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Approaching Intraband Relaxation Rates in the
High-Speed Modulation of Semiconductor Lasers
Weng W. Chow, G. Allen Vawter, Senior Member, IEEE, and Junpeng Guo

Abstract—This paper uses a nonequilibrium semiconductor
laser model to investigate high-modulation bandwidth operation
in semiconductor lasers. In particular, limitations to
100 GHz
modulation response, which approaches the carrier–phonon
scattering rate, are analyzed. It is found that plasma heating leads
to a dynamic carrier population bottleneck, which limits scaling
of modulation bandwidth. An optical injection scheme is proposed
to verify this phenomenon experimentally.
Index Terms—Hot carriers, laser theory, nonequilibrium laser
dynamics, optical modulation, quantum-well lasers, semiconductor lasers.

I. INTRODUCTION

U

LTRAWIDE-BANDWIDTH optical data link technology
continues to be driven by the needs of proposed distributed
communication and computing networks. High-capacity data
pipelines may well employ multiple wavelength channels comprising of high-speed data at rates approaching or exceeding
100 Gb/s. Direct generation of optical data at such rates remains
an interesting possibility, as the capability of high-speed drive
electronics continues to improve.
A semiconductor laser is an essential component for optical
data generation and transmission. Three factors determine
modulation response in semiconductor lasers: 1) electrical
parasitics; 2) carrier transport; and 3) carrier relaxation and
radiative recombination. The first two factors depend strongly
on device engineering, and significant progress made in drive
electronics and heterostructure design has resulted in modulation bandwidths in the low tens of gigahertz range [1], [2].
Further improvement (e.g., to the high tens of gigahertz) can
conceivably result in modulation speeds that are less than an
order of magnitude slower than intraband scattering rates. In
that case, factor 3), which involves intrinsic carrier properties
in the active medium, can become a limiting factor.
This paper describes an analysis of the physical phenomena
within a semiconductor active medium governing high-speed
modulation of the laser output. Nonequilibrium carrier dynamics is expected to be important, which eliminates the use of
rate equation models [3]. Instead, we use a laser model that is
developed for parametric studies of nonequilibrium effects in
laser diodes. [4] Extrinsic effects such as parasitics in the drive
electronics and carrier transport across a separate confinement

heterostructure are not included in the study. On the other hand,
intrinsic limitations to high-speed operation, such as those
arising from spectral hole burning, plasma heating, carrier
capture and thermionic emission are treated at a microscopic
level. This is accomplished by working with momentum
or -resolved carrier distributions and polarizations, whose
dynamics are described by the semiconductor-Bloch equations
[5]. Collisions are treated with the effective relaxation rate
approximation, and many-body Coulomb effects are included
at the level of the screened Hartree–Fock approximation. While
there are more rigorous treatments of nonequilibrium effects
involving quantum kinetic approaches [6]–[8], they lead to
numerical models that are too computationally intensive to
be suitable for parametric studies. However, these treatments
based on microscopically determined scattering rates serve the
important purpose of justifying the present model.
Details of the laser model are described in Section II.
Section III discusses the scaling of modulation bandwidth
via increasing excitation or mode-confinement factor. In both
cases, the modulation bandwidth eventually saturates because
of a dynamical population bottleneck between barrier and
quantum-well states. We illustrate this by direct modulation of
the laser output with a external optical field.
II. LASER MODEL
In our laser model, the coupled laser field and semiconductor
medium are described by the Maxwell–semiconductor–Bloch
equations, [5] which consist of the reduced wave equation for
the laser field (in MKS units)
(1)
and the semiconductor–Bloch–equations for the gain medium
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The distinctly different timescales for carrier–carrier and carrier–phonon collisions make possible the use of the relaxation
rate approximation to write [4]
(8)

(9)

(10)
Fig. 1. Quantum-well gain structure with quantum-well (2-D) and barrier
(3-D) states for electrons and holes.

where
(for electrons) and (for holes). In (1),
is a slowly varying complex electric field amplitude,
is the
cavity linewidth, is the background permittivity, is the opis the dipole matrix eletical mode-confinement factor,
is the active region volume. Equations (2) – (4)
ment, and
describe the active medium, which consists of quantum-well
[two-dimensional (2-D)] and barrier [three-dimensional (3-D)]
states, as sketched in Fig. 1. For the quantum-well equations,
is the microscopic polarization amplitude,
(2) – (3),
is the electron or hole population, and
is the in-plane (2-D)
momentum. In these equations, the transition and Rabi frequenand
, respectively, are given by
cies,

is the effective polarization dephasing rate,
where
is effective carrier–carrier collision rate, and
is the
effective carrier–phonon collision rate. Typical values at
to
, and
room temperature are
to
. Equation (9) models the
relaxation, via carrier–carrier and carrier–phonon collisions, of
to Fermi–Dirac funca quantum-well carrier distribution
at chemical potentials and temperatures
tions
and
. Similarly, (10) models the same processes for the
and , as well
bulk distributions. The chemical potentials
as the plasma temperature , are determined by the conser, and conservation
vation of total electron or hole density
of total electron and hole energy in carrier–carrier collisions,
i.e.,

(11)
(5)
(6)
is the single-particle transition energy. The
where
many-body contributions in (5) and (6) are the terms containing the screened Coulomb potential in Fourier space
, where
is the 2-D bare (unscreened)
is the dielectric function obtained
Coulomb potential, and
using the static plasmon-pole approximation. [5] For the
is the barrier carrier population, is the 3-D
barrier (4),
momentum, and
(7)
is the pump contribution, where is the injected current denand
are the steady-state
sity, is the electron charge,
electron or hole distribution and density in the absence of a laser
accounts for pump blocking
field, and the quantity
due to the exclusion principle [9]. Nonradiative carrier losses in
the quantum-well and barrier regions are described by the terms
in (3) and (4) containing the effective carrier decay rates
and .

(12)
and
are the single-particle quantum-well
where
is the thickness of the
and bulk energies, respectively, and
barrier region. To determine the quasi-equilibrium distributions
and
reached by carrier–phonon
collisions, we note that while energy is dissipated from the
carriers to the crystal lattice by the creation of phonons, the
total carrier density is conserved, so that

(13)
With a common dynamical chemical potential for the barrier and quantum-well quasiequilibrium electron or hole
distributions, the exchange of carriers between barrier and
quantum-well states, which includes the processes of carrier
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capture and escape into and out of, respectively, the quantum
well becomes an integral part of the relaxation processes due to
carrier–carrier and carrier–phonon collisions.
III. RESULTS
In this paper, we choose as the baseline configuration a
laser with a planar microcavity and a gain region consisting
of 5-nm-wide In Ga As–InP quantum wells. The optical
cavity length and facet reflectivities are 50 m and 0.85,
respectively, which give an optical resonator linewidth of
. The necessity to maximize quantum-well
number and cavity linewidth (loss) for high-speed performance
is well known [10], [11]. We pick five quantum wells as a
reasonable number that can be uniformly pumped by current
injection. For a five-quantum-well gain region,
is chosen to ensure that threshold current densities are
1 kA cm . The InGaAs–InP material system emits in the
1.5- m wavelength region which is an advantage for optical
calculation [13] is used to deterfiber transmission. [12] A
mine the bandstructure for In Ga As–InP. In particular,
the electron and hole energy dispersions are need to determine
, the single-particle transition energy in (5). Because
of the high-compressive strain (1.5%), the quantum well has
one electron and three relatively high curvature hole subbands.
The high-band curvature and small number of subbands result
in a low-transparency carrier density and high differential
gain, both of which are desirable for high-speed operation. A
small-signal gain calculation indicates that the lasing transition
electron and hole subbands.
is predominately from the
With the exception of a gain-switched pulse, one rarely en) that approach
counters stimulated emission rates (
). However, the carcarrier–carrier scattering rates (
rier–phonon scattering rate is an order of magnitude smaller. A
typical rate for room temperature electron-longitudinal optical
, so that nonequi(LO) phonon scattering is
librium effects, such as plasma heating, may be present when
modulating in the vicinity of 100 GHz. To illustrate this, the
modulation response is calculated for different carrier–phonon
scattering rates, and a sinusoidally varying injection current
(14)
where

is chosen so that the modulation depth
at low modulation frequencies.
The laser modulation response is defined as the difference
between the maximum and minimum laser intensities,
and
, respectively, with the low-frequency response normalized to unity. A heterostructure with an effective waveguide
thickness of 0.23 m is used. This gives a mode-confinement
, which, in turn, results in a threshold current
factor
density of
A cm . The calculations are performed
.
with the laser operating with current density
Fig. 2 shows the dependence of modulation response on car. We assume a carrier–carrier
rier–phonon scattering rate
scattering rate of
. The different curves indicate
relatively weak variations in the relaxation oscillation frequency
and modulation bandwidth with changing carrier–phonon scatdependence in
tering rate. In contrast, there is noticeable

Fig. 2. Modulation response under current modulation for InGaAs–InP
quantum-well structure with excitation J=J
= 10. The carrier–phonon
= 10 (solid curve), 5 10 (dashed curve), and
scattering rates are
2 10 s (dot-dashed curve). The dotted curve is the rate equation result.

2

2

Fig. 3. Modulation response under current modulation for InGaAs–InP
(solid curve) and InGaAs–GaAs (dashed curve) quantum-well structures. The
carrier–phonon scattering rates are
= 10 s and excitation is at
J=J = 5.

the damping of the modulation amplitude. In terms of device
performance, the difference between the
and
curves is significant. Noting that at room tem, the discrepancy beperature,
tween rate equation (dotted curve) and nonequilibrium predictions is appreciable, which justifies the use of the more complicated nonequilibrium laser model.
Another advantage of the present model is that comparison
of lasers may be made at the level of bandstructure differences,
and
in (5) and (6).
i.e., in terms of differences in
For example, the two widely used laser systems, InGaAs–InP
and InGaAs–GaAs, have distinctly different conduction and
valence band energy dispersions, and optical dipole transition
matrix elements. Fig. 3 describes how these bandstructure
differences translate to differences in modulation response. In
this comparison, we use the same resonator parameters, i.e.,
,
. For the InGaAs–GaAs laser, the gain
region consist of five 5-nm In Ga As–GaAs quantum wells,
which has the same 1.5% compressive strain as the InGaAs-InP
structure. Due to the high compressive strain, the lowest energy
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Fig. 4. Modulation bandwidth versus excitation
quantum-well structure and modulation depth
and 0.4 (dashed curve).

for

1 = 08
:

InGaAs–InP
(solid curve)

electron and hole subbands in both lasers are to a good approximation parabolic close to zone center, and therefore, may be
described with effective masses. The electron (hole) effective
masses are 0.039 m (0.050 m ) for the InGaAs–InP structure
and 0.060 m (0.102 m ) for the InGaAs–GaAs structure,
where m is the free electron mass. From a small-signal gain
analysis [5], we found that this roughly factor of 2 difference
in effective masses leads to appreciable difference in threshold
kA cm for InGaAs–InP, comcurrent density:
pared to 0.79 kA cm for InGaAs–GaAs. The analysis also
cm
indicates a difference in the differential gain:
cm for InGaAs–GaAs,
for InGaAs–InP, compared to
where the values are taken at the gain peak, and for carrier
cm .
densities giving a peak gain of
Fig. 3 plots the modulation response for modulation depth
for both lasers, operating at ten times above their
of
respective lasing thresholds. The curves indicate that the differences in modulation response occur mostly in the modulation amplitudes, especially in the neighborhood of the relaxation oscillation frequencies. Interestingly, the 3-dB modulation bandwidths are similar. This insensitivity of the bandwidth
to active medium structure is also observed in experiment, and
has been attributed to the cancellation of competing effects [11].
That is also the case in our results, with the higher differential
in InGaAs–InP balanced by the higher threshold
gain
in InGaAs–GaAs, as is clearly displayed
current density
in the well-known expression for the relaxation oscillation frequency [14]. However, it should be noted that this formula is
derived assuming a small modulation depth, whereas the results
. Furthermore, the modulation bandin Fig. 3 are for
width depends not only on the relaxation oscillation frequency,
but also on the modulation amplitude damping.
To explore the scaling to higher modulation bandwidth, we
first examine the effects of operating a laser further above
its lasing threshold. Fig. 4 plots the modulation bandwidth
as a function of excitation for the InGaAs–InP laser. We use
a cavity linewidth and confinement factor of
and
, respectively. The solid curve, which is for a
, indicates a sublinear dependence
modulation depth

Fig. 5.
J=J

Modulation bandwidth versus mode-confinement factor for excitation

= 5 and 10. The gain structures are InGaAs–InP (solid curve) and

InGaAs–GaAs (dashed curve). The circles are obtained assuming equal
threshold current densities for both lasers (see Table I).

. Also, it indicates a theoretical modulation bandwidth
on
. As expected from the discussion in
of 75 GHz for
the previous paragraph, the results for the InGaAs–GaAs laser
are similar. However, the calculation assumes equal lattice
temperatures for both lasers, which may be unlikely at high
A cm for the InGaAs–GaAs
excitations, given that
laser compared to 400 A cm for the InGaAs–InP laser. While
plasma heating effects are included in the analysis, lattice
heating is not. To account for lattice heating effects would
require a heat diffusion treatment and detailed knowledge of
the heat sinking. Fig. 4 also shows the modulation bandwidth
(dashed curve). Comparison
for a modulation depth of
with the
curve shows a degradation of modulation
bandwidth with increasing modulation depth. There is also a
slight decrease in saturation at the lower modulation depth.
According to earlier investigations, modulation bandwidth
may also be increased by increasing the mode-confinement
factor. [10], [11] Fig. 5 plots the modulation bandwidth as
a function of confinement factor for relative excitations,
and . We use optical cladding layer separations
ranging from 0.075 and 0.225 m to obtain mode-confinement
. The solid and dashed curves are
factors
for the InGaAs–InP and InGaAs–GaAs lasers, respectively.
Consistent with Fig. 2, there are only minor differences in the
modulation bandwidth curves of the two laser systems. For both
excitations, there is appreciable improvement in modulation
, the bandwidth
bandwidth at low . However, beyond
saturates, especially at the higher excitation.
Up to this stage, the comparison of material systems is made
for lasers with equal cavity linewidth (corresponding to resonator loss) and relative excitation
. In other words, the
lasers in the comparison are operated with very different injection currents. An alternative is to use different cavity linewidths,
while maintaining the same current density in both lasers. The
solid and hollow circles (for InGaAs–InP and InGaAs–GaAs,
respectively) in Fig. 5 are for the combinations listed in the first
kA cm and varying
three rows of Table I, with
to maintain
. Comparison of the circles and curves
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TABLE I
COMBINATIONS OF MODE CONFINEMENT FACTOR, THRESHOLD CURRENT
DENSITIES AND CAVITY LINEWIDTHS USED IN THE COMPARISONS OF
Ga
As-INP AND In
Ga
As-GAAS LASERS
In

indicates only minor differences in the results between fixing
the current density or the cavity linewidth (last three rows of
Table I).
Overall, the results in Figs. 4 and 5 show that a modulation
bandwidth in the 60–80 GHz range is possible before intrinsic
limitations due to carrier dynamics become a factor. Of course,
the experimental conditions for achieving such a high-modulation speed are quite stringent. A relative excitation of
means injection current densities of
kA cm
for the InGaAs–InP laser and a demanding
kA cm
for the InGaAs–GaAs laser. To achieve a mode-confinement
for a five-quantum-well active region, with
factor of
each quantum well being 5-nm wide, requires a lateral optical
m. Because of optical diffraction,
mode width of
fabricating the necessary separate confinement heterostucture
is challenging. We should also remind ourselves that electrical
parasitics and carrier transport are neglected in our analysis.
However, there is experimental evidence that experimental
devices are approaching the intrinsic limits predicted by our
model. An example is the modulation bandwidth of 40 GHz
bandwidth reported for an InGaAs–GaAs quantum-well laser.
[1] Based on the laser structure described in the paper, we
, which places the
estimate a confinement factor of
result relatively close what is predicted in Fig. 5.
To understand the causes of bandwidth saturation in Figs. 4
and 5, we modulate the quantum-well population directly with
an external optical field
(15)
is the applied field frequency and
is
where
its intensity. The injection of optical pulses is a useful technique
for studying carrier dynamics in a semiconductor medium [15],

Fig. 6. Modulation bandwidth versus mode-confinement factor for current and
optical modulation. The lasers operate at J=J = 10 with InGaAs–InP (solid
curve) and InGaAs–GaAs (dashed curve) quantum-well gain structures.

[16]. Additionally, optical injection is being explored as a highspeed switching scheme [17], [18]. The external field changes
the quantum-well carrier populations by stimulated emission
or absorption, thus modifying (3) according to (16) and (17),
shown at the bottom of the page, where we assume side injection to eliminate resonator effects. We have used the rate equation approximation to adiabatically eliminate the polarization
dynamics involving the injected optical field. This is valid beHz, which is
cause the modulation rate of interest is
considerably less than the polarization dephasing rate. In this
case, the rate equation approximation can also be used to simplify (2) – (4), without lost of accuracy. Fig. 6 depicts the modulation bandwidths for both optical and current modulation, with
and
for both lasers.
cavity linewidth
The curves clearly show the absence of saturation effects, and
the feasibility of modulation rates in excess of 100 GHz, when
the bulk states are bypassed with optical modulation. This result suggests a dynamical population bottleneck as the primary
cause of bandwidth saturation in current modulated lasers. This
bottleneck appears as a delayed and attenuated response of the
quantum-well carrier population to an applied modulation of
the bulk carrier population [4]. The limitation depends on the
carrier capture rate which in present case is limited by the carrier–phonon relaxation rate. The InGaAs–InP (solid) and InGaAs–GaAs (dashed) curves indicate that the effect is basically
independent of material system. It is, however, relatively sensitive to the carrier–phonon scattering rate as shown in Fig. 7.
Notice that the figure depicts a modulation bandwidth that in, which is contrary to intuition. An
creases with decreasing
explanation is only possible when taking into account nonequilibrium effects. A slower intraband relaxation causes the formation of nonequilibrium carrier population distributions, because

(16)

(17)
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IV. CONCLUSION
We have presented an analysis of semiconductor modulation response at modulation rates comparable to intraband scattering times. Our results indicate that nonequilibrium effects
will be important in these high-speed semiconductor lasers. In
particular, the dynamic carrier population bottleneck will limit
laser modulation bandwidth scaling to high-modulation rates.
This paper shows that direct comparison of electrical and optical modulation performance may be used as a tool for understanding the underlying physical limitations.
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Fig. 8. Modulation response for current and optical modulation and with
= 10 with
confinement factor 0 = 0:3. The lasers operate at J=J
InGaAs–InP (solid curve) and InGaAs–GaAs (dashed curve) quantum-well
gain structures.

the replenishment of quantum-well inversion cannot keep pace
with the depletion of gain by the external field. Such a situation
is exactly what is desired for a high-speed optical modulation
scheme.
Last, we emphasize that lack of changes in modulation
bandwidth does not necessarily imply insensitivity in modulation response. Fig. 8 illustrates this by plotting the modulation
response of InGaAs–InP (solid curves) and InGaAs–GaAs
(dashed curves) for current and optical modulation. The
, cavity linewidth
lasers have confinement factor
and operate with
. While the modulation bandwidths are basically similar for the two material
systems, there is appreciable differences in the modulation
responses. In particular, for current modulation, the modulation response degrades at a much lower modulation rate in
InGaAs–GaAs than in InGaAs–InP.
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