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Abstract—The results of numerical simulation of the current dependence of the efficiency of injection into
the active area of a laser based on separate-confinement double heterostructures are reported. The feature of
carrier transport through isotype N–n heterojunctions at the interface between the waveguide and active areas
is demonstrated. Using the classic dependences of the Drude–Lorentz theory, the electron (σe) and hole (σp)
scattering cross sections for a GaAs waveguide are estimated. Using the obtained values of σe = 1.05 × 10–18 cm2

and σp = 1.55 × 10–19 cm2 and the current dependences of the injection efficiency, the primary cause for con-
finement of the pulse power of the semiconductor lasers is determined. It is established that the internal opti-
cal loss is a minor fraction of the loss and the decisive contribution to saturation of the power–current (P–I)
characteristics is made by the escape of holes to the waveguide.
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1. INTRODUCTION

A review of numerous studies on saturation of the
pulsed power of lasers based on separate-confinement
double heterostructures (SCDHs) reveals the need for
refining some key parameters and performing an addi-
tional numerical analysis in order to establish the role
of the internal optical loss and the rate of carrier
escape from the quantum-confined active region.

In recent years, in studying the current-efficiency
saturation in high-power semiconductor lasers, sev-
eral models taking into account different mechanisms
affecting the optical power loss in a laser cavity have
been proposed and investigated. The cross sections of
scattering of mobile carriers (electrons (σe and holes
σp) are the key parameters of each of the proposed
models. Unfortunately, the direct experimental meth-
ods used for measuring the effect of free carriers are
complex, while calculated relations are either lacking
or unclear. Therefore, it is impossible to determine the
relative contribution of the internal optical loss
because of a significant difference in the reported σe
and σp values. Among a great list of studies, we should
note the following examples, including the investi-
gated mechanisms and the σe and σp values used: free

carrier absorption (FCA), σe = 3 × 10–18 cm2 and σp =
7 × 10–18 cm2 [1]; FCA with regard to the longitudinal
spatial nonuniformity of the density distribution and
longitudinal spatial hole burning (LSHB) G in a cav-
ity, σe = 4 × 10–18 cm2 and σp = 12 × 10–18 cm2, σe =
4 × 10–30 cm2 and σp = 12 × 10–30 cm2 in [2, 3], respec-
tively; and FCA taking into account two-photon
absorption (TPA) with subsequent free-carrier density
redistribution (the secondary FCA effect, TPA-gener-
ated carriers (FCA TPA)) σe = 3 × 10–18 cm2 and σp =
1 × 10–17 cm2, σe = 5 × 10–19 cm2 and σp = 4 × 10–17 cm2

[4, 5], respectively. Nevertheless, the authors of [6, 7]
analyzed the results of a one- and two-dimensional
simulation for values of σe = 4 × 10–18 cm2 and σp =
12 × 10–18 cm2 and determined the relative contribu-
tions of the two main mechanisms, FCA and sponta-
neous recombination in the waveguide regions, due to
the leakage of carriers from the quantum well (QW),
which is called the carrier-leakage effect. Uncertainty
in the σe and σp values used was mentioned also in
other studies on the efficiency of high-power pulsed
lasers.

The much weaker interest in studying the efficiency
of injection into the QWs of laser structures is
869



870 ROZHKOV
explained by the existence of a fairly well-developed
theory [see, for example, 8]. According to the classical
theory, the use of the dependence of the thermionic-
emission current was allowed in calculating the rate of
escape of electrons and holes from the QWs of laser
heterostructures. The results of theoretical and exper-
imental investigations of the temperature dependences
of the threshold current density and the dependences
of the time of carrier transport to the QW, time of car-
rier capture at the QW, and the rate of electron escape
from the QW to the waveguide on the charge density in
the QW are in good agreement [9–11]. In these stud-
ies, attention was focused on investigations of the laser
efficiency in the regions of current densities in the sub-
threshold and near-threshold pumping modes, when
electron escape plays a decisive role. Recognizing the
indisputable validity of the dependence of the rate and
time of electron and hole escape on the conduction-
band discontinuity ΔEc and valence-band discontinu-
ity , we should note that there is no obvious
interrelation of these dependences with the poten-
tial-barrier height and the space-charge potential
distribution, which affect the efficiency of carrier
injection in the modes of high and ultrahigh pump
current densities.

The aim of this study is to investigate the features of
carrier transport across the boundary of the active and
waveguide regions, taking into account the effective
potential-barrier height during the capture of elec-
trons at QWs and escape of holes and electrons from
QWs to the waveguide region, determine the scattering
cross sections for excess carriers in the waveguide
region, and establish the contributions of charge
emission from QWs and internal optical loss to the
current dependence of the optical efficiency using
expanded-core waveguide lasers in the system of
AlGaAs/GaAs/InGaAs solid solutions.

2. FUNDAMENTALS
OF THE PHYSICAL MODEL

To describe the current dependence of the output
optical power Pout of a laser, we used the classical for-
mula that takes into account the efficiency of conver-
sion of the fraction of recombining carriers into pho-
tons with the energy hν for currents I higher than the
threshold value Ith. In the stimulated-emission mode,
the efficiency of conversion of the current into light is
determined by the external differential quantum effi-
ciency with regard to the internal optical loss αi and
the loss αm to radiation extraction from a laser stripe
cavity, as well as the internal differential quantum effi-
ciency ηi:

(1)
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In formula (1), ηi is presented by the product of

three components, where  is the differential effi-
ciency of injection within the geometric size of the
laser stripe,  is the differential efficiency of radiative
recombination,  is the differential efficiency of
injection into the quantum-confined active region,
and q is the electron charge. In the absence of current
leakage during the pumping of laser structures and the
saturation of nonradiative-recombination channels,
the parameters  and  can be taken to be unity with
high accuracy, while the parameter  demonstrates a
pronounced dependence on the current.

To establish the functional current dependence
 = f(J) (J is the current density), we studied the fea-

tures of the indirect injection of carriers into the
SCDH active region, taking into account that the
interfaces between the waveguide and active regions
contain isotype N–n heterojunctions with the con-
duction-band discontinuity ΔEc, valence-band dis-
continuity , and the potential distribution in the
space-charge region, which determine the potential-
barrier heights ϕbp, , and  (Fig. 1). In the quasi-
steady-state case, the current density at the interface
between the QW and the waveguide on the N-emitter
side is equal to the sum of the density Je of the electron
drift current and the density  of the thermal escape
of holes from the QW

(2)
Then, the current density at the interface between

the QW and the waveguide on the emitter side is equal
to the sum of the density Jp of the diffusion hole cur-
rent and the density  of the thermionic electron
current

(3)

The density Je of the drift current from the N-emit-
ter side was calculated according to classical Schottky
thermionic emission–diffusion theory [12], which is
valid also for isotype heterojunctions

(4)

In (4), VD and Nc are the drift velocity and density
of states in the waveguide conduction band, k is the
Boltzmann constant, U is the bias voltage at the N–n
heterojunction, q is the electron charge, T is the tem-
perature, and  is the Fermi-level position in the
GaAs waveguide. In the Schottky approximation, the
maximum field at the waveguide–QW interface
reaches (3–7) × 103 V/cm in the case of linear field
distribution in the space-charge region of isotype
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Fig. 1. Band energy diagram at the interfaces between the
active and waveguide regions of an injection pulsed laser
with an asymmetric waveguide.
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N–n heterojunctions upon background doping in the
range of (1–3) × 1016 cm–3. This means that the drift
velocity is VD ≈ 2 × 107 cm/s, which is close to the
maximum drift velocities in GaAs. The densities of the
thermionic-emission currents from the QW were
determined under the assumption of the above-barrier
transport of carriers (electrons and holes) located in
the first quantum-confinement subband with an
energy of  = , where  is the elec-
tron or hole effective mass in the QW, ℏ is Planck’s
constant, and d is the QW thickness:

(5)

(6)

SCDH lasers with a single quantum-confined
active region made of In0.3Ga0.7As solid solution with
a thickness of d = 100 Å were examined. The energies
calculated for the first quantum-confinement levels of
electrons and holes are 26 and 11 meV. The effective
masses of holes and electrons for the QW material are

 = 0.356m0 and  = 0.063m0, respectively, where
m0 is the free electron mass. The calculated effective

densities of states are  = 6.79 × 1011 cm2 for two-
dimensional (2D) electrons in the QW conduction
band and  = 3.84 × 1012 cm2 for 2D holes in the
valence band. The structures contained an extended
GaAs-based waveguide region with a total thickness of
1.5 μm. The SHDCs had asymmetrically arranged
active regions to minimize the contribution of higher
optical modes. The thickness of the waveguide region
was d1 = 1.2 μm from the N-type emitter side and d2 =
0.3 μm from the P-type emitter side. In the calcula-
tion, the values   of ΔEc = 182 meV and  = 113 meV
were used. The laser had a stripe width of 100 μm with
a Fabry–Perot cavity length of ~3 mm. The loss to
radiation extraction from the laser stripe cavity was
taken to be αm = 5.1.

The current dependences of the time of thermionic
emission from the quantum-confined active region of
the laser to the waveguide are calculated.

Under quasi-neutrality conditions at equal excess
carrier densities in the QW (NQW = PQW), the current
dependences of the electron and hole escape times

 = qdNQW/  and  = qdPQW/  are funda-
mentally different (Fig. 2). Here, in the numerical
simulation, we used linear approximation of the
dependence of the carrier density in the QW on the
pump current NQW = PQW = Jpτph. The photon lifetime
τph in the laser cavity was calculated as τph = 1/  =
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, where  and c are the photon group velocity
and the speed of light, respectively. The refractive
index of the GaAs waveguide is  = 3.45. Next, we
estimate the internal optical loss αi of the laser power
and, where necessary, make corrections in the numer-
ical simulation of the current dependence of the coef-
ficient of injection into the QW.

3. USING THE DRUDE–LORENTZ 
DISPERSION RELATIONS TO ESTIMATE

THE SCATTERING CROSS SECTIONS 
IN THE GaAs WAVEGUIDE

Representing a substance as a set of harmonic
oscillators in the Drude–Lorentz theory to describe
the response of a medium to electromagnetic radiation
(EMR), one can determine a fraction of the emission
power loss during EMR propagation in a conducting
medium. We use the fundamentals of the dispersion
model for semiconductors [see, for example, 13, 14] to
estimate the internal optical loss in the investigated

α/ mn c vgr

n
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Fig. 2. Current dependences of the thermionic-emission
time for electrons (curve 1) and holes (curve 2) from the
quantum-confined active region of the laser to the wave-
guide.
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laser structures. For the harmonic EMR field with the
frequency ω, any processes that cause the absorption
of radiation energy lead to the occurrence of the imag-
inary component of the permittivity

(7)

Here,  is the effective mass of free carriers (elec-

trons or holes) in the GaAs waveguide, N and q are the
density and value of the excess carrier charge, and τ is
the carrier momentum-relaxation time, which, in the
case of energy independence, is related to the mobility
μ and effective mass m* as τ = (m*μ)/q.

Since the excess carrier distribution in the wave-
guide of a laser structure is described by the ambipolar
diffusion (drift) coefficient, the momentum-relax-
ation time was calculated using the ambipolar mobil-
ity. For the waveguide with n-type conductivity at typ-

ical background impurity levels of ~1016 cm–3, the
ambipolar mobility was determined by the hole mobil-
ity and, with an increase in the current, its value

changed from μp = 300 cm2/(V s) to 2b/(b + 1)μp =

570 cm2/(V s). The momentum-relaxation time was
considered to be a measure of the inertia of a single
electron-hole ensemble, which takes into account the
response of a substance to the EMR for any coordinate
of the injected carrier density distributed over the
waveguide region (N ~ p, n). Under quasi-neutrality
conditions, the excess electron and hole momentum
relaxation was described by equal times with the corre-

sponding values   of τ = ( )/q. Simultaneously, the

difference between the frequencies of the longitudinal
plasma oscillations of electrons and holes was taken
into account in the calculation of dielectric function (7)
at any N values    corresponding to the laser pump-cur-
rent density.

The imaginary part of the complex permittivity cal-
culated using formula (7) allows us to estimate the

ε = ε ωτ + ω τ2 2 2
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pm
absorption index k and the absorption coefficient α
using the classical relations ε" = 2  and α = 4πk/λ.
Here, n is the refractive index of the waveguide mate-
rial and λ is the emission wavelength. Writing the
functional dependence of the absorption coefficient
on the free carrier density in the form αe, p = σe, pN, we

estimate the scattering cross sections σe, p for elec-

trons and holes, respectively. It was found that, for
high-power pulsed lasers with λ = 1.06 μm (ω = 1.78 ×

1015 s–1), the scattering cross sections are σe = 1.05 ×

10–18 cm2 and σp = 1.55 × 10–19 cm2. The obtained val-

ues   agree well with the data from [15], where the
numerical values   of the coefficients of absorption at
free carriers for different semiconductors, including
III–V ones, and their dependence on the electron
density were reported. Below, the obtained scattering
cross sections are used to calculate the current depen-
dences of the absorption coefficient and estimate the
internal optical loss in the waveguide at different
pump-current levels.

4. DETERMINING THE RELATIVE 
CONTRIBUTION OF THE ESCAPE RATE

AND INTERNAL OPTICAL LOSS
TO THE SATURATION OF THE P–I 

CHARACTERISTIC OF HIGH-POWER 
PULSED LASERS

In the numerical analysis of the P–I characteristics
of the injection laser, we used a system of rate equa-
tions describing the processes of an increase and a
decrease in the carrier density in the QW. In these
equations, the density increment is determined by the
injection current and the density decrement, by the
spontaneous and stimulated recombination rate and
the thermionic emission of electrons and holes from
the QW to the waveguide. In addition to the total num-

ber NQW (PQW) of carriers in the active region, the total
number of photons S in the cavity was used. The rate
of variation in the number of photons dS/dt was con-
trolled by an increase in their number under stimu-

lated emission GS and a decrease in it caused by

optical loss in the cavity. When considering the num-
ber of photons in the cavity, only the photons created
by the stimulated-emission events were taken into
account, while spontaneous emission was ignored.

Under this assumption, we have S ≈ NQW – PQW and
the error of further estimation is no higher than

τph/τd ≈ 10–2, where τd is the differential carrier life-

time in the QW. The rate of a decrease in the photon
density in the cavity was specified via the photon life-
time τph. Thus, the system of rate equations had the

form

(8)
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Fig. 3. Dependences of the density of the thermionic-

emission currents of holes  (curve 1) and electrons 

(curve 2) on the pulsed pump-current density J.
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extraction from the laser cavity and free carrier absorption
αm/(αm + αi) (curve 1) and differential injection efficiency

(curve 2).

J, kA/cm2

0 8 16 24 32

0.2

0.6

1.0

� i
; 
�

m
/
(�

m
 +

 �
i)

, 
a

rb
. 

u
n

it
s

1

2

0

0.8

0.4
(9)

Using the system of equations (8) and (9) for the

quasi-steady states dPQW/dt = dNQW/dt = 0 (taking

into account the equality PQW = NQW), we determined

the current dependences of  and  (Fig. 3), as
well as the current dependence of the differential

injection efficiency  = f(J) = 
(curve 2, Fig. 4) into the QW. Figure 3 shows the cal-
culated dependences of the hole thermionic current

density  (curve 1) and the electron thermionic cur-

rent density  (curve 2) on the pulsed laser pump-
current density. It was established that in SCDH-based
lasers in the system of AlGaAs/GaAs/InGaAs solid
solutions with λ = 1.06 μm in the pump-current den-
sity range of Jth ≤ J ≤ 30Jth, the electron thermionic-

emission current exceeds the hole thermionic-emis-
sion current and, at Jth ≤ J ≤ 8Jth, the ratio between the

thermionic-emission currents is /  ≥ 5. In the
region of high and ultrahigh injection levels, the hole
component of the thermionic-emission current sig-
nificantly exceeds the electron component and, at a

pump-current density of J = 32 kA/cm2, their ratio

reaches /  ≥ 6. The current dependences of 

and    shown in Fig. 3 are consistent with the current
dependences of the electron and hole emission times
(Fig. 2) and confirm the presence of a pronounced
feature in filling the QWs with excess carriers. Holes
freely come into the QW via diffusion, while for elec-
trons to overcome the potential barrier at the interface,
according to (4), a fixed positive-bias level is required.
As the current density increases, the positive-bias level
on the isotype N–n junction grows, which leads to a
decrease in the potential barrier for holes and an
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increase in the hole thermionic-emission current from

the QW to the waveguide in accordance with (5).

Simultaneously with current growth, the two-dimen-

sional electron density NQW in the QW increases,

which leads to a shift of the quasi-Fermi level and a

decrease in the potential barrier ϕbe. As a result, the

electron thermionic-emission current density

increases in accordance with dependence (6). Equa-

tions (4)–(6) for the current densities show the pres-

ence of both regularities that are common with the

classical theory [12] and the differences characteristic

of a two-dimensional system. Thus, the current com-

ponents Je and , which depend on the correspond-

ing potential-barrier heights  and ϕbp, have a pro-

nounced I–V characteristic Je ∝ exp(qU/kT) and  ∝
exp(qU/kT), while the current component  only

depends on the degree of electron filling of the first

quantum-confinement level of the active region and is

determined by the potential-barrier height  (Fig. 1).

The presence of the exponential component in the

I–V characteristic of the hole thermionic-emission

current explains its superlinear dependence on the

laser pump-current density.

In the numerical analysis of the P–I characteristics

of the injection laser, we took into account the current

dependence of the internal optical loss αi = f(J) of the

laser radiation power, which is determined by the radi-

ation-scattering cross section and the excess carrier

density in the waveguide αe, p = σe, pN. To determine

the excess carrier density distribution (N ~ p, n), a

one-dimensional system of equations was solved for

an arbitrary injection level in the waveguide on both

sides of the QW. The initial system of equations for the

currents has the form
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Fig. 5. Excess carrier density distribution (p, n) in the
waveguide on the P-type emitter side (1, 2, 3), in the wave-
guide on the N-type emitter side (1 ', 2 ', 3 '), and in the
quantum-confined active region (1", 2 ", and 3 ") of the
laser at pulsed pump-current amplitudes J of (1, 1 ', 1") 14,
(2, 2 ', 2 ") 30, and (3, 3 ', and 3 ") 100 A.
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with the boundary condition

(11)

with the boundary condition

(12)

The problem was solved under the following
assumptions:

—the nonradiative lifetime and mobility of the
majority carriers (electrons) are independent of the
injection level: τe and μe;

—the excess minority carrier lifetime τp was calcu-

lated as a function of the injection level as 1/τp =

1/(A + Bp), where A = 108 s–1 is the coefficient of non-
radiative monomolecular recombination through

local centers and B = 10–10 cm3 s–1 is the radiative-
recombination coefficient;

—the electron component of the current in the
waveguide region on the N-type emitter side ensures
the preservation of quasi-neutrality in the waveguide
and the QW and corresponds to the rate of recombina-
tion of injected minority carriers.

Excluding the electric-field strength from Eqs. (10)
and (11) and using the current dependences of the drift

velocity  = μpE = (1/q)J/[(b + 1)p + bn0] from [16]

and the ambipolar diffusivity Dp = (2p + n0)/[(b + 1)p +

bn0]bDp, we managed to calculate the excess carrier

distribution in the waveguide (Fig. 5). It can be seen
that the density level in the waveguide on the P-type
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emitter side substantially exceeds the background

doping concentration and attains p(n) > 1018 cm–3 at a

pump-current density of J ≥ 10 kA/cm2. In the wave-
guide on the N-type emitter side, the excess carrier
density profile is determined by the hole thermionic-
emission current from the QW. Already at pump cur-

rents of J ≈ 5 × 103 kA/cm2, the density level p(n) in
this waveguide region exceeds the background doping
level, which affects the condition of radiation propa-
gation in the laser cavity.

Taking into account the asymmetric position of the
QW in the waveguide, we calculated the fraction of the
internal optical loss

Since in the lasers with wide waveguides the wave-
guide optical limiting factor for the main mode
reaches 0.99, the internal optical loss to the mobile
majority carriers in the P- and N-type emitters were
taken to be zero. Figure 4 shows the current depen-
dence of the relative fraction of loss to radiation
extraction in the sum of the loss to radiation extraction
from the laser cavity and absorption at free carriers
αm/(αm + αi) (curve 1). It was established that the

internal optical loss determined by the density level of
excess carriers injected by the hole thermionic-emis-
sion currents makes a significant fraction of the total
optical loss in the waveguide. In particular, for a

pump-current density of J = 32 kA/cm2, the fraction

of internal optical loss was αi = 0.55 cm–1 in the wave-

guide on the P-type emitter side and αi = 0.93 cm–1 in

the waveguide on the N-type emitter side.

In calculating the laser I–V characteristics, we used
classical formula (1) and the calculated current depen-

dences of the differential efficiency  of injection into
the QW and the relative fraction of loss to radiation
extraction in the sum of loss to radiation extraction
from the laser cavity and absorption at free carriers
αm/(αm + αi) (Fig. 4). In Fig. 6, to illustrate the role of

the internal optical and injection loss, the curves are
shown for zero loss (curve 1), with regard to the

internal optical loss (αi > 0 and  = 1) (curve 2),

and with regard to the internal optical and current

injection loss (αi > 0 and  < 1) (curve 3). Curve 3

has a pronounced sublinear shape, which corre-
sponds to the experimental P–I characteristics [1–
3, 6, 7, 17, 18]. For the SCDH-based lasers in the
AlGaAs/GaAs/InGaAs solid-solution system, it was
found that the internal optical loss makes up a small
fraction of the loss and saturation of the P–I charac-
teristic and the sublinear current dependence of the
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Fig. 6. Calculated dependences of the P–I characteristic of a

SCDH-based laser in a system of AlGaAs/GaAs/InGaAs
solid solutions (1) in the absence of internal optical and

current injection loss (αi = 0 and  = 1), (2) with regard

to the internal optical loss (αi > 0 and  = 1), and (3) with

regard to the internal optical and current injection loss

(αi > 0 and  < 1).
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injection coefficient are related to an increase in the
rate of hole escape to the waveguide.

5. CONCLUSIONS

The results of investigations of the current depen-

dence of the efficiency of injection into the QWs of

SCHD-based lasers were presented. A physical model

that takes into account the feature of carrier transport

through the interface between the active and wave-

guide regions was proposed. The fraction of the ther-

mionic currents of electrons and holes in a wide range

of pump-current densities, from near-threshold to

ultrahigh (>10 kA/cm2), was estimated. It was shown

that, at pump-current densities close to the threshold

values, the electron emission has a decisive effect on

the efficiency of the injection of carriers into the QW,

which is consistent with the conclusions made in [9–

11]. With an increase in the injection level as a result of

a decrease in the potential-barrier effective height, the

fraction of the hole thermionic current substantially

increases. At a pump-current density of J =

32 kA/cm2, the hole thermionic-current density

reaches  ≈ 11 kA/cm2 and the electron thermionic-

emission density reaches  ≈ 1.8 kA/cm2.

To estimate the fraction of the internal optical loss

and analyze the conditions for the propagation of laser

radiation in the waveguide, we used the calculated

relations between the electrodynamic and optical

properties of the laser heterostructure. The scattering

cross sections for excess carriers in a GaAs waveguide

were obtained. For the high-power pulsed lasers with

esc

p
J

esc

e
J
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λ = 1.06 μm, we found σe = 1.05 × 10–18 cm2 and σp =

1.55 × 10–19 cm2. These scattering cross sections sig-

nificantly differ from the values   used, for example, in

[1, 17, 18] for estimating the internal optical loss, but

agree well with the data from [15].

The results of numerical simulation and the analy-

sis performed allowed us to estimate the relative contri-

bution of two main mechanisms: free carrier absorption

and spontaneous recombination in the waveguide

regions due to the escape of carriers from the QW. Good

agreement was obtained between the calculated and

experimental P–I characteristics [17, 18] of SCHD-

based lasers in the AlGaAs/GaAs/InGaAs solid-solu-

tion system. It was established that the internal optical

loss makes a small fraction of the loss and the satura-

tion of the P–I characteristic and the sublinear cur-

rent dependence of the injection coefficient are related

to an increase in the rate of hole escape into the wave-

guide. Thus, the prospect for enhancing the power of

pulsed semiconductor lasers is related, to a great

extent, to the possibility of suppressing the delocaliza-

tion of carriers from QWs, which makes it relevant to

use asymmetric heterostructures [19] or their alterna-

tives, i.e., simulated doped SCDHs. Further experi-

mental investigations should confirm the validity of

the conclusions made.
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