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Abstract. The small-signal modulation characteristics of 1.5 lm lattice-matched InGaNAs/GaAs and

InGaAs/InP quantum well lasers and their temperature dependence have been calculated. It is found that

the maximum bandwidth of the InGaNAs/GaAs quantum well lasers is about 2.3 times larger than that of

the InGaAs/InP quantum well lasers due to the high differential gain which results from the large electron

effective mass in the dilute nitride system. The slope efficiency for the 3 dB bandwidth as a function of

optical density is twice as large for InGaNAs/GaAs as for InGaAs/InP quantum well lasers.
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1. Introduction

Recently, the InGaNAs material system has drawn much attention as light
sources for optical communication and optical inter-connection systems
(Kondow et al. 1997). In addition, the large refractive index difference of k/4
layers in this GaAs-based system makes it possible to fabricate efficient
monolithic Bragg reflectors. Furthermore, the larger conduction band offset
and larger electron effective mass of InGaNAs/GaAs materials than those of
InGaAs(P)/InP lead to a stronger electron confinement which should result
in an improved high-temperature performance. Many successful operations
of ridge waveguides (Ha et al. 2002) distributed-feedback (Reinhardt et al.
2000), and vertical-cavity surface-emitting lasers, (Coldren et al. 2000) with
InGaNAs as active layers have been reported. For high-speed optical com-
munication, direct modulation of the laser diodes is essential. Therefore it is
important to investigate the dynamic properties of the laser diodes and to
understand the modulation characteristics, especially in this new material
system. Presently, many experimental results are reported for lasers in 1.3 lm

Optical and Quantum Electronics 36: 1147–1153, 2004. � Springer 2005



wavelength region and now the challenge is directed to the achievement of
1.5 lm wavelength lasing.

In this paper, theoretical analysis of the modulation characteristics of
1.5 lm lattice-matched InGaNAs/GaAs and InGaAs/InP quantum well
(QW) lasers is presented. In addition, their thermal properties in the high
gain situation are presented. The lattice-matched conditions for 1.5 lm
InGaNAs/GaAs QW are determined based on the known experimental re-
sults in the 1.3 lm range. There are as yet no experimental gain spectra at
1.5 lm. However, the simple interpolations found when varying the nitrogen
concentration suggest that an enhanced electron effective mass would also be
found at 1.5 lm. This enhanced effective mass is crucial to the gain and
differential gain spectra in the InGaNAs system.

2. Theoretical model

Lattice-matched In0.53Ga0.47As/InP and In0.1Ga0.9N0.036As0.964/GaAs single
7 nm QW lasers are considered. The lattice-matched conditions for InGaNAs
QW are obtained by the application of the band anti-crossing model and
Vergard’s law for the known experimental results. The equations and
parameters for the band anti-crossing model are presented in the author’s
previous paper (Seo and Donegan 2003). For the characterization of the
temperature dependencies, the Varshni’s relations are used. Within the band
anti-crossing model, although there is no direct coupling between the nitro-
gen band and the valence bands, there is an indirect interaction through the
coupling with the conduction band (Shan et al. 1999). Including the con-
duction–valence band interaction with the spin degenerate nitrogen band, a
10 · 10 effective mass Hamiltonian is used for the energy band structure
calculations of the InGaNAs/GaAs QWs. A microscopic theory based on
semiconductor Bloch equations are used for gain calculations and the carrier-
carrier scattering is treated within the quantum kinetic scheme to explain the
line broadening (Lindberg and Koch 1988; Binder et al. 1992). Fig. 1 shows a
comparison of the gain in the InGaAsN and the InGaAs systems. It is
obvious that the InGaAsN system provides a much larger gain for a par-
ticular carrier density. This is due to the higher effective electron mass which
leads to a much better match of the densities of states in the conduction and
valence bands of the InGaAsN materials.

Using rate equations and nonlinear gain saturation, the small signal fre-
quency response function is given by

RmodðxÞ ¼ Csp
qd

� �
x2

rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x2

r Þ2 þ x2c2
q
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where the damping factor is defined as

c ¼ Kf 2
r þ 1

s

and the K factor is given by

K ¼ 4p2 sp þ e
mg0

� �

where sp; s; fr; g0;C; and e are photon lifetime, carrier lifetime, resonance
frequency, differential gain, optical confinement factor, gain suppression
coefficient, and the frequency xr ¼ 2pfr, respectively (Chuang 1995).

3. Results and discussion

In the numerical calculations, sp, s, C, and e are set equal to 1.5 ps, 1.0 ns,
0.1, and 3.0 · 10)23 m3, respectively for both material systems. For the first
three parameters, this is a very good approximation as these values are
typical of quantum well heterostructure lasers and we will discuss the e
parameter further below. Fig. 2 shows the small-signal frequency response of
InGaNAs/GaAs and InGaAs/InP QW lasers with different optical densities
at a temperature of 300 K. At the same optical density, the bandwidth of
InGaNAs/GaAs QW lasers is larger than that of InGaAs/InP QW lasers and
also the amount of increase with the optical density increase is enhanced in
the former system. The differential gains of the two systems are presented in
Fig. 3 as a function of temperature at a peak gain of 2500 cm)1. InGaNAs

Fig. 1. Comparison of gain spectra in InGaAs/InP and InGaAsN/GaAs quantum well materials with a

7 nm quantum well width. (a) In0.53Ga0.47As/InP at carrier densities of 0.1, 1, 2, 3, 4 · 1018 cm)3.

(b) In0.1Ga0.9N0.036As0.964/GaAs at carrier densities of 0.1, 1, 2, 3, 4 · 1018 cm)3.
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QW lasers have a much larger differential gain over the temperature range
from 300 to 360 K. The larger differential gain of InGaNAs is due to the
enhanced electron effective mass which is 0.104m0 and about 2.4 times larger
than that of InGaAs (1.2 times larger for the hole effective mass). This gives a
better density of states match between conduction band and valence band

Fig. 2. Frequency responses of InGaNAs/GaAs QW (solid lines) and InGaAs/InP QW (dotted lines) at a

temperature of 300 K.

Fig. 3. Temperature dependence of differential gains for InGaNAs/GaAs QW (solid line with solid

squares) and InGaAs/InP QW (dotted line with open circles) at the peak gain of 2500 cm)1.
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which leads to high differential gain. The enhanced electron effective mass
comes from the strong interaction between the conduction band and a nar-
row resonant band formed by the nitrogen states. In Fig. 4a the temperature
dependence of K-factors for both InGaNAs/GaAs and InGaAs/InP QW
lasers are presented. The K-factor of InGaNAs lasers is 0.225 ns and about
2.5 times smaller than that of InGaAs lasers at a temperature of 300 K which
gives a maximum resonance frequency of 39.4 GHz (16.7 GHz for InGaAs/

Fig. 4. (a) K-factors as a function of temperature for InGaNAs/GaAs QW (solid line with solid squares)

and InGaAs/InP QW (dotted line with open circles). (b) Temperature dependence of 3 dB bandwidth for

InGaNAs/GaAs and InGaAs/InP QWs at the optical density of 0.5 · 1021 m)3 (solid line with solid

squares) and of 5.0 · 1021 m)3 (dotted line with open circles).

SMALL-SIGNAL MODULATION CHARACTERISTICS 1151



InP QW lasers) using the 3 dB cutoff condition, fr;max ¼ 2p
ffiffi
2

p
K . This is also due

to the enhanced differential gain in the InGaNAs system. For the tempera-
ture range of 300–360 K, the temperature dependence of the 3 dB modula-
tion bandwidth of InGaAs/InP QW lasers is smaller than that of InGaNAs/
GaAs QW lasers, but the values are much larger for the InGaNAs system as
shown in Fig. 4b. Also, the increasing rate of the 3 dB modulation band-
width for InGaNAs with the injection current (that is, optical density) is
twice as large as that for InGaAs resulting in a higher modulation current
efficiency factor (the slope of modulation bandwidth as a function of injec-
tion current). The large conduction band offset (deep quantum well) in the
InGaNAs/GaAs QW increases the electron escape time which leads to the
decrease in damping rate (Tsai et al. 1997) and gives better high-temperature
performance in high-speed modulation. In this paper, the same gain sup-
pression coefficient e is used for both systems and the temperature-indepen-
dence is assumed as was shown by the experiments for 1.3 lm InGaAsP/InP
lasers (Ishikawa et al. 1992). There are no available experimental results to
determine the gain suppression coefficient of InGaNAs materials to date, but
the stronger confinement of electrons due to the enhanced conduction band
offset should result in a lower gain suppression coefficient as shown by the
experiments for InGaAs/InAlGaAs QW lasers in comparison with InGaAs/
InGaAsP QW lasers (Grabmaier et al. 1991). This will further increase the
difference of the modulation bandwidth between the InGaNAs/GaAs and
InGaAs/InP QW lasers. It is therefore a reasonable assumption that the e
coefficient of InGaAsN lasers will be much less than the InGaAsP lasers. Our
use of the same value is therefore a conservative position and the modulation
characteristics that will be observed in future devices will likely be better than
those given in this paper.

4. Conclusion

It is demonstrated that the lattice-matched InGaNAs/GaAs QW lasers have
enhanced high-speed modulation characteristics when compared with con-
ventional InGaAs/InP QW lasers for a wavelength of 1.5 lm. This is mainly
due to the large differential gain in the InGaNAs system resulting from the
larger conduction band effective mass. The maximum 3 dB modulation
bandwidth of 39.4 GHz (2.3 times larger than that of the InGaAs/InP sys-
tem) is achieved by assuming that a gain suppression coefficient of
3.0 · 10)23 m3 at a temperature of 300 K. Using multiple quantum wells and
the introduction of the lattice-mismatch in the InGaNAs material system can
further improve the modulation characteristics. The considerations in this
article will give some useful directions for the design of 1.5 lm lasers in the
InGaNAs material system.
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