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Abstract. The dynamic characteristics of an edge-emitting laser under large-signal modulation are ana-
lyzed in the frequency domain using a harmonic balance method on device level. The simulations reveal
the nonlinearities of the carrier dynamics in the quantum well region which strongly influence the optical
power in the higher harmonics.
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1. Introduction

The dynamic range of linearity is a critical specification in optoelectronic
analog modulation applications. Typical cable television (CATV) applica-
tions require the composite second-order distortion not to exceed −60 dBc
(Gorfinkel and Luyri 1995). Even if the lasing power changes linearly with
the injection current, intrinsic distortion effects are present and higher har-
monics draw power from the fundamental signal. The main physical causes
of nonlinearity include carrier leakage, spatial and spectral hole burning,
free carrier absorption and carrier-photon resonance effects at high mod-
ulation frequencies (Lin et al. 1990; Morthier et al. 1991; Gorfinkel and
Luyri 1995; Yu et al. 1996). Unlike previous theoretical work using time-
stepping or quasi small-signal algorithms (Morthier et al. 1991; Yu et al.
1996), we apply a harmonic balance method (Troyanovsky et al. 2000)
which allows us to investigate large-signal effects on device level (in con-
trast to equivalent circuit models).

2. Numerical modeling: harmonic balance method

For the description of the semiconductor laser, a multidimensional elec-
tro-opto-thermal model is applied. The model comprises the Poisson equa-
tion for the electrostatic potential, continuity equation for electrons, holes
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and the local temperature, wave equations for the optical mode profile and
modal photon rate equations to describe the coupling between optical
and electro-thermal quantities (Odermatt and Witzigmann 2006; Synopsys
2006). The resulting partial differential device equations are spatially dis-
cretized on a unstructured simulation mesh resulting in

∂tq
(
x(t)

)+y
(
x(t)

)−w(t)=0 (1)

where x denotes the solution variable vector, w denotes explicit time-depen-
dent sources, whereas q and y describe the device behaviour. A direct solu-
tion by time integration is too time consuming, since time constants in
electro-opto-thermal problems differ by several orders of magnitude: quan-
tum well (QW) carrier scattering times are in the ps range, whereas thermal
processes happen on the μs to ms time scale. Hence, more elaborated fre-
quency-domain methods are better suited to the problem.

In the case of an arbitrary (quasi-)periodic source term w, the so called
harmonic balance (HB) method can be applied (Troyanovsky et al. 2000,
Schmithüsen et al. 2004). In the HB formulation, both, the source vector
w =∑K

k=−K Wk exp(i ωk t) and the solution vector x =∑H
h=−H Xh exp(i ωh t)

are expanded into Fourier series with H >K. A formal Fourier transforma-
tion of Equation (1) yields

i�Q
(
X)+Y

(
X

)−W =0 (2)

where Q,Y are the finite Fourier series of q
(
x(t)

)
and y

(
x(t)

)
up to order

H , respectively. � is the frequency matrix resulting from the time deriv-
ative and W is the finite Fourier series of the source term. Equation (2)
forms the nonlinear HB problem, which has to be solved for X. The
major advantage of the HB formulation is that the laser response of large
(quasi-)periodic sources can be analyzed in frequency domain. Quantities
such as harmonic distortion and intermodulation distortion are obtained
in a straight forward manner. The drawback is the demand for computer
resources in terms of memory (Troyanovsky et al. 2000; Schmithüsen et al.
2004) (the HB matrix size corresponds to (2H + 1) × (2H + 1) the size of
the dc system with a typical H =10).

3. Results

As a reference example to analyze distortion effects under large-signal mod-
ulation, a generic (Al,In)GaAs single QW edge-emitting laser emitting at
around 980 nm is used. The cavity length is 400 μm and the mirror reflec-
tivity is 0.3 at both facets. The details about the epitaxial layer structure,
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