapro = 10° cm s71), the ratio
between pQW and nQV is reversed, i.e. the density of electrons
[curve (4)] in the active region is about twice the density of
holes [curve (3)].

2.0
\E \
Q
‘_o | 3
=
z
%
N 1
2 15t
Y a
2
1.0 4
1 1 1 1 1 1 1
0 3 6 9 12
vpcapm/mS cms™!
2.0
a 2
8
o L 4
=)
=
z
%
- L.5F
g b
_
3
1.0 1
1 1 1 1 1 1 1
0 3 6 9 12

5 —1
UncaplO/]O cm s

Figure 1. Dependences of the densities of (7, 3) holes and (2, 4) elec-
trons in the QW at the lasing threshold on (a) the hole capture velocity
at Vyeapro = (1, 2) 10% and (3, 4) 10% cm s7! and (b) the electron capture
velocity at vpeapro = (1, 2) 103 and (3, 4) 105 cm s,

Figure 1b shows the dependences of the densities ”%Wand
pW on the capture velocity of electrons into an empty QW at
capture velocities of holes v,y = 10° and 10° cm s~ One
can see that p?V and n?V quite strongly depend on v;,¢,p0; at
small vy,¢qpi0, the density of holes in the QW [curve (/)] is
greater than that of electrons [curve (2)]; at large vy cypio, the
density of electrons in the QW can significantly exceed the
density of holes, which coincides with the results shown in
Fig. la.

The results obtained (Fig. 1) demonstrate that in laser
structures the electron and hole densities in the active region
at the lasing threshold can differ greatly, which means viola-

tion of the local electroneutrality condition in it [5]. Depending
on the capture velocity, the electron density in the QW can be
either higher or lower than the hole density. Note that the
densities 1%%and p?W are strongly dependent on the electron
capture velocity and are weakly dependent on the hole cap-
ture velocity.

Our calculations show that at the lasing threshold when
changing v, cupro and vy eupeo from 109 to 10% cm s™!, the occu-
pancy of the lower edge of the electron quantum-confinement
sub-band in the QW, f, [see (6)], varies from 0.843 to 0.952,
and the occupancy of the upper edge of the hole quantum-
confinement sub-band in the QW, f, [see (6)], varies from
0.223 to 0.332. Thus, holes in the QW at the lasing threshold
are non-degenerate. In the studied range of the capture veloc-
ities, the quasi-Fermi level of holes is located in the forbidden
zone. Electrons in the QW at the lasing threshold are strongly
degenerate, i.e. the quasi-Fermi level of electrons is located in
the quantum-confinement sub-band. Thus, already at the las-
ing threshold, unlike the hole quantum-confinement sub-
band, the electron quantum-confinement sub-band in the
QW is strongly filled.

Figure 2a shows the threshold densities of electrons and
holes in the OCL as functions of the capture velocities of
holes, vycapio, for two values of the electron capture velocity
Uneapto- One can see a weak dependence of the threshold den-
sities in the OCL on the capture velocity of holes. It is also
seen that at small values of vy, ¢y, the densities n9“ and pOct
do not significantly differ, the electron density in the OCL
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Figure 2. Dependences of the densities of (/, 3) holes and (2, 4) elec-
trons in the OCL at the lasing threshold on (a) the hole capture velocity
at Uy eapeo = (1, 2) 103 and (3, 4) 106 cm s7! and (b) the electron capture
velocity at v, eupi0 = (1, 2) 107 and (3, 4) 10° cm s™!.
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being higher than the hole density. At high capture velocities
of electrons (U, cypi0 = 10° cm s™), the hole density in the OCL
exceeds the electron density.

Figure 2b shows the threshold densities of electrons and
holes in the OCL as functions of the capture velocities of elec-
trons, Vyepio, for two values of the hole capture velocity
Vpeapto- One can see that there is a strong dependence of the
threshold densities in the OCL on the electron capture veloc-
ity U capto- At Upeapro > 2 X 10° cm s7!, the hole density in the
OCL starts to exceed the electron density.

Thus, as follows from Figure 2, with increasing capture
velocities of both electrons and holes, the threshold densities
of the charge carriers in the OCL decrease.

Figure 3 shows the dependence of the ratio of the electron
charge in the OCL to that in the QW and the ratio of the hole
charge in the OCL to that in the QW on the capture velocities
of electrons and holes into the QW. It follows from Fig. 3a
that these ratios are virtually independent of the capture
velocity of holes. The ratio for the holes is also independent of
the electron capture velocity, while the ratio for the electrons
decreases by approximately three times with increasing elec-
tron capture velocity by an order of magnitude (Fig. 3b).
However, the charge of both electrons and holes in the OCL
is larger than that in the QW.
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Figure 3. Ratios of (/, 3) the charge of holes in the OCL to the charge
of holes in the QW and (2, 4) the charge of electrons in the OCL to the
charge of electrons in the QW vs. (a) the capture velocity of holes at
Vneapto = (1, 2) 10% and (3, 4) 10° cm s7! and (b) the electron capture
velocity at v, eupi0 = (1, 2) 107 and (3, 4) 10° cm s~

The dependences of the threshold current density on the
capture velocity of holes in the QW at electron capture veloc-
ities vy capeo = 10° and 106 cm s7! are shown in Fig. 4a, and the
dependences of the threshold current density on the capture
velocity of electrons at hole capture velocities vy, capo = 10°
and 10° cm s™' —in Fig. 4b. One can see from Fig. 4 that in the
laser structure in question, the threshold current density is
weakly dependent on the capture velocities of both holes and
electrons.
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Figure 4. Dependences of the threshold current density on (a) the hole
capture velocity at vy cupio = (£, 2) 10° and (3, 4) 10 cm s! and (b) the
electron capture velocity at v, eupo = (7, 2) 10> and (3, 4) 10 cm s™!.

4. Conclusions

We have used the global electroneutrality condition, i.e. the
condition of the equality of the total charge of electrons in the
OCL and QW to the total charge of holes in the OCL and
QW.

Calculations with the global electroneutrality condition
taken into account have shown that at the lasing threshold in
laser structures, the densities of electrons and holes in the
active region are strongly different (see Fig. 1), which means a
violation of the local electroneutrality condition. Depending
on the capture velocity, the electron density in the QW can be
either higher or lower than the hole density. It is shown that
the densities n%%and pW strongly depend on the electron
capture velocity and weakly — on the hole capture velocity.
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The densities of electrons and holes in the OCL at the las-
ing threshold are also not equal: depending on the capture
velocity, the electron density in the OCL can be either higher
or lower than the hole density. With increasing capture veloc-
ity, the densities of both types of charge carriers in the OCL
are reduced; however, the charge of the carriers of each sign in
the OCL is greater than that in the QW.

Thus, we have shown that at the lasing threshold, the local
electroneutrality condition is violated in laser layers — in the
active region and the OCL (under the condition of the global
electroneutrality).
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